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" ABSTRACT

N

At the root of Fundamental Psychology lie questions conceming human knowledge.
The following work is set in the context of-this understanding with respect to the
computational management of periphery-bound processes, namely the derivation of
visual percepts and the production of movement. We first develop the general argu-
ment behind the computational approach to knowledge processes, from which it fol-
lows that periphery-bound processes are also to be viewed as knowledge processes.
These processes take the form of grouping in the visual case, and of degrouping in
the movement case. Proceeding from there, we present an example of a working
model of visual line detection instantiating the principle of grouping. This is follo-
. wed by a more extended discussion of the principle of degrouping. It takes place, in
the first instance, with respect to a hypothetical periphery of the visual kind. In the
second instance, the computational demands and constraints associated with the
development of a working theory of degrouping are further expanded in the context
of movement control. These are initially studied in the light of past contributions to
movement studies, stemming from what are described as the performance-, system-,

and technology-driven approaches to the problem of motor control. For various -
. reasons, these are found wanting from the point of view of theix potential contribu-
tions to the foundation of a working theory of move odyction (and conse-
quently of degrouping) that would aim at a human level of perférmance. In the third
instance, we present two models for thé co an arm: the first for a simple
‘egyptian’ type of effector, and the second fgr a humanoid effector. A distinction is
introduced between two kinds of control schemes: the extrinsic type and the intrinsic

type. The extrinsic type is the one favoured in Robotics, as well as, indirectly and to
a lesser extent, by Neurophysiology and Psychology. We argue that a theory of mo-
vement control aiming for a human level of performance or production should be a
model of the intrinsic type; however as yet no such model exists. Our first model of
degrouping (or control) is of the extrinsic type, while our second, more ambitious,
control scheme is of the intrinsic type. The intrinsic nature of our second model rests
upon the fact that it is based upon a representation of the effector as a global object

_ of control; this object is an invariant representing the complete movement potential of
the effector. In that context, movement production and control are based upon the
system's capacity to specify transformations of this representation’s characteristics.
A computational formulation of the problem of motor equivalence, or command in-
variance, is forwarded within the framework of this second model in terms of path
control. The second model is shown to be functional through a simulation. Some
possible extensions of the model are then briefly discussed.
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The greatest goals are those which are beyond
the human conception of the time, and anyone
who limits himself to the ends which he can
clearly foresee is restricting himself unduly.

Kenneth Craik (1966, p. 90)
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Chapter 0

The Computational Approach
~ to Knowledge

0.0 Knowledge and computation

At the root of Fundamental Psychology lie questions concerning human knowledge, its origin,
nature, and evolution, The work hercin reported also unfolded in the wake of these major issues, and
although it has no pretension of breaking new ground at the level of generality usually associated
with them, it should nevertheless be understood as an attempt, within specific problem contexts and
according to a specific approach, at identifying - amidst apparendy distant yet highly familiar know-
ledge phenomena - the most general principles involved and at formulating them in the most precise
way possiblc.

The formulation of general explanatory pringiples is of course the basic goal of Science. One
might be tempted to assume that the search for gencral principles underlying knowledge phenomena
is a properly cpistemological endeavour, and docs not belong in Fundamental Psychelegy. But this

would amount to ignoring the fact that modern Psychology grew out of a preoccupation with many

problems that were first formulated by philosophers, in particular problems concerning knowledge. =

While Epistcmology has come 1o be involved nearly exclusively with one type of knowledge,
namely sciertific knowledge, Fundamental Psychology for its pan hag largely remained attached to
conumon knowledge and expericnce: perceiving, thinking, and acting.

Olne of the first major issues that was deall with in modern Epislcmoiogy was the problem of
the ‘value’ of knowledge, more specifically the problem of deciding upon the truth of any kind of
knowledge. It was recognized quite early (at least from Hume onward) that the quest for solid logical
grounds for assessing the truth of knowledge (scientific and common} had 10 be abandoned (cf.
Popper 1972, ch. 1), but the quest for general principles nevertheless survived, giving up the search
for a logical criterion of ‘absalute value’ for knowledge not precluding the scarch for general
principles touching upon the other major aspects of knowledge - its origin, nalurc; and cvolution -
nor having any bearing on the existence of these principlies. This shifi is quite apparent in the work
of Popper who proposed a very convincing model of the evolution of scientific knowledge.

On the other hand, the objective of uncovering the inherent ‘logic’ {(or dynamics) of common
knowledge or experience, or of explaining it, was embraced by Psychology. As a science, Funda-
mental Psychology's task is not different, for instance, from Physics' task of zaplaining the
inherept ‘logic’ (or dynamics) of matter. This should imply that no strong a priori expectation need

be entertained about the nature of the general principles implicated in common knov@e. for

]
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instance that they be of a logical nature, although of course belief in the I&wful character of
experience has been and remains undisp&tézi and fundamental,

Now care must be taken to distinguish between the impossibility of providing a logical
argument in favour of the certainty of any kind of knowledge and the fact that knowledge can also
be logicully derived, through deduction for example, or more gcncrv;lly through the application of

‘computational’ means, the abscence of a gencral logical criterion of *value’ in no way affecting the

belief that knowledge is governed, at least partly, by (possibly bul not necessarily logical) gencrul

principles, in the same way that the discovery of visual illusions (i.cthat visual knowlcdge is not
‘certain’) has not undermined the belicf that quite general principles arc ot work in visual systiems.
On the contrary, illusions arc studied in the hope that they will provide clues to those very
principles.

Within Psychology the problem of the ‘value’ of common knowledge was never a central
issue, except that for Psychology, as for any other science, research involves the adoption of gn
cpistemological standpoint. This is crucial, as in any science but particularly here, not only because
endorsement of an epistemology oricnts the overall approach to problems but because it so happens
that these problems are also problems of knowledge. This leads even more ncutely to the pmblém
of the relation between methodological assumptions and assumptions regarding the object of study.
Now we have stated that common knowledge is an authentic object of inquiry, and that it can be, so
10 speak, ‘treated’ in the same manner as any other object of inquiry. However there is a difference
in Fundamental Psychology as regards the above-mentioned relation: the adoption of an cpistemo-
logy not only guides rescarch but can also be ‘used’ as a general theory of knowledge, in other
words as a framework for understanding the origin, nature, and evolution of knowledge phenomena,
which are the object of inquiry. This possibility docs not arise in other sciences where of course the
object of study is nor knowledge acquisition and knowledge manipulation. Generally speaking one
would expect methodological {or epistemological) assumptions to be ‘carried over' into those
concerning the knowing object if only for the fact that knowledge is involved at both-levels, and
given the implicit assumption rcg‘arding the unique nature of knowledge at ali levels, ie. the
assumption that throughout the great diversity of its manifestations there is something that is
common 10 all knowledge phenomena. Thus one set of assumptions naturally overflows into the
other, This *biasing cffect’ explains the importance of a clear statement of methodological assump-
tions in Fyndamental Psychology. Note however that even though it is possible w regard these
cpistemaological 5ssumpuons as a general theory, the level at which it occurs prevents it from being
testable. In other words it is only theoretical in the sense in which it constitutes a possible answer
to the problem of the nature of knou&l&/dgc in general, not in the sensc of a scientific theory; this

follows from the fact that the cpistemology itself provides the rationale for scientificity, for which

-
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it therefore cannot be tested. Consequently psychological theories of knowledge will, at best, be *in
linc' with an ¢pistemology.-

Our view is the following, Since there are no certain scientific theories, there can be no sure
mcthod of arriving at such theories, only a method of ensuring the selection of the best possible
ones. This is the method of conjectures and refutations (Popper 1963). It states that Science is
esscntially problem-driven and theory-driven and that an inductionistic method, i.e. one that would
minimize speculation and maximize observation, is less effective than one that would first
maximize the conjectural effort. This follows dircctly from a recognition of the ‘arbitrariness’ of
conjectures, in that since there is no way of judging a priori the value of a gencralization, or theory,
the hest method is one that would enhance a posteriori its chances of being criticized, corlrcclcd, or

overthrown.

Our own bias will now readily be disccrr;cd: just as the major ¢fforts reported in the mecm
essay will end toward theorelical issues of knowledge acquisition and knowledge handling, so the
major presupposition behind the ideas put forth and developed in the prescni work is that common
knowledge is based on and consists mainly of what could be called ‘theories.” Following this
fundamental assumption aboul commeon knowledge, namely that it is also theoretical in nature, or
is a function of ‘theories,” we will be attempting to explicitly formulate the foundation and
dynamics, i.c. the ‘logic,” of some of them,

But what are ‘theoties’? How are theorics and ‘theaories’ similar, how do they differ? Popperian
epistemology states that most of what we know as science is, dircctly or indirectly, theoretical. Our
basic assumption is simply that this is the case for common knowledge as well. Now Popper
himself has argued both that the nature of all knowledge is theoretical and that the *logic’ or
inherent dynamism of Scicnce can be gcncralizcd to all knowledge (“‘from the amocba to Einstein™).
We do not intend to take up or add to that here, but we do want to make very clear the implications
of such an assumplion with respect 1o our work. This requires basically that we look a little more
closcly at the kind of relationship we suppose to exist between theories and ‘theories.’

We suggest that ‘theories’ are like scientific theories, not that they are. For example it might
be opposed that scientific theories are explicit and strive for ultimate clarity, while common
knowledge (or more precisely that which accounts for its occurrcnce) seems largely ‘subjective,’ that
it must be a set of unknown mechanisms or unspecified ‘procedures.’ But this is the whole point of
the suggestion, for if we knew explicitly the mechanism behind, say, visual knowledge there would
be no problem of explaining it. But we do ‘know' something that allows us to ‘apprehend’ a visual
world, and something that aliows us to produce actions énq sentences and thoughts: we have
‘theories.” It is true of course for example that we need not be able to explain the senlence we utier,

mercly produce it, while a theory of language will try to account for it. But accounting for

1
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language, or explaining it, also means producing it, i.c. a ‘good’ theory of langunge is one that, at

_ “boutom, will *reach’ the level of the subject's *theory” of language. This seems to hold in fact forall- - -

theorics; for cxample a physical theory is one that produces ‘*physical' phenomcena through
derivations based on models. Thus the imperative for explicitness that one observes in Science
appears to be met o.nﬂl;_;_)’anly in common knowledge, but is not a critical requirement; in other
words it is not because in lnrgéy measure what we supposedly ‘know' is’hidden or implicit that it
must be of a different naturs, or obey a different dynan:ics. than the theorics of Science.

‘“Theorics’ are also like scientific theorics in their purpose, From the point of view of Science
the finalitics of knowledge are understanding, prediction, and control. Leaving aside the motivation
to cxplain and to solve problems, and concentrating on the uses of scientific knowledge, one can see
in them exiensions of the ‘biological’ reasons for knowing or reasons touching upon the purpose of
common knowledge: 1o detect and 10 act, in a word to adapt. Our suggestion is simply that
detection and action have the same purpose as prediction and control. Note that this is nof intended
as a kind of ‘recursive’ resolution of scientific and biological imperatives: whoever would argue that
the objectivity of scientific knowledge places it de facto apart from the inalienable subjectivity of
common knowledge, and hence definitely undermines any extrapolative attempt from one to the
other, is forgetting that the objectivity of Science is highly dependent upon a ‘subjectivity,” namely
that of man.

Finally, and most importantly, ‘gheorics’ and (scientific) theories will be argued to sharc a
common ‘cssence.’ By lh_is is mean? the idea that both kinds of knowledge depend largely on
computation, more precisely that the latter uses it explicitly while the former ‘uses’ it imp!icihy.
and that as a consequence compulations can serve as basis to construct models of ‘theories,” much
like they are used 10 express or formalize physical models. We would maintain furthermore that the
rdle of computation in Science is central, as central as that of models, and that what makes a model
a productive onc is simply computation, be it of a logical or mathematical character (or cven,
apparently, neither of these, but we shall arguc later that these differences are not fundamental and
can be subsumed under a single type of operation). This feature would account for the pervasive
deterministic assumption: the belief that phenomena are caused is_‘manifest’ in models and theories
through the fact that a computational chain links ‘causes’ to ‘effects.” We conjecture both of these
propositions to be true of common knowledge as well. Thus, for instance, would spring {(or be
derived) the impression of the inescapability (or objectivity) of percepts, in the same manner in
which the fact that A implies C proceeds forcefully from the antecedant assumptions that A implics
B and that B implies C. Both arc a function of computational rules, a belicf that escapes from
tautology only because the theory of computation is demonstrably recursive; its nature is such that

it allows for a non-ambiguous discourse about itself.
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We have started by assuming that common knowledge “is based on and consists of “theories'”
and this has led to theAfurther assumption that their implicit dynamics can be understood, or
modclled, through computations. Accerding to this view much of what we know -_whal we think,
see, hear, do, and feel - results from computations within ‘medels’ or ‘theories.” This, as we have
said, is a starting point. In order to become a possibly {ruitful apb}oach to problems of knowledge
it must be placed clearly within the context of a much more precise statement of the rationale
behind computational modelling. In a word it is one thing o state general principles, either at the
level of the constituent elements of models {which we have not done yet) or of their ‘means,’ as we
have called their computational aspect, but quite another to link them up in wa:;king models (which
we have merely indicated), for just as an unworkable model is unsatisfactory, so is a simple
statement of the general principlcfs that must be called upon to make it workable. We will pursue,
therelore, with an overview of a possible connection that can be cstablished between the computa-
tional formalism and (models of) knowlcdfge. This should lead to & clearer view of the problem as a
whole, and ip particular will open up onto a fuller development of the major problem of the present
thesis, namely periphery-bound (particularly visual and motor) knowledge processes.

Now, having set down the gencral explanatory framework within which the research reported
here evolved, it still remains to relate the rationale of the computational approach with a possible
understanding of the problems of common knowledge (henceforth referred to simply as problems of
knowledge), and in particular with periphery-bound knowledge, which we have dealt with. As the
computational approach is closely ticd in with a formalism, namely the theory of computation, this
will require that we discuss in a little more detail the basic ideas behind it and consider their
relevance to a theory of knowledge.

As can alrcady be surmised from the foregoing paragraphs, our aim is to arrive at detailed
computational models of some knou;lcdgc phenomena. Because the problem it was designed 10
solve was a problem of knowledge, the formalism itself, lhrodgh a generalization whereby it is
interpreted as pertaining to all knowledge, can be scen as a sort of model for models, that is, it can
be viewed as providing an explanatory context or foundation for specific models. It allows ideas and
models to be precisely stated (implying, incidently, that ideas should be precise} and to become
formalized models (as opposed to the formalism’s model on which ultimately rests their meaning).
In this way thc commitment to a formalism is part of the overall conjectural effort; in our case at
least, it also implics a commitment to the associated genceralization. While this choice might be
lcn%j,hily debated, and the formalism’s model be questioned and criticized, it is not our intention to
do so here, but merely to give sufficient insight into the theory of computation to reach a statement
of the basic interpretation compatible with our assumption on the computational nature of
knowledge.



Therefore we will now proceed to a discussion of the theory of computation, from which
should emerge & clearer formulation of that assumption and the consequences pertaining to the
naturc of ‘theories’ and their explanation. In light of the fntcrprcmion. it is possible to‘ consider the
theory of computation itself as providing a first but highly specialized example of a ‘theory:* This
should cause no real surprise; that certain developments in modern Mathematics are considered
highly suggestive with respect to Emblcms of knowledge is probably intimately related to the fact
that mathematical scicnce scemed to have reached a point where it ¢could rigourously ask and answer
questions about ‘itself.’

The philosophical expression of the computational assumption at whicﬁ we arrived in the
previous section could be felt to be unmﬂsfactow. if not ambiguous, This is no doubt due to an
insufficient distinction between computation and the theory of computation, as it is unclear inthat
context how what we know (for example mathematical theorics of the physical univ;zrsc) is to be
related to Aow we know (suppogedly through ‘theorics’). Now “computation™ is probably under-
stood intuitively to refer to things like counting, arithmetic, or various types of calculations, cssen-
tially with numbers. If however *symbols” is substituted in place of “numbers,” “computation” can
be enlarged to include abstract operations like determining the djffcrcnlial of a function, and 10
encompass things like algorithms for Lh?: solution of a system of equations; it can even be shown
1o comprise methods of derivation and proof, and, finally, argued to cover everything we know. But
10 this we shall retum later. In a word “computation™ can be understood to mean a large part of what
is known in Mathematics. Now counting, derivation, ctc., have something in common: they are all
procedures. In Mathematical Logic this notion of procedure (or effective decision procedure), of rule,
operation, algorithm, or method, has been formalized and subsumed under the more precise concept
of computability, This was achieved in three different but cquivalent ways, namély recursion theory,’
the lambda calculus, and the theory of automata, only the last of which will be claborated vpon
here.

To get a better grasp of how this was accomplished it is wgrzh smiing one of the original
problems it was designed to solve, namely the Entscheidungsproblem: “to show that there tan be
no general process for determining whether a given formula u of the functional calculus K is
provable, i.c. that there can be no machine which, supplicd with any one u of these formulac, will
eventually say whether u is provable.” (Turing 1936, p. 259) The key clements in this statement
with regard to the theory are “general process,” “determining,” and “machine,” the first
corrcSpongling to rules, methods, or algorithms, the second referring to calcula\tion. or decision, and
the third to their formalization: computability is thus defined through a “machine."' “automaton,” or
“Turing machine” as it is now called, which is specified unambiguously. To this we shall retum in

a moment. The very fundamental nature of this definition can be intimated from the fact that it
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allowed Turing to describe a universal machine, that is, one capable of encompassing all definable
mﬁchincs: “It is possible to invent a single machine which can be used to compute any computable
sequence. If this machine U is supplied with a tape on the beginning of v;vhich is written the §.D
[Standard Description) of some computing machine M, then U will compute the same sequence as
M.” (ibid., p. 242) Although this was a definition of computability, it can be cast into the form of
an hypothesis, namely that the notion of effective decision procedure is equivalent to that of
calculability by a machine. Of course as such it cannot be proved, but to d@tc no known mathema-
tical rule, algorithm, or method can be demonstrated to be undefinable in terms of what are now
called Turing machincs. It might be worth mentioning that there do exist definable but uncom-
putable objects (numbers for instance, or problems, such as the onc above), i.¢. that the domain of
the computable docs not ¢xhaust the domain of the specifiable; but d:c theory does claim to cover
‘_complclcly the notion of decidability or effective computability. A

What is an automaton? How is it specificd? This is readily answered by pointing out that there
cxists a class of devices that can be understood as embodiments of the universal Turing machine,
namely computers. They are also known, through a simple association between information and the
machine's symbol set, as information processing devices. As it turns c;ut very few symbols are
actually nceded to achieve this realization, only two in fact - 0 and 1 - since "It is always possible
10 use sequences of symbols in the place of single symbols.” (Turing 1936, p. 249}, a method that
had already been cxploited in the Morse code, and used again in the construction of the ASCII code
for example. Now symbols are but the elements of compumliq_n_; the processing part can be quite as
casily identified, a machine being specified essentially by the rules according to which symbols will
be :chatcd‘ by it: “The behaviour of the computer at any moment is determined by the symbols
which he is observing, and his “state of mind” at that moment.” (ibid., p. 250}, that behaviour
taking the form of a change of state and/or of certain actions, for example printing a symbol, or
scanning the next one: thus it is defincd as a ‘programme’ or ‘table’ sctting out in detail the
complete list of possible ‘input symbols/state modification/output symbols’ linkages, to which of
course can ther be-associated a symbolic string, thus allowing ‘programmes’ 1o become elements
within new ‘programmes,’ eic. As the cmbodiment of a universal machine, computers can emulate
any specifiable machine; given an appropriate ‘programme’ printed on their “tape™ (this is achieved
by the processor, which we have just essentially described, which *understands’ binary strings - or
symbols - associated with basic operations). Computers become information processors wht".n, asis
usually the case, the work they perform is either described from the point of view of the sets of
their input and/or output symbols, that is, information, which can take a great varicty of forms,
from text to programmes to digitized signals of all sorts, or from the point of view of an

informational goal 1o be achieved by processing, from sorting to compiling. Generally speaking,
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processing then consists in ‘acting’ on the information, of performing computations upon it, and of
producing certain results: we then understand the machine 16 *know" what to do, It should be evident
at this point that however complex or involved may be these tasks (think for example of the online
processing of data required in a smooth spaceflight from liftoff o reentry) they can always be traced
back or decomposed into much more elementary, and finally primitive, operations upon two
symbols: this is the crux of the theory. This happens simply because these complex tasks are
*decomposed’ into and ‘rebuilt’ from the elementary operations: they are programmed,

What was achieved by all this? Quite simply, and this is why it is called the theory of
computation, a resolution or reduction (under the heading of “effective decision procedure™ and then
through its formalization) of a diversity of processes into elementary processes from which can then
be reconstructed any and all cascs in point. Now the Entscheidungsproblem was a specific instance
of problems of decision within Mathematics, or of mathematical knowledge: as it tums out the
answek was ncgative, so that it is not possible 1o know in genceral, at least according to this defini-
tion of knowing - in the sense of providing a description of a method 1o decide -, whether a given
formula is demonstrable or not.

Onc may be wondering what all this has to do with the overall problems of knowledge. In
order to address this issue we still need to provide an interpretation of the formalism, an
interpretation which in fact can be intuited in the original paper (Turing 1936) and was later
developed much more fully (Turing 1950). The psychological version of that inierpretation is that
the universal Turing machine is the formalization of a ‘mathematical’ subject, so that, for cxa}nplc.
one can speak of its knowledge of numbers or of its ability to prove theorems, etc.; it has, or is in
fact, a ‘theory.” Of course this subject is highly abstract, in the sense of being far removed from the
human or animal subjects that Psychology is usually concerned with. The generalization proposed
by Turing (1950) consisted in extending mathematical (viz. computable) knowledge 1o alf know-
ledge, or, in going from the mathematical subject to the ‘natural’ one: he argucd that there was
nothing special about everyday knowledge that could formally sct it apart from the mathematical qr’
prevent its conquest by similar means. However it is immediately apparent that the mathecmatical
subject's knowledge is much better ‘characterized’ than the natural one's, but this points woward
theoretical problems (of knowledge representation), not to fundamental difficulties with the basic
generalization. It is true that the formalism, in the light of this interpretation, leaves room for the
possibility of describing some instance of nawral knowledge that would be uncomputable, but in
order to do so we would still have to address the same theoretical problems; and ¢ven though we
already know for example that most real numbers arc not computable by a machine, this cannot
count as a refutation of the basic assumption, for they are also uncomputable by us, while it is

conceivable that a machine could alse arrive at the same conglusion as we do. That is, uncomputa-



bility fs decidable, as is also undecidability in fact.

More formally, Turing's generalization starts from the proposition that “what is decidable is
computable” and extends into the proposition that “what is knowable is decidable,” and therefore
computable. This Tests on an-interpretation in terms of the subject. Thus we reach a clearer view of
the idea previously set forth at the epistemological level: if to know is to decide and if to decide is
1o compute then what we know (i.e. ‘theories’) can be modelled through automata. What emerges as
a consequence is a vision of the biological os human subject as a “‘computer,’ \;rhcreupon it follows
that it knows esscntially through computations, the nature and elements of which of course remain
to be specified.

A ‘theory’ then is to be modelled by an automaton. That model becomes cxplanatory when it
productively accounts for knowledge, the nature of these machines of course depending largely upon
the type of processes that arc supposed to underlic a given knowledge domain. The computational
approach thus requires that symbols be identified and a set of operations be defined on them. This is
the basic task. .. ‘

Recalling now the earlier conjunction of symbols with information, and the subsequent
‘ilustration of the abstract concept of automaton through one of its major technological realizations,
it will become apparent that it is equally possible, but this time in a conjectural manner, to
construe biological realizations of automata by following through a further association between
machine symbols and neuronal signals and between programmes and the micro-anatomy and
physiology of nervous structures. The mathematical argument was first proposed by McCulloch &
Pitts (1943) and later expanded by Kleene (1956) and Arbib (1960). Although such a development
could be seen as pointing to a formal overture within Neurophysiology by providing a solid bridge
across the ‘neuro-cpistemic’ gap, it has not, unfortunately, paved the way directly to an understan-
ding of nervous functioning as a whole, although it lies at the root of a line of thought that
cventually led to what has become one of the major paradigms of Neurophysiology: single-cell
recording, i.e. the recording of very lecal nervous signals associated with comparatively very
complex recognition tasks. This only makes sense if it is assumed - following nerve-net theory -
that the technique is a method for tapping into a level of processing, i.c. that the observed sigrel is
incident upon a largcr.functiona] or computational whole identified as the nervous structure within
which the recording takes place. We shall sce in the next chapter an illustration of this reasoning
which happens to coincide with an arca of Neurophysiology where the single-cell technique has
produced its most prominent results, namely vision. So although necve-network theory provides a
rationale for understanding nervous functioning, by showing how neuronal struclures can assume
computational tasks, it does not prescribe a method for embedding observational results within a

computationally meaningful frame or model or theory, that is, a method for identifying the nawre
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close Yo that of the original theory of automata. Now according to the view developed here nervous
structurdg, along with their physiology, are largely to be understood as embodiments of ‘theories.'
But how/are they to be discovered? How can the problem of their ‘invisibility’ be resolved? We
believe fome distance can be travelled along that road by & persistent effort at identifying the kinds
of problems, and in particular the kinds of knowledge problems, that are supposed to be met by
them, prd pursuing the task, as far as possible, of the specification of methods for their solution.
ese methods give rise to the models,

0.1 Knowledge representation .

To know is to decide: but what is decided and what is known? Most of our efforts having been
concentrated on movement control and visual perception, we present here our view of the nature of
knowledge problems as they arisc in the context of these two domains, starting with a discussion of
the most elementary knowledge levels that frames the problems in a quite constraining and precise
manner, and leading to a tentative statement of the overall nature of knowledge processes in visual
and control systems. ~

There are some immediately evident consequences that can be derived from the computational
approach to problems of knowledge. These can be phrased in terms of overall requirements upon the
features models or theorics should demonstrate and pertain to what might be called their power. This
involves, for example, speed of processing, by which is simply meant the idea that the relevance of
models is to be judged, at least partly, but sometimes critically, by their capacity to produce results
or arrive at conclusions in a time comparable to that of their natural counterpart. Thus an
interesting percepiual or control model is not one that takes many minutes to decide what takes but
a hundred milliseconds for a human subject. But even more importantly it involves the range or
extent of the model's products with respect to that observed in human subjects. Thus an interesting
model of control is not one that is limited to the emission of a single, however complex, move-
ment, nor is a perceptual model that is limited to the recognition of a single, however complex,
visual scenc.

Of course here we were assuming that models' productions, be they of the order of percepts or
movements, are comparable to the naturai ones. But how is this possible? How can a compu-
tational model become a psychological onc” Essentially, in the same manncr as any modcl can;
through a primary association between a set of concepts, thought to be critically connected wuh the
phenomenon under study, and a set of symbols; the model then prescribes a sct of (computational)
relations, expressed as effective decision procedures, upon the symbols. The productive nature of

models in that context stems from the fact that the postulated symbols {or associated concepls) are
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primitive while the modelled phenomenon is not, but rather is derived fron: the model's acuvnty
The problem of postulating such associations and then of defining within' a model meaningful
relations between the symbols are those of knowledge representation. Thus all knowledge is )
conceived as resting uﬁon representations; and in particular in computational models of knowledge
systems, this requires that representations be defined computationally. We will see shortly how this
is possibe in our\case.

In the previbus section we talked about a ‘mathematical’ subject's knowledge: in that context it
is clear how the sct of symbols and the set of possible relations among them is dc;ﬁned. most of the
answers being found within Mathematics itself. Thus the problem of the mathematical representa-
tion of mathematical knowledge is casily sotved right from the start. But this is a rather limited and
highly specialized part of what we proposed to include under the heading of knowledge. However
even if, on first encounter, the achicvements that Mathematics can boast of, with respect to the
representalion of (mathematical) knowledge, could be felt at best only distantly related to the ficlds
of common 'éﬂricncc (sccing, hearing, moving, acting, thinking, and so on), and provide little in
terms of clues as to what could serve as primary symbols and relational operations for vision, or
just about any other instance of ordinary (non-mathematical) knowledge or experience, reflection
shows this not o be the case at all; Physics, and in particular Optics and Kinematics, in its
exploitation of gcomclry or the differential calculus, or more specifically in its mathematical
theerics and modcls does prowdc clements, of a computational nature, that could be used as
conjectural basis for perceptual and movement control representation: conceps and symbols relating
10 the physical world - in particular for objects and effectors in motion - could be judged relevant to
the subject's knowledge and thus seen as pertinent with respect to the task of uncovering its nature.
The relations conjectured to obtain among these concepts and symbols would then constitute the
psychological model: from a mathematical subject we would now be defining a ‘physical’ one.
Following this reasoning, it is therefore not surprising to find physical concepts playing (or having
played) a rdle in perceptual and control models. In other words, suitably adjusted for the oganism's
peculiarities, knowledge of the world derived from Physics, coupled to the existence of a physical
periphery with respect to which it is deemed relevant, is considered suggestive as to the way by
which knowledge of the world could be derived from the theories and models of the subject; such
models would work in a manner very similar to physical models. (Note that henceforth *“‘theories’™
are replaced simply by “theories,” which will impliciﬁ;m\w those supposedly held by or
embodied within a subject, the objective, subjectless, use of "lht#oﬁcs” being decidable contextu-
ally.) ' -

~ - This tendency is especially pronounced in the sensory ahd movement control, or periphery-

bound, knowledge domains since they are linked to a physical periphery: eyes for vision and effec-



12

tors-for movement. Being the locus of the most primitive level of symbolization or computation,
there apparently occurs at the periphery an informational binding with an identifinble subset of phy-
sical phenomena: light for vision and the development of force in effectors for control, This opens
the door to a physical analysis of peripheral interactions, The problem of represcntation is solved it
that level by secking, on the one hand, the physical parameters of the events with which it is
bound, as manifested, on the other hand, by a set of informational parameters characterizing those
interactions. This apparently provides us with a critically important set of primary' symbols upon
which depend the answers to the overall problem of visual or motor representation. The periphery is
thus the *starting’ point, and aithough it can be construed as a knowledge device, the interface
(Lamontagne 1986) - or functional periphery - is onc whose products are yet far removed {rom those
inherent to the systems' highest objects or the level of knowledge usually associated with them: yet
assuming one level of knowledge to be the functional basis for the other entails recognition of a
sizcable gap between the peripheral or local, and the central or global, knowledge domains. But how
is this ‘distance’ functionally spanned? How exactly does the periphery act as a basis? In our view
there is but a single possible answer to these questions: production, i.c. hooking up the interface 10
* a further knowledge structure, a system, that ‘exploits’ it in a productive manner, This leads 10 a
very important refinement of the problem of representation 10 which we shall now turn.
Woe have stated that the sensory and motor peripheries, and more specifically their concomittant
interface, act as starting point. From a computational point of view this is cqually the case. (While
“this is evident for vision, it is not as clcar for movement production; discussion of this point
however will be postponed until chapter 2.) Now clearly, for the interface o act as functional basis
"it must connect to the whole that defines the function: in other words the fundamental assumption
is that the interface's characterization, the physico-informational binding it operates, is complete,
i.c. that any event, however complex, of the sensory or motor type, can be described by it. That is,
any visual scene can be completely specified by a set of spatially ordered punctual retinal events,
while any movement can be completely specified by a set of (quasi) rigid-body transformations. of
course this is not sufficient: it is merely a statement of the fact that “everything is there,” potential-
Iy. This leads to a first formulation of the basic purpose of perceptual and movement control
systems: their fundamental task as knowledge systems, in light of this obscrvation, would consist
in idenuifying, i.e. specifying, knowing, or producing, aciual or current instances among the set of
possible or potential ones that a:c determined by the interface. But how is this to be achieved
computationally? And how docs interfacial representation functionally relate to this process? How
can a detection or control system derive or produce specific instances pénaining 1o the whole inter-
face? These are the critical issues to be addressed in any attempt at building a computational model

of detection or control or, equivalently, at solving the representation probiem beyond the interface.
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At i_his point it should be clear that, beyond the loéality of individual interfacial entities, the'
overall structure of the interface is also an important factor in peripheral representation. Its impact
however only becomes evident with respect to the system, upon which it 'impbscs' a major
constraint. This is due to the fact that instances must be known (i.e. computed) by the system in
terms that are compatible with interfacial representation or characterization. As noted above, the
type of description available at the interface is highly local in nature, while of course the type of
description, of the same instanee, found within a system is of a global nature, one that somechow
lics bcyohd that level, and yet is bound by it. It follows that a global level of description must be a
function of various as;ociqu’ons“of peripheral entitics. This implies that interfacial description
allows for the delincation of scts of interrelations and associalic;ns. upon which are dircctly founded
the more global entitics, Being complete, interfacial description cannot be complemented; it can
only be ransformed, megning that while at the retinal level there is no way of specifying entitics
other than, or beyond, those allowed by the set of receptor cells, or at the level of effeciors of
specifying entitics other than, or beyond, those allowed by the set of effector components, the
whole detection or control systems are there to generate a set of ‘new’ entities that allow for a
global description of the instance, that is, one pertaining to the periphery as a ‘single’ cvent. In
short, interfacinl representation is the most primitive level of computation upon which the next one
depends, leading o a new level, upen which the next one depends, etc. And just as to the interface
is associated a domain of variability, so to each new level will be associated a virtual set of events;
on that view, representations breed representations. This in fact concurs strictly with the forma-
lism's interpretation, and it corresponds functionally to what is meant by the productive nature of
knowledge. Thus, the overall problem of perceptual and movement representation can be restated in
the following way (cf. Lamontagne & Beausoleil 1984): it is the problem of imposing, in the
context of recognized peripheral constraints, an overall ‘significant’ (i.e. significance-producing)
strategy on the flow of computations, a flow that in the case of percepts is directed ‘upward,’ i.e.
from the periphery to the center, and that in the case of movement is directed *‘downward,’ i.e. from
the center to the periphery.

The purpose of periphery-bound knowledge processes therefore is to provide, in a manner
respectful of interfacial (local) represeniation and overall structure, a global representation where
essentially many peripheral events or entities are related to cach other in such a way as'to form
single ‘new’ events or entitics, For example we would wish a visual system to decide, or recognize,
that an instance of stimulation, expressed as a matrix of receptor cells in various states of
excilation, is an instance of a line, or a control system to decompose, or transform, an instance of
reaching into a set of specific contraction commands in the various parts of an effector. In both

cases it could be said that the systems know something about the interface's state through a process
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of identification. (By definition there is no subject at the ppx:i_pherél level, where events become -
objective; however we have no direct knowlcdﬁc of these events, but the argument for objectivity
can easily be transposed (o the higher level of globatity associated with the detection or control
systems simply by observing that both levels share a common character of incscapability or
determination. That, except for pure logical' argument, this n;;parcnuy ccases to be the case for the
higher cognitive functions seems to be related to the fact that more avenucs are open for interpre-
tation for them than in the other cascs, not to the fact that they are somehow undetermined or
undeterminable.)

We have, so far, only hinted at a possible computational instantiation of representations. At

the very low level of the periphery it was indicated that cvents arc characterized. This was designated

as tha (interfacial) process of associating the physical parameters of peripheral events with informa- -

tional paramcters. Now a few remarks are in order atRhis point. First and foremost, it should be
obvious that those informational parameters, or, more specifically, the values along those parame-
ters conveyed at the interface, constitute the compurational basis of representation: this is the
process of characterization, Second, that it does not stop there, and furthermore that our understan-
ding of the interfaces as genuine knowledge systems is derived from the belief that they partake of
the same nature as higher levels of representation: thus the principle of characterization is
generalized as the modus vivendi of the whole systems. On that view then, what systems do is 10
compule, along new dimensions of characterization based upop the interface’s. This is inevitable, as
we have seen: it means that ‘information breeds information,” or, that all knowledge is based upon
rule-governed or structured ‘feeding’ of information upon other ‘informational” structures, a view
that, in this context, is more clearly related to an equivalent formalization (recursion theory) and
from which stems the recursive interpretation of the nature of knowledge. Thus a perceptual or
control system hooks on 10 Lh:Jsc informational parameters defined at the periphery. It can do
nothing else. In this way the interface's determinism becomes clear: for it provides the most
printitive computational pararr‘é'lcrs the systems will have to deal with, Given that this work is
ceniered around gquestions of ¢ aracterization, the prablem of building a perceptual or control sysiem
boils down to the task ok\dcﬁn‘ng ‘proper’ new dimensions of characterization. And given,
furthermore, that the sysmms‘}hﬁf)osc is one of identifying peripheral instances (or at least pe
them) as wholes or unitary entities, then it follows that in order to achicve that goal,
dimensions will somchow have to relate, as suggested carlier, the peripheral *pieces’ 1o
in meaningful ways. : '

This provides a‘cril.ical clue to the definition of these new dimensions: higher-level charac‘Lcri-
zations are functionally based on peripheral entities through procé.durcs’ that compute rclations

within andfor between particular dimensions of the periphery's characterization. The main point here
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is simply that at the interfacial level the existence of dimensions of chamcterization\provides the
systems with an element of gencrality which is exploitable by them: position, moment, a:nplituac:
direction, extent, etc., all bging mare general than Lﬁc sct of specific values they momentarily
assume at the periphery, More specifically, what is exploited is the fact that these dimel;sions are
multi-valucd, at least interfacially.

So far we have steered clear of an explicit discussion of the issue of the relation of the

" neurophysiolugical domain to these questions of representation and characterization, and therefore of

the issuc of Lhe relevance of what has been advanced concerning these principles w‘i:h“rcspect to an
understanding of the knowing brain, dlthough it was indicated at the end of the previous section that
the computational approach is consistent with what we know about neuronal function. Generally
spcaking, it was shown (McCulloch & Pitts 1943) that the brain can assume the rdle of a
general-purpose machine: in the context of perceptual and movement control problems as we have
discussed them so far, this means that neurones can theorclically be wired to compute any
specifiable feature or attribute (characicrization). That is, éf course, assuming it is specified. But can
this theoretical understanding be of any help in a s&;wchffor the particular procedures that certain
parts of the brain, i.c. the observed wiring patterns,’supposedly embody? ‘

The approach we tenwatively favo% with respect to this question, the ncrvc-nclwofk éﬁpr'oach.
consists of working in a context of minimal but non-negligible respect of neurophysiological data
and concepts, as is quite obviously cvidenced so far by our discussion of the periphery. This is a
central feature of the nerve-net approach to computational modelling (as originally propounded by
McCulloch & Pitts), which, even though it can never be guaranteed to hit the mark in neurophysio-
logical terms, that is, lead w insights on the nature of the ‘real’ blain's funcljoning, is yet one that
is hopefully leaning in that direction (and scems particularly well suitc_d to achicve this), axourse
which cannot be argued 1o hold for other computational {e.g. robotic) studies of periphery-bound
functions. _

By “a minimal respect of neurophysiological data and concepts” is basically meant acknow-

ledgement of the fact that the most important functional components of brains are ncurones, along

'\'-!wilh the assumption that sclected aspects of newronal functionin)g are critical to a computational

'undtl:rsmnding of the brain’s functioning. These relate 1o two fundamental tenets of Neurophysio-
logy. The first one concerns the idea of the neurone as decision-maker or integrator and presumably
derives from a tentative reconciliation, on the one hand, of the so-called ali-or-nothing law with, on
the other hand, the fact that nerve cells can receive, at any one moment, both excitatory and
inhibitory inputs, the specific decision arrived at concerning whether or not a threshold has been
reached. The second one, simply stated, is that anatomy is important. Although we have never seen

© it stated explicitly, a detailed study of the brain's structure, and in particular of the parts that connect

&
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dircctly to the periphery, seem’s rcquisiic to achieving neurophysiclogical understanding, by which
we megin of course an understanding of the brain's business and of how it goes about it. Thus it
scems to be assumed that structure (i.c. micro- and macroanatomy) is directly related to function,
and that insight into function, if not derived from structure, will at least have to be consistent with
it. (The concept of functional architecwre as developed by Hubel & Wiesel (1962, 1979) is a recent
instantintion of this idea, an idea that can in fact be traced back to the very beginnings of modern
Neurophysiology - cf. Cajal 1894.) The integrative character of ncurones along with their inherent
connectivity (most ncurones affect and are affecied by other ncurones) can suggest new types of
integration at the level of the brain's nuclei, and from there to nuclear groups {(¢.g. the thalamus)

" and specialized structures such as cortices, and finally at the level of coordinations involving the
whole brain. These are the basic tenets from which the nerve-network approach is defined. Again, it
is well known that in that context neuroncs have been simplified into a discrete threshold device.
Now the theory requires that effective procedures be specificd through a structure or wiring pattern;

it does not, unfortunately, provide ways of identifying a procedure [rom a given structure; that must

be tackled through conjecture. The important point however is that by definition the requircments of |

the network approach conform minimally to important, albeit simplificd, aspects of Neurophysio-
logy. N

It should now be clear how the required conjectural effort on the ‘computational” nature of
\)criphcry-bound functions is related-to the network approach; by bridging the gap between the
formal computation domain~or the ond hand and the neurophysiological domain on the other it
opens up onto a vast area of virtual possibilitics: it defines a framework for explanation. And if that
is combined with the simfmiar, although undemonstrated, argument for the psychological domain, the
cnlarged framework now comprises the ingredients {or potential solutions to the problem of the
‘interaction’ of mind and brain, at least as it is now conceived.

The apparent distance separating the localily and simplicity of interfacial events from the
globality and richness of central events or of expericnce 1o which we alluded previously has as
counterpart in the network approach the apparent distance between the simplicity of local nervous
events and the richness and power that is supposed to be achieved by nervous structures. This scems
10 relate 10 the fact that nervous events are of a single type, irrespective of their place of occurrence;
in other words the problem scems to be in understanding how a very local event can have a meaning
or répresent something obviously far surpassing it. This is where structure enters the picture: what
gives meaning o otherwise identical events is the context of their occurrence and that conlext is the
structure to which belong the aclive neuroncs, In the next chapiers we shfﬂl come ncrossﬁslgcciﬁc
instances of this principle. For now we might add, referring 1o the previous discussion of the theory

of computation where it was mentioned that only two symbols werc needed to account for an

-
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infinity of potential symbols, that similarly here events can also be defined through a ser of
(possibly simultancous)-neura! events, to which, for cxample, could respond or be associated a
single ncuronc. This is already the case for a simple AND gate for example, but the principle can
also be extended into quite sophisu'cath tcmplatc-mmching devices, as we shall soon see. (Note
how the function of dn AND gate is related to its structure and how the nature of its outpul is not
different than that of its input. In fact this holds for the whole CPU.) Conversely a single ncural
event can trigger a multiplicity of others, cach of which, in turn, can do the s'gme. etc. The
local/global axis along which is dcfmcc‘l the problem of representation is thus transposed into the
local event/global structure dynamics of particular networks making up a system, where the
richness of symbols is associated with the richness of structures and the complexity of evenis that
can occur in them starting with the local peripheral ones. (It is worth noting how, by default, the
locality of peripheral cvents can also be related to the structure of the interface, as it specifics a
context where events cannot be related to others of the same nature; this is another way of stating

their primitivity. Conversely there must be a point bcyond.which scts of (local or specific) neural

events can no longer be *fed into’ a further structure since by definition a decision procedure must-

have a beginning and an end: ths saems to suggest that the terminal point, or final stage, of
processing, at any one moment, corresponds to a state of widely distributed activity in the brain.)
Coming back now to the issue of characterization, one can see how the structure of networks,
along with the properties of the constitutive ncuronal clements, can be exploited to achicve specific
computations. To pursue an carlicr example, one can say that an AND gate computes or
characterizes the ‘andness’ of the events to which it responds. In the next chapters we shall explore
systems of detection and control that make explicit use of this principle. Note that it is possible to
further connect a pair of AND gates to an OR gate, and so on, so that it is possible (as McCulloch
& Pitts (1943) have shown formally) to compute any logical function on inputs; the point we wish
W stress here however is simply that it is equally possible to interpret the OR gate's output as the
characterization of a set of previous characierizations: this corresponds formally to the recursive
interpretation of (structured) computations. In other words we are formally justificd in adopling a
‘synthetic’ approach 1o computation where things are done piecemeal and gradually built up into
morc and more complex wholes; in fact, relating this now 1o the brain, and to the idea that nuclei
for example are focal points of computation, it should not be too surprising that so few of their
functions have been unveiled: for most of thése nuclet receive their input from other nuclei and send
their output to still others, cach one, supposedly, carrying out a step in the complete travail which
is, in view of the fact that the initial or terminal stages are unknown, conscquently extremely
difficult to identify in the vast majority of cases. This is true cven when the fine structure is

known: for example in the arca of movementcontrol the microanatomy of the cerebellar cortex was
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essentially described long ago by Cajat (1912), but its purpose and functioning still largely cludes

us (Pellionisz 1980). Except for the widespread occurrence of divergence and convergence, ensconced

\,/\ ~- as anatomical principles, which suggests some functional importance be attached o them, we scem

to be quite destitute of ideas on the (computational) purpose of observed wiring pallerns, gvén
where, as is the case for the cerebellar cortex, that structure is locally (relatively) simple and h&;hly
rcpclilivé. \

Howcver this problem of relating a particular structure with a particular function, which scct\hs
10 lie at the heart of much work in Neurophysiclogy, dc;cs not arise in the case of conjcclm)nl
models, where the correspondence is by definition completely specified. For these network models,
wiring or structure is used, just as the basic computational properties of the constitutive neuronal
elements, as a tool for the solution of functional problems.

What are thege problems? We have gencrally set them within the conlext of problems of
knowledge and hinted at their more precise nature earlier in this section when we discussed the
periphery. Concerning the general nature of knowledge, we suggested that representation was the
key, to which was then atinched the more precise |Qca of characterizalion as compuiational
counterpart. This was then linked up with the neurophysiological domain, o which of course one is
more or less strictly tied whenever periphery-bound functions are to be modelled as productive
systems, through the nctwork approach to modelling. We also proposed that the basic ask of
detection and control systems revolved about questions of identification, or of the creation (or
production) of new entities bearing on the virtual pool defined by the interface. With every other
computational node within a system (of which the interface is onc) might also be associated a
virlua.i pool from which the other nodes ¢an be conceived as operating. This *hicrarchical’ feature
appearing (o be at the heart of the analyses engaged in with respect to peripheral entitics and of the
systems as a whole, we might now introduce two general but ‘typed’ technical terms for speaking
about it. In the case of detcction or perceptual systems we will be speaking of their overall sk as
onc of GROUPING, while in the case of control, and in particular of movement contro] systems, we
will be speaking of their overall task as onc of DEGROUPING. The ‘type’ of course refers to the
view that one system is conceived essentially as operating upon inputs while the other is conceived
as essentially producing outputs. We have, so far at least, attempted to mainiain an ‘untyped” view
of the particular knowledge problems associated with periphery-bound or pre-conceptual (Lamonta-
gne & Beausoleil 1984) representations, the communality perceived at the interfacial level being in
fact the first indication of a supposed functional communality that presumably extends into hig_hcr-
level sensory-molor and cognilive coordinations. However the work reported here has not yet rea-
ched that level, for it appears that achicvement of a certain (so far unspecificd) level of sophistica-

tion seems requisite for detection and control systems before they can start 10 meaningfuily talk to
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cach other, o'r before final perceptual outputs can be coordinated with initial movement comman
Nevertheless it did upfold in the context of this wider concern.

The following two chapters are devoted to discussions of grouping (chapter 1) and degrouping
(chapter 2), and concerned with (he specification of systems that achieve them. In chapter i,
following & discussion of grouping in the context of vision, a simulated line detection system is
presented as a working excmplification of the principle of grouping. This chapter is much shorter
than the next one for reasons that will be explained there; however it is of central importance to the
dcvclopméms described in the next one. In chapler 2 we present a more claborate introduction to the
problem of degrouping, and specifically as it arises in the context of the control or produc‘lion of
movement. As this is the major problem we tackled, in chapter 2 we shall also be concerned with
curc‘( ully pilacing our understanding in the light of the three major modern approaches to it Finally,
the basic clements for a computational model of movement production will be presented, along

with a description of the model (and its simulation) as it now stands.

)
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é _ Chapter 1

Periphery-bound-Knowledge Processes I:
Deriving Visual Percepts

From the point of view of the conceptual evolution of the research herein reported, the
importance of our concemn with the perceptual side of periphery-bound knowledge processes derives
mainly from the fact that it was the major theoretical introduction and é&ingbonrd to our analysis
of the problem of movement production (.Chaplcr 2). Not surprisingly, 2 considerable degree of
conceptual overlap should be found between our general discussions of these two problems. How-
cver as suggested at the end of the previous chapter, even though the work on movement production
procceded and unfolded in the wake of a much larger anq_ cncompassing concern with periphery-
bound knowledge, it has not, at the procedural or ‘;viring' level, reached a point where both
pergéptual and movement systems could be brought together in a true sensori-motor system, Thus a
sizeable measure of discrepancy will be also seen o exist between the specific perceptyal and move-
‘ment models or algorithms to be discussed here, although in a somewhat surprising manner there is
at least one important meeting point between the perceptual model and the second control model,

The purpose of the present chapter is twofold. Firstly, we will introduce and outline the
problem of grouping as defined in the context of visual perception; sccondly, we will describe a
particular line detection model, as reported in Lamontagne & Béausolcil (1982), and bricily expose
some results of a simulation which we carried out. Full technical details of the implementation are
to be found in Appendix I; for our purposes here we shall only be referring to, and extracting from
Appendix I, thosc aspects that are directly relevant to the larger issues at hand, namely those
connected with the ‘extensions’ of the model in the arcas of visual experience, neurophysiological
plausibility, and finally computational cfficiency. Again, the line detection model itself is set in,
and extracted from, the context of a much wider research problem (and model), namely that of visual
spatiality and movement perception (cf. Lamontagne & Howe 1980; Lamontagne 1976). However
we shall not be concerned with it here. A

Thus, while essentially scrvin?hrzf first concrete instantiatiogl of the abstract ideas developed
in chapter 0, the present one will above all serve to introduce the pivotal notions of grouping and

qugrouping on which such realizations directly depend; and while our congem here with the first,
namely grouping, will mostly be limited to the conceptual tics it critically entertains with the
second, namely degrouping,it should be clearly stated here that the main thrust of the rest of the
present work is directed, albeil as an ‘extension’ of the problem of grouping, onto the problem of

degrouping,
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1.0 Grouping

Pursuit of the basic goal of computational 'modelli‘ng of periphery-bound knowledge processes,
namely the development of models or machines that embody such processes, involves two broad
categorics of discussion and concern: we have labelled them the strategic issues and the tactical
issues. They are used to organize the two essential but interdependent levels of preoccupation
arising in the development of working models. If in the first category, pertaining to strategic issues,
problems cssentially revolve about the overall ‘meaning’ or ‘purpose’ to be sought by and instilled
within any particular knowledge system, the achievement of a working madel can clc.;rly only occur
through a complementary, but no less critical, preoccupation with issues of the-second category,
namely the set of tactical issues, that have to do with the detailed implementation of such
directives. Now if it is by no means a simple thing to identify critical constraints allowing fruitful
decisions about the overall funclional characteristics of particular types of knowledge systems to be
made, it as equally difficull, once a tentative choice has been arrested, to proceed onward to the
formulation of ‘comresponding’ procedures or algorithms. But again, as concerns the very elementary
case that is the subject of the present chapter, and in view of the purposes stated in the above
introduction, we will for the present merely be adopting extant views (v&hilc of qoursle adding a few
new touches of our own to a small part of them), the process of ‘adapting’ them 1o the area and
problems of movement production being left for the next chapter. We will however be discussing
bricfly, at the strategic level, some questions on the relation between grouping and degrouping,
keeping the detailed pursuit of the tactical issues of movement production for the next chapter. For
lﬂ?‘momcnt. the strategic decisions concerning the functional ‘goal® of the visual system are
dimcﬁy based upon and derived from the original Gestalt ideas, in particular as expounded by K6hler
(1947), but follow cssentially the formulation in Lamontagne & Howe (1980) developed in the
context of the problem of visual motion perception, while the specific pro'cédure, i.c. the
‘corresponding’ computational tactic to be discussed in d_@, along with some outgrowths of a
simulation which we carried out, is derived from Lelliinmgne (1976) and Lam_c;nmgnc & Beausoleil
{1982).

1.0.0 Strategic issues

The concept of grouping proceeds from the strategic type of analysis of the problem of (visual)
perception. Starting in the carly twenties, the Gestaltists were the first 1o state and argue forcefully
and clearly that the most fundamental, yet until then largely ignored, feature of visual experience is,
quite simply, that it is organized. Kohler (1947, p. 71) conveys this point clearly in the following:

There is, in the first place, what is now generally called the organization of
scnsory experienge, The term refers to the fact that sensory fields have m a-way
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their own social psychology. Such fields appear neither as uniformly coherent
continua nor as patterns of mutually indifferent elements. What we actually
perceive are, first of all, specific entities such as things, figures, etc., and also
groups of which these entities are members, This demonstrates the operation of

processes in which the content of certain arcas is unified, and at the same time
relatively segregated from its cnvironment.

Discovering the laws of organization obtaining in the visual world, as the Gestaltists sct out to do,
entails that the organization first be described, or characterized. Accordihgly it was proposed that the
most general or, following Kohler, clementary quality (or “fact”™) of visual organization was grou-
ping. (ibid., p. 85) Hence the laws of visual organization must bear upon grouping processes,

The Gestaltists are of course well known for various now classic demonstrations of these laws,
but unfortunately all but forgotten as regards their cciunlly if not more important attempis to
transpose or redefine them inte working models, Indeed Kohler's analysis for instance, o which we
shall return shortly, as well probably as the whole gestaltist thrust in perception, was of such a
nature as to naturally lead to and open onto such problems of ‘implementation.’ In this task, as far
as it was recognized and pursued by them, the Gestaltists brought into play and largely favoured
physical principles and metaphors that, again unfortunately, seemed not to have allowed for the
development .of working models for visual perception cnjoying a degree of precision and power
comparable to those associafed with the physical phenomena to which they were otherwise systema-
tically likening visual processing.

Even though we have designed our strategic and tactical categories of concem in the study of
knowledge systems with the computational approach in mind, it should not be understoed that they
arc relevant only in that context. Indeed, as hinted at above and as argucd in Lamontagne & Howe
(1980) on epistemological grounds, where what are here labelled strategic concems correspond (more
or less) to what they called the mela-theoretical level of enquiry, they transcend the adoption of any
paticular formalism (although the converse is not necessarily true), The question of whether or not
they pertain directly or can be generalized to any and all scientific endeavours, or arc restricted to the
domain of knowledge phenomena which happened to serve as the occasion and basic impetus for its
formulation, is not one we shall take up here. But be that as it may it w\m no doubt be agreed that
the gestaltist conjecture on the fundamental nature of perceptual processes and phenomena is at once
more general than any particular (c.g. biological) instance, and’so can serve as overall guideline in
their study (including the computational studies), but specific enough to indicate the kind of task
which any one perceptual system is supposed to accomplish. In our view this clearly makes of the
conjecture a noteworthy strategic candidate and one, we might add here, that has so far neither been
supplanted nor refuted. It is 10 our knowledge the onfy extant siatement on the functional ‘purpose’
of perceptual systems.
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We shall now proceed, following Kohler rather closely, to outline the fundamental problem of
visual grouping. This will be concluded with a bricf description of one of the few ‘strategic’ results
situated in direct ling with the gestaltist efforts with respect to this problem. But before we go on it
. might be worthwhile, .in order to clear up a possible source of misunderstanding, to point out
exactly how the nature of grouping is in fact conjectural. The initial observations of Kohler (1947)
and others on the apparently simple fact that percepts are organized, and that this organization can
largely be accounted for, from a descriptive point of view, in terms of groupings (the appearance of
objects) and scgregations (the appearance of different objects), etc., tends to overshadow the
fundamental conjectural step taken when it is thence advanced that the ‘purpose’ of perceptual
systems must exactly consist in the *derivation’ or ‘formation’ of the contents of visual experience
as they are experienced. Thus is born the corollary idea of grouping as a process, which goes far
beyond the idea of grouping as a qualitative feature, however fundamental or useful, of visual
experience. Nowhere is this more clearly or forcefully expressed than in the following stawement in

which an explicit link is made between experience and processing:

visual experience corresponds to the totality of self-distributed processes in the vi-
sual sector of the brain, and [ ] all relations in visual space of which anybody can
be aware rest on functional relationships within this totality. (ibid., p. 126)

Again this might appear to be quiu:.- simple if not plainly redundant, as assuredly it doc; as long as
one does not then take up the challenge, already implicit within gestaltist writings, of ‘proving’ the
theory by constructing 8 model or working system ‘conforming’ to the ‘laws’ of Geslalt. Yet
however great its impact elsewhere, Gestalt theory appears to have left few traces to follow in the_
wake of this challcﬁgc. which was only ‘resurrected’ in the late fifties with the advent of Artificial
Intclligence.

As stated above the starting point of Kéhler's, as of Wertheimer's (1923) (cf. Kéhler 1947, p.
85), analysis was ordinary human visual experience; more specifically Kohler's observation that “In
most visual ficlds the contents of particular areas “belong together” as circumscribed units from
which their surroundings are excluded.” (ibid., p. 80), and Wertheimer's recognition of “the fun'da-
mental importance of spontaneous grouping in sensory fields.” (ibid., p. 85), constituted the key
clements that cventually led to the belief that “grouping {is] an elementary sensory fact.” (ibid.)
Here the word elementary, it should be noted, does not refer 1o the idea that grouping is a primitive
feature of perceptual processing - implying that there is much more to it than simply grouping -
but rather to the idea, lengthily argucd against the then prevailing “empiricist” views in Psychology
that saw grouping as the preduct of le'aming, that it is a primary and irreducible characteristic of the

visual system's functioning.
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The visual system’of course refers to the eye and what Kthler calls the “visual sector of the
brein.” (ibid., p. 78) By positing, on the one hand, on sirictly experiential grounds and indepen-
dently of any explicit consideration of the system, the nature of visual processing to be of a certain
type or to tend towa?ﬂs a certain ‘pattern’ or ‘style’ of analysis, one is inadvertently led, given, on
the other hand, a recognition of the existence an polcminibilical dle of the system in visual
processing, to ‘extend’ these notions into the realm of the (nervous) system's functioning. This is
demonstrated, at least in"Kohler's case, through many references 1o the visual sector, The attitude he
adopts towards the brain, in view of his overall hypothesis on the nature of visual processing (i.c.

dynamic self-distribution of local interactions}, is revealed in the following extract.

The fact that organization depends upon relations among the local stimuli makes it
entirely clear that sensory organization cannot be understood in terms of local
processes as such. On the other hand, we have no difficulty in understanding the
role which such relations play in organization, if we assume that the organization
of sensory fields pictures the self-distribution of processcs in corresponding arcas
of the brain. Dynamic self-distributions maintain themselves by interaction among
the local events. But we have scen that in all parts of physics interactions depend
upon the “condition-in-relation” as given in the various parts of a system. Since
the same holds for visual organization, we have every reason to believe that this
organization results from the self-distribution of certain processes in the visual
sector of the brain, (ibid., p. 98)

Given “the absence of sufficient physiological evidence conceming these processes” (ibid., p. 78)
however, one is left with the task of deriving and testing “hypotheses about their nature ] only
from the facts of sensory experience” (ibid.). But Kohler's insistence on the dynamic nature of
visual processing, along with the (at least for us) very convincingl picture he draws of its overall
style, cven though it could be argued 1o bave minimized the importance of a possible neurophy-
siological ‘input,” should not, on lhé other hand, also have rendered superfluous or pushed to the
wayside a preoccupation with detailed models of specific processes. It is only in the context of a
sustained effort, or “a carcful study,” in that scnse, we think, that could ever be reached a point
where one could “tell [ ] Auilc spcciﬁcﬁlly what physical processes distribute themselves in the
visual coriex.” ‘(ibid.. p. 98) For us here however that is of secondary importance. What is more
central 1o the issue at hand is 1o grasp clearly the elements of the problem as outlined by Kéhler.
The first key element of Khier's view as just mentioned is the idea that visual processing
should be thought of as a dynamic affair. This implics that whatever is brought forth 1o account for
it should ‘display’ a form of inhercnt ‘activity,” one that can descriptively (??e)praduce the kind of
dynamism thought to obtain within the visual system. To Kohler and many other Gestaltists the
dynamism of certain physical processes seemed highly suggestive with respect to the kind of

activity that should have occurred in the visual sector of the brain. Of course we have since then
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" abandoned these notions, and replaced them by the more modern information processing metaphor,
whose dynamism and inherent ‘plasticity,’ although of a somewhat dit‘fémnt character than that of
certain physical processes, is none the less potentially as rich, if not in fact more so. While at the
's'upc.rﬁcinl' level of computations the two in fact meet, physical dynamic theories being highly
mathematical, and hence *subsumed’ under the theory of computation, and while a Gestaltist might
have objected that the idea in itself is much more important than the fact that it be ‘computable,’ it
could be countered that even though the theory of computation per se docs not as réadily lend itself
to the kind of powerful metaphor for visual processing as the physical models do, those latter
models have failed to produce a picture of cven very elementary levels of visunl- processing {(e.g. at
the level of line detection). There scems to cxist a fundamental discrepancy between physical and
sensory organization, a difference that might be irreducible, but certainly, as cpncerns the sensory
seclor, an organization that might be better explained in terms of the dynamics of computation.
Even though gestaltist models have largety becn abandoned, Kohler's insistence on dynamism has
certainly not been lost in the ensuing shift toward an informational view of visual processing; it
remains in fact very pertinent.

The second key element of Kohler's formulation consists of a particularization of the problem
of visual grouping in more explicit physiological terms, namely those provided by the retinal level
of processing. In that form it will readily be recognized as lying much closer to those which have
become guite common in current functional research in visinn.)f on the one hand the observation of
visual experience led to the notion of grouping as the most pervasive characteristic of the visual
world, the problem of reconciling that ‘fact’ with the constraints inherent to the visval system is
one that quickly arises, But this is exactly the point at which the notion of grouping, from being
cssentially a phenomenal construct, must give way 10 becoming a functional one. This is simply
because, with respect to the entities or objects of experience, corresponding *Iocal [i.e. retinal] facts.
arc cntirely indiffesent to any formal relations which may obtain among them.” (ibid., p. 98), or
again, because even if “the gecometrical relations among the vario‘;s points on the surface of an
object are 1o a large degree reproduced in retinal projection [...] each local stitnulus acts indepen-
dently [so that] so far as retinal stimulation is concerned, there is no organization, no segregation of
specific units or groups.” (ibid., p 95) Admitting both facts 10 be genuine can thus only lm"d/ 1o the
problem of grouping, wWhich can now take the form of the following question: how docs a
multiplicity of indcpendent local retinal events having cestain implicit formal (and more specifically
geometrical, as defined by the structure of the interface) relations among themselves comé to be
associated together and constitute or eventually give rise 10 but a single event (or object)? Stated in
this way, it scems evident that the key to grouping lies in the exploitation of those implicit

‘retinal’ relations. However it should be noted that not all characteristics or relations among visyal
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objects can easily be brought down to the level of relations between local retinal svents, for
whenever arises a question about relations among constituted visual objects, upon which the
Gestaltists also insisted, it clearly cannot be handled at the interfac'mi level, where they do not yet
exist, but must instead be rcfcrmd to the ‘geometry’ of some other part of the sysicm, We shall sco
in the next sub-section how such exploitation can be carried out for the case of tine segments.
Working in the context of the problem of visual motion perception, Lamontagne & Howe
(1980), both on epistemological ﬂ?ld computational grounds, carried the gestaltist principle of grou-
_ ping one major stcp further. In a statement reminiscent of Kshler's above on what might bo called
the ‘closure’ or sufficiency of the chosen approach with respect to visual processing, Lamontagne &

Howe (1980, p. 27) define “the task of any visual system as being onc of

1. grouping visual Glies (starting with a,v.e.'s [atomic visual entities, or single
retinal cvents]) into higher level visual entitics, under well defined criteria, '
2. characterizing the visual entities so obtained with well defined features bearing
on cach one of these ceplities as a whole,

3.repeating this process until visual entities arc obtained which represent
adequately the physical cnvirogxpncnl."

In whq‘i otherwise became a highly recursive formulation (in which of cours;: can clearly be
recognized the ‘mark’ of the theory of computation - cf. chapter 0) of the basic *modality’ or *pur-
pose’ of visual processing, one can also observe the persistence of the concept of grouping as lying
at the heart of vision. However here, as opposed 1o Kéhler's formulation, the type of ‘interactions’
assumed to be responsible for the advent of visual entities are no longer of a physical but rather of
an informational type, More specifically grouping criteria as well as various characterizations arc
hypothesized to enter into play at every step or level in the process of deriving percepts. (As we
shall see in the next sub-section, and following Lamontagne & Howe (1980, p. 27 ff.)‘?la_all
characlerizations need have served as grouping criteria, although of course a grouping criterion can
de facto become a characterization df the visual entity it heiped to engender.)

Of course visual motion perception, as a perceptual sub-problem, has to be fited and dealt
with within the confines of the very wide ‘framework for processing’ dcfined above. The whole of
Lamontagne & Howe (1980) is devoted wo a discussion of various “macro-issucs” that arise and have
_ to be critically addressed while pursuing a computational theory of motion perception. The pivotal
theoretical question raised in that context centers on “how much grouping should be achieved
before, and how much grouping should be achieved after, motion detection?” (ibid., p. 110) While it
is intitively evident that some perceptual object (a product of grouping)} should exist in order for
motion to be assigned to it, it is nevertheless far from clear what that object should be and how it is

10 be derived, especially when one has given himself as ultimate reference human visual (motion)
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experience. With respect Lo the above three steps, and, again, in the context of visual motion per-
ception, that question arises somcwhcre between 1 & 2 and 3; that is, at what point in proccssmg

will an adequate representation bc reached so that motion can then be computed? An “adcqunv.-,

rcprcscmnuon" of course is an eminently vague expression; however, making it more precise, even

for the ‘restricted’ domain of motion pc}ccption. is a non-trivial task. The solution arrived at in
Lamontagne & Howe (1980) entails dropping the until then unquestioned (even by Gestaltists)

assumption of a strict correspondence between physical and perceprual entities; it proposes the fol-

\

the systemn will group a.v.e.'s [alomit;!isunl entities) right up to the lavel of a
SINGLE global visual entity, or VISUAL OBJECT, before motion (for “final repre-
sentalion purposes™ is computed, this visual object embracing either many physi-
cal objects in the observed scene, or only one, or only a part of one [..}; this
computational scheme has been labelled the SINGLE VISUAL OBJELT SCHEME
(SVQS). (ibid., p. 110

r o

lowing strategy:

H

Three immediate implications on the matter of implementing the SVOS are then set out: they

pertain to a system's ability to ‘sort out’ a given scene, so that “different parts of the scene (or

stimulus environment) can be selected and “isolated” for processing” (ibid., p, 111); to a system's '

ability to *zoom’ in and out of a scene, so that “the current outcome of the motion detection process

can be used to define the next moment's input layout” (ibid., p. 112); and finally to a system's

ability 1o ‘steer’ itself so that “the “grouping stratcgies™ controllipg’the visual background/visual
1bid.)

Just as, at the strategic level, the whole of visual processing can be argued to rest on a single

object split can be readily changed in the flow of analysis.”

principle, namely grouping, at the level of computational tactics, and in view of the strategic
decisions of the sort we have just outlined, one can be similarly concemed with implementing them
with as few operators as possible. It is with one of these operators, or functional primitives (cf.
Lamontagne & Beausoleil 1982), formally paralleling the small set of symbolic opcmt,ors‘ found in
recursion theory, that we will be dealing in the next sub-section. As can be surmised, their function
consists of grouping and characterizing, The fact that the nature of the enlities thus derived can
naturally form the input to further, and hence broader or more encompassing (with respect to the
initial atomic visual/retinal entities), levels of analysis constitutes the tactical counierpart and
complement to the implicit recursiveness of the general strategic course set down above. The
‘operator in question, namely the HELICOIDAL RING, is thus extracted from a much more compm‘-
hensive model of motion perception in which it served as a building-block. Again, we shall only be
" concened with one specific ‘application’ of the- operator, that of line segment detection and

characterization. For further aclual and potential applications of this computational *primitive’ 10

L
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motion perceplion see Lamontagne (1976) and Lamontaénc & Beausoleil (1982).

Before proceeding further, we shall pause to examine briefly, in the ligﬁt of what has so far_
been advanced on the strategic issues in vision, the qu”e.slion of the r;::lnlionship'bclwecn grouping
and dcgrot;ping. This will serve as a first introduction to the problem occupying the whole of the
next chapter. As hinted at at the beginning of the present chapter, it will also allow us to outlins
the important conccptual lincage bctwécn grouping and degrouping. It should however be kept in
mind that although our work on the problem of movement production was, at the strategic level,
largely inspired by our knowledge of thgse strategic results reported above, they served mainly as
starting point for the analysis, and that the results we have achicved, and the new problems we have
uncovered on the way, have not yet allowed for the unification of these two concepts in terms that
would now make it possible to speak of a single theory of periphery-bound knowlccigc processcs.
Yet we belicve that the fact that some ground could be covered on the motor side of periphery-bound
processes in terms that had atready been shoxn relevant for its sensory side indicates that the path of
unification may yet be successfully travelled. . -

Just as a visual object is experienced as a\.\x'ngle entity while on the other hand stemming from
-, amultiplicity of retinal events, so in much the ‘same manner, a purposeful movement of, say, the
.- arm is experienced-as a single (voluntary) cvent while being composed of a (potentially) large

number of peripheral events. (It should be pointed out that whereas in the case of vision peripheral
or local cvents are clearly understood to refer o retinal events, the case of the arm presents a
possible source of ambiguity withaespect 10 the exact nature of ‘its’ local events. Let it mercly be
said here that the peripheral events we were rd erring Lo above are those component movements of
the mobile parts of the ef[cclorﬁirgcled b(:ri_a given command: thus for example a reaching
movement {as a whole) implies, in the gcncrz}I‘casc. that ‘smaller’ movements will develop in the
hand, the forearm, the upper arm,' and po§si_13_l’)lr, cven the shoulder.) Now clearly the presence in both
of these instances of a ‘numerical’ disc’rcpancy between central or experiential events and those
non-cxperiential ones that are bound up with them at the periphery can certainly be highly suggesti-
ve as to the existence, on the movement side, of_ a problem whose ‘logic,’ if not logistics, is cl;)sc-
ly related 1o the one thought to lie at the heart of the perceptual-visual side.
Now just as groups of orderly arranged retinal stimuli ‘compose’ into a visual melody, just so
sets of orderly orchestrated ‘smaller’ movements will ‘compose’ into meaningful movements ofﬁc
*whole effector, And just as in order 10 Pai't:eivc the former a system will exploit the “formal
relations which obtain among them” (Kthler 1947, p. 98), in order to produce the latter, one can
conjecture that the movement system will take advantage of whatever ‘constant’ geometric fcatures
can be established to hold among the parts of the effector. An evident level at which this can be

intimated in the casc of the arm is of course the level of the fixed connexions between the effector
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components. It remfiins to be .sccn however _just how this can be integrated within a movement
system. This problem will occupy a central place in chapter 2,

So far we have presented a picture where 8 movement command would ‘correspond’ to and
partake of the same glol;pl:hnlurc as a visual object. In essence this picture, so far al least, is a
‘negative’ of the strategy adopied in the perceptual case, the main difference in processing lying in
their respective ‘direction’ or ‘motive’ rather than in their fundamental fabric. That is not, however,
o drawback; on the cbmmry it can casily be argued that in order for visual (or perceptual) and motor
processing to eventually ‘meet’ or to ‘talk’ to each other, as they certainly must do, a meeting
ground must be laid for them; the fact that the analysis of movement production is approached irra
manner that apparcntly owes more 1o perceplual than to any other kind of analysis does nothing to
rob the problem of its individuality: in fact it has been argued that by waving aside the direction of
processing onc can distill the fundamental problem as bci:lg one of 'associating diversitics,' a task
that can be construed 1o be a fundamental task of cognitive systems. (cf. Lamontagne & Beausoleil
1984) The fact that independently for both the sensory and movement domains and dependently at
both the expericntial and peripheral levels (coresponding) diversities can be recognized will
probably be questioncd by no one. That is why the problem of dcgroupir;g has been defined to

. consist of “traduire la diversité globale eﬁ diversité locale.” (ibid., p. 189) Evidently the nature of
globa! diversity is diffdrent from that of local diversity, but only from the point of view of levels of
processing; relating the two,_ ‘éf Lranslaung from one 1o the other, or establishing a ‘semantic’
relation between them, is of course Lhc purpose of both sensory and movement systems.

We shall presendly leave the strategic terrain a%lum to a discussion of some of the important
tactical issucs connected with the realization into’ (specific) working models of the large-scale
strategic decisions that have been discussed above. Although this discussion will immediately be
followed by a presentation of the perceptual meodel we have studied, it should be mentioned here
that, following the case of the strategic views outlined above, the tactical views next developed will
also largely carry over into the next chapwr'sﬁ;mcnl of movement production; in section 2.0 for

instance a visual metaphor will be used in the initial discussion of the problem of control.

1.0.1 Tactical issues
Procecding from the strategic to the tactical domain, a new set of issues arises. Having defined,
U the strategic level, what overall ‘purpose’ or ‘direction’ the systems to be built must follow, new
questions, of the tactical type, pertaining-to how it is to be achieved naturally emerge. The most
important of them have in fact already been touched upon in the previous sub-scction; however we
will discuss them here in a more systematic fashion, as these issues go beyond any specific

instantiation, such as the one prescnted in the next scction. It will be scen that while a certain
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degree of precision exists \\;ith respect to some of these tactical decisions, some grey arcas become
manifest as they are tentatively pushed into as yet compulationally uncharted regions of visual
processing. ‘-

As stated previously, grouping, and cventually degrouping, are to be accomplished through
mechanisms of characterization. Now the creation of a visual entity entails that some criterion or
condition of existence of that entity, in a word a decision procedure, be ‘applied’ to a given set of
signals. The ‘satisfaction’ by a set of signals of a given condition provides immediate grounds for a
first characterization of the resulting entity, a characterization that is called primary since it essen-
tially describes the *outcome’ of the computation. However in general the created entity can be more
fully characterized, and again according to the gatisfaction of certain criteria; now these features arc
called secondary characterizations since they are non-critical with respect to the existence of the
entity o which they are ascribed. However their computational rdle, fur from being secondary, is
crucial 10 the pursuit of analysis, the primary characterizations by themselves constituting a compu-
tational dead-end. It is only in (possible) conjunction \w{ ! ondaries that the primarics can
hope to contribute to further, as well as higher, levels of anaiysis. For example in the line detection
model it will be seen that while the existence of the constituted objects, namely lines, depends upon
the condition of linearity obtaining among its constituting elements, namely retinal ‘point’ events,
these resulting entities, as is well known, can also be provided with & (visual) position, orientation,

and length. From then on, one can conceive how combinations of these characterizations could be

used to pursue the analysis into the analysis of curves and various shapes, ctc.

But what about grouping itsell? What is the mark of a grouping operation? Quite simply it is
an operation in which for the creation of a single new entity or visual object there must have
entered at least rwo entities of the previous level, or some level/s lower than the one at which it is
occurring. (cf. Lamontagne & Beausoleil 1984) As in fact many poinis must enter into the
derivation of a single line, the process of line segment detection must involve a grouping process.
Howc{rcr it should be noted that not all charactlerization processes are grouping (or, eventually,
degrouping) processes. Although the above definition is very wide the operation of arithmetic
addition for instance would not count as a grouping operation because it fails to satisfy the ‘level’
requirement of the definition, siné‘e the resultant object, that is, the sum of a number of numbers,
although it could be construed as a characterization of the ‘sumness’ of the input entilies, is still a
number, and m:.n, for instance, a function. However the detection of a pattern within a serics of
events, as ‘showing’ for example the immincnce of a world conflict, will count as an instance of
grdﬁping. In this way, grouping operations can be argued o quite readily extend into ‘pure’
cognition as well. In chapier 2 it will be similarly argued how degrouping can equally be ‘projected’

into the higher cognitive realm.
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Coming back now to the issue of grouping criteria, we will first recall, from the previous
scection and chapter, how the interface in fact affords a first grounds for grouping. More specifically
we are referring here to the retina and to the fact that its inirinsic and fixed geometry provides a
natural framework for the specification of relations between the entities i defines. Formally spea-
king, these entities are themselves the product of a ‘primary’ groliping process entrenched within
the fine structure of the interface, of which the local geometry is responsible for giving rise to the
primary, or ‘point’ feature of these entitics (according to a grouping process occurring within the
confines of the receptor cells), as well as the sccondary feature of intensity; positional characteri-
zation for its part ariscs out of the global geometry of the interface. There is a third secondary
feature, namely moment of occurrence, but we shall not be concemed with it here, since the model
bears upon a *frozen’ type of analysis, i.c. one pertaining to a ‘single’ moment, or more preciscly
onc that is not concerned with characterizations involving time. (cf. Lamontagne 1976, 1986)
Furthermore since by default we are dealing exclusively with extant (non-null} retinal stimuli and
since the intensity characterization has been reduced to an ON-OFF scheme, intensity will be seen
10 play only an implicit réle in the process of leaping from point stimuli 10 line segments; consc-
quently the main burden of analysis will be on the posir.iofml values.

Now il is rather straightforward to attach an explicit positional value to individual retinal
stimuli by transforming the retinal grid into a cartesian one. However there is another way of doing
this using the idea that positional values arc already implicitly assigned through the fact that a
retinal point occurs at a specific place. In actual fact what this means, and the way it will be seen to
happen in the model, is thal, in order to be exploitable, positional information need not be
cxplicitly specified; it can just as well be used ‘as is.” Of course this requires that in'that form it has
to be ‘understandable’ by whatever is intended to use it. For the helicoidal ring, this ‘raw” informa-
tion is first of all used to detect linear relations and then exploited to derive line orientation as well
as position; however line length is calculated explicitly, Of cgrsc there is a limit to the advantage
that can be gained through the geometry of the interface. But the fact that at post-retinal levels of
analysis certain well-defined structures (such as the helicoidal ring) are, via the structure of the
interface, involved with the structure of interfacial input opens up directly into a possibility of
exploiting their gecometry as well for carrying the analysis into the next level, eic. In fact reflection
shows that as far as the central nc:ﬁ'ckxs syslem can be argued to be a *structure’ system, very liqu:
in the way of explicit computation ncfcd occur within it: to phrase an expression with a gestaltist
flavour, the brain would not use equations, it would be one. There is not, at this stage of
theorizing, a general rule or strategy that we could offer as to the relative ‘dosage’ of explicit and
implicit computations that should be striven for in the construction of particular $ystems; however

inasmuch as one would allow oneself to be guided by the above comment on the choice apparently
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favoured by nervous systems, the direction in which to lean is quite clear.®

Grouping criteria will usually serve as primary characterizations, and these latter will
conscquently usually be single-valued, as the fact that they bear upon the existence of an object
(e.g. a linc) or a feature (e.g. squarencss) already suggests. However the secondary characterizations,
such as length, orientation, and position of linc segments, or size, position, and orientation of the
*square,’ will on the contrary usually be multi-valued. Thus line segment detection entails deciding,
in the presence of all potential and possible variations within and among the secondarics, on those
cascs which satisfy the single primary criterion of linearity, and furthermore, ence this is achicved,
of sorting out their respective sccondaries. (For it should be evident that it is not possible to work
directly from the secondaries since there is as yet no object en which they could bear.) In the
context of this problem the essential feature of the helicoidal ring is the way in which a strucrural
embedding or interpenctration of the primary characterization within the pool of virtual secondary
characterizations is achieved for the case of line segments. The structural pcculiaril'y of the model

derives from the fact that it is'a template-matching device.

1.1 The helicoidal ring ,

In the remaining two short sub-sections of the present chapter-we first present an intuftive
overview of the helicoidal ring in terms of the basic geometrical facts attendant upon this particular
theory of line detection; for a much more detailed weatment of the model, as well as the whele
theoretical context from which it is extracted, the reader is referred 10 Lamontagne (1976) and
Lamontagne & Beausoleil (1982). In the second place, a synopsis of the main purpose and
outcomes of a computer simulation of the model is presented; again, for a much more complete
discussion of the technical details of the implementation the reader is referred to Appendix L
Finally, this second sub-section should be considered as complementary to, rather than a recapitu-

lation of, the material in Lamontagne & Beausolcil (1982).

-

0Incidcnr.ly it is worth mentioning how first Mathematics, and then Computer Science - with the
exception of non-discrete or Analog Machincs - has golten us used 1o explicit computation. This is
changing however with the appearance of & new type of computer, namely the Connection Machine
(Hillis 1985), in which, as its name implies, the establishment of variable connections between
processing nodes would serve as a basic computational clement or construct. Thus & ‘tree’ would no
longer be implemented by means of pointers but rather directly specified by the nodal connections
that define it. This allows for ‘casily’ impiementing parallel processing, a notion, at least in erms of
visual processing (and the helicoidal ring is a parallel processing model), that cin also be traced back
to the Gestaltists’ image of physical processes and interactions which, as is well known, do occur ‘all
at once.’ '

/
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1.1.0 The model
If a linc in & plane stands at an angle a°® with respect to one of the (arbitgarily chosen) cartesian

axcs of that plane then, keeping the line fixed, a rotation by a® of that plane along with its axes
will bring the line parallel to the reference axis and perpendicular to the other. Thus, supposing that
one is very good at detecting parallclism, the orientation of a line with respect to the frame of
reference defined by an arbitrary coordinate system can be measured by rotating it and the plane in

which the line lies {see Figure 1).

A, |
‘\\4—muna

-f§— rotated layer
(54
line segment

Figure 1. Geometry of layer rolation with respect to a given line stimulus.
Note how the line segment subtends the same angle with réspect to
the retinal frame’s X axis as the rotated layer's does, rendering the
same line segment parallel to the latter’s X axis. (Not shown, retinal
Sfelds and layer tessellation.)

Now suppose, furthermore, that in that planar universe, lines are only recognized with
reference 1o one of those already defined by the coordinate axes. This would imply, for a line
segment that originally stood perpendicular to that axis, that it would first only be *seen’ as a point,
but then, as the plane system (plane plus axes) is rotated, the ‘line’ would grow in size until it
reached a maximal value whenever was reached the parallelism stage. '

Instead of actually rotating the plane system however, and having to keep track of the amount
of rotation, one could start with a stack of already rotated planes on top of each other and then, fora
given line segment, simply try out cach one in tern until a largest ‘line’ is found. Again since fora
given segment all planes will ‘see’ some ‘line,” having to choose from among them the largest
‘ling," or cquivalently the best-fitting plane, can get one involved in lengthy comparisons (that in

fact become impossible to carry out if more than one segment is projected at a time). Why not
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instead simply let these ‘lines’ do it for us? How? By having every one of the ‘lines’ themselves
(acmally' the weighted components of cach ‘line,’ the weight being. the total number of its
components) ‘travel” directly up and down through the stack of planes and deleting any of its *parent
lines’ (actually again their components) which it encounters that are of smaller size than itself:
since there is by definition none larger than the largest (and this is the one we are fundamentally
interested in) it should be the only survivor of that elimination process,

If instead of a single line segment we now consider the case where there are two or more
different ones, then it should be clear thm‘lhé above procedure will work individually and
independently for each one of them. That is, for each original line scgment there should be, not
ncccss‘arily on the same plane and not necessarily at corresponding places on these different planes, a
largest or *best line.” The actual plane in which a particular *best line* occurs will provide by itsell
the measure of cricntation, this measure of course being the same for any ‘best line” that is found
within it. Thus two ‘best lines' found within a paru'c.ular planc would have had to correspond to two
original parallel stimuli, i.e. sharing the same orientation, but not position. The difference of
position of course will be ‘conserved’ in a diffcrcncerof position of the ‘best lines;’ this position
can casily be generated by *reducing’ the ‘best line’ to a single signal, say the middle component of
the ‘line.’

This is the basic geometric theory behind the helicoidal ring. Yet from the abstract point of
view of gcometry the original stimuli already cxist as lines. Not so in the ‘concrete’ terms offered
by the visual periphery 1o which, it will by now have been guessed, the originlal plane where
stimuli are found now corresponds. The visual periphery offers, in geometrical terms, inputs of just
one kind, namely ‘points.’ It is then the task of the visual system {remember Kohler) to recognize
among them, or derive from them, the existence of certain types of relations, namely, for lhfc. case at
hand, linear relations. Now quite simply it is because each plane in the stack associated with the
reting already knot,\'ws something about linear relations and positions by being linearly ‘biased’, and
because the whole stack of planes, by being twisted, knows something about orientation (which is

why it is called a template-maiching device) that rfhc'hclicoidal ring works.

Thus any and a!l signals issuing from the helicoidal ring bear a message of linearity (just as
any and all retinal signals bear the primary mark of ‘pointedness’); which plane it emanates from o
signals an orienlation;+here on that particular playc signals a position@d finally how large it is
(in explicit terms of a number) bears upon the size or length of the line"Thus is accomplished the
basic task of recognizing line segments (through primary characterization) and qualifying lhf:r:q_
according 1o their secondary characterizations of orientation, position, and length. .

We have stated that the retina provides the system with points. This is not exaculy truc, as a

retinal object corresponds in fact to a small surface, which is only called a point because it is the
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most primiﬁvc object in the system. Following upon the same ‘logic’ of discreteness, it should be
clear that whereas geometrically speaking a given line has a specific, m}d potentially infinitely
|;rccisc. oricntation, such a level of precision cannot be reached in a finite system. That is, the
helicoidal ring can have only a finite number N of layer planes, each one being twisted by an even
fixed amount, say 8 (such that, 8*N=180°), with respect to its immediate neighbours, and, like the
rclinn./wsscllulcd (not shown in Figure 1, but see Appendix I, Figures 2 and 3, as well as Lamon-
wgne & Beausoleil (1982), Figure 2). It is the fact that in terms of the rotational geometry of the
ring's basic structure the first layer plane has the last layer as immediate upward neighbour {(and vice
verfh for the last layer planc) that the mbdel takes on a (twisied) donought shape} The degree of
torsion from one layer to the next corresponds to the orientational resolution of the system. The
same reasoning applies to length: being of fixed and integral sizéythere is a limit to the length and
precision of lines ‘available’ to the retina for projection onto the layer planes because of its, by
definition, limited positional resolution,

What this amounts to for the workability of the helicoidal ring is a serics of problems, known
as projection problems. They arise as a consequence of the fact tha£ Wi_ng or projecting a set
of retinal points onto a given plane, one is in fact desling with the ‘interaction’ of surfaces,
meaning for instance that having to decide whether a given retinal point, on its way down into the
‘ring,’ does in fact *mect’ a given cell in one of the layers becomes a question of whether the two
surfaces overlap significantly ¢nough for a-‘meeting’ to have occurred. This problem and many
other similar ones have largely been resolved by the introduction of refinements to the basic sys-
tem, namely retinal fields and tremor, solutions in fact that tumed out to be highly suggestive with
respect to the workings of the human visual system, at’ both the neurophysiological and psycho-
logical levels (cf. Lamontagne & Beausoleil 1982).

Bringing all of these elements together more formally now, the helicoidal ring works according
to four well-defined processing stages. In the first, the projection step, the whole of retinal point
stimuli is individually mapped, and as many times as is necessitated by the number of tremor
positions (all tremor positions plus projection occurring within a single retinal sampling by the
system), onto every field layer or projection plane, adding a value of 1 10 those field cells' content
that arc encountered by the retinal signal; now depending upon the size of retinal fields, a certain
threshold must have been reached by these field cells in order for them 10 have been judged
stimulated (or ‘met’ by a retinal ‘point,” which now corresponds to a retinal field), a decision that is
only taken after completion of the whole cycle of ‘tremor” projections; upon taking this decision for
a particular field cell its content is reduced to 1, afier which it is again changed according to the

number of adjacent ficld cells - adjacent, that is, with respect to one of the axes of the ficld layer - in
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which the particular one Iicsl'('I'hus if a serics of four adjacent stimulated field cells is found, each
one's content will now become 4.) This in fact is the second phase, called summation. In the third
stage, the inhibition stage, these weighted signals are made to ‘visit' their vertical neighbours in a
number of field layers determined by their current content; with force decreasing as a function of
‘planar’ distance, they annul any ficld cell content thus encountered whose content is strictly less
than their own. And finally in the reduction stage each of the remaining strings of adjacent ficld
cells in all layess is reduced to a single excited field cell, chosen as the one closest to the middle of
the string. This constitutes the terminal form of the signal proceeding from the helicoidal ring.

Retinal outputs signal ‘points,” while helicoidal ring outputs signal ‘lines:' thus is achieved
the lcap from one 1o the other. What happens between these two events is a process of characteri-
zation (primarily of lincarity, and secondarily of position, orientation, and length), The primary
characterization is achieved through the grouping criterion of (lincar) adjacency as embedded in the
fine structure of the field layers, while the secondary ones are derived dircedy or indirectly from
various other local and global structural aspects of the system: directly when it is computed
implicitly (linearity, position, and orientation) and indircctly When it is computed explicitly
(length). In whatever form it occurs however, this information can be used, within the same
sampling period, to pursue the shape analysis of a retinal scene into the detection of curves for
instance (now taking the form of patierns of helicoidal ring signals - see Appendix [ for an example
of a circle), or, by moving across the time dimension into the next sampling period, it can be used
to compute various types of motion {rotatory, expansion, translatory - sec Lamontagne (1976) for
examples). Thus, even though the raw richness of retinal stimulation has been lost in the grouping
process, that same process has given risc to new and more powerful information (in terms of the
extent of the cvents which it signals as compared to those occurring at the retina), From being
immaediately periphery-bound, the analysis can now (and must in fact) become helicoidal ring-bound
in order 1o accede, at least as concerns the ‘frozen’ Lype of analysis, to even more ‘remote’ levels of
relations. The more subtle the kinds of relations to be extracted, the farther the system has to move
away analytically from the periphery; but no doubt that is because even though these relations
already (implicitly) obtain at the retinal level, achieving a visual description of (them is only
possible by a recursive mode whereby each new level of analysis added builds deeper and farther on
the foundation laid by the previous one. \

(

1.1.1 The simulation ™~

Once the theory is clear, the next step consists of testing it. As described in the previous
sub-scction the helicoidal ring could not be tested yet however, since three values have 1o be

established for the three parameters attaching to it. These are retinal size, retinal ficld size (related to
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positional resolution), and orientational resolution, i.e. the number of layers in the simulated ring.
A general (abstract) proof of the model, that is a demonstration of its effectiveness for all possible
parameter values, is not only beyond our mathematical means, but would arguably be of little
imri:sk’valuc. given that the interest of the ﬁlodcl lies within relatively well-defined bounds. For
various reasons, some of which are explained in Appendix I, we chose the following: a retinal size
of 96x96 cells, a field size of 3x3 receptors, and a ‘twist’ of 3°. This was the best, i.e. the *largest,’
helicoidal ring we could simulate at the time on the available system; nevertheless a closer study
and familiarity with the model led us to cstablish the cquation relating those three parameters'
interdependencies, and we used these to calculate the dimensions of an ‘ideal’ ring (cf. Appendix I,
section 3): it would require a retinal size of %287&228 cells, a ficld size of 5x5 receptors, and a “twist’
of 1°. Unfortunately such a ring, especially with the fast table lookup scheme used, would comprise
what amounted at that time to prohibitive demands on computer memory (including disk storage).
However one further interesting ‘coincidence’ (cf. Lamontagne & Beausoleil 1982), this time of the
anatomical type, surfaced as a result of these calculations, Using Hubel & Wiesel's {1979) estimates
of the number of “cortical units” in the primary visual area of the brain, as well as current estimates
of the number of retinal cells-in one eye, and dividing one into the other, one comes up with the
approximate figure of 200. Given that we know, on empirical grounds, that human visual linear
oricntational discrimination is of the order of 1° (Jastrow 1892), which is the discrimination level
uscd in the above theoretical calculation, such agrecment is worth noting in the context of the
neurophysiological *extension’ of the model. However the assumption, inherent to the division, of
a homogeneous partition of the retina into equally homogeneous corresponding cortical ficlds is
somewhat dubious, and should be kept in mind when considering (his result; but about this, we
shall say more lower down. .

Now once some specific dimensions are decided and implemented, along with the four
processing steps (in fact we limited this 10 the first three), the next one is to stimulate the retina,
Again, just as it is practically impossible to simulate a *gencral’ helicoidal ring, it is impossible to
offer a ‘general’ stimulus to the system. The specific ones o be analysed must therefore carefully be
chosen in order 1o be computationally maximally demanding of the particular helicoidal ring one is
working with. However, as in any empirical undertaking, these stimuli {or ‘conditions’} should also
not be 100 complex, for fear of losing diagnostic power; the simultaneous interplay between the
various structural-functional aspects of the ring, as ‘applied’ to a given stimulus, can, even in the
casc of relatively simple ones, rapidly lead one to loose track of events. On the other hand that is
also a major reason for carrying out the simulation in the first place. In our case we chose two sels
of stimuli, one being a pair of line segments (sce Appendix I, Figure 8), while the other consisting

ofa circl_c (which, as far as the helicoidal ring is concerned, is a set of small line segments - the
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circle's tangents. in fact -; see Appendix I, Figure 6). It should be noted that these inputs, in the
discrete framework of the retina, were ‘pcéfect‘ mathematical objects; there was no compulsion, or
possibility, at this stage at least, to offer more ‘natural’ stimuli to the system,

As could have been predicted from the development of the ring (cf. ibid.), the largest source of
difficulties in the simulation of the model was the projection stage. Here again an interesting
{however obvious) fact stands out: the size of tremor is.‘indcpcndent' of the size of retinal fields, for
the very simple reason that cutting down the size of the rc.>om in which remor should occur (from-
say two 10 one receptors) automatically cuts down the number of directions in which-it can be
excrcised. As a corollary to this, our experience has shown that there is very little (except confusion
for the ring) to be gained by increasing the tremor ‘region’ beyond a width of two receplors.
Immediately connected to this is the size of retinal ficlds; as a consequence of the above argument it
can now be argued more clearly that it should not be too large, that is, that little ndvan‘méc can
probably be gained from a field size surbassir\ig a value of 5x5 receptors; 10 which, again, is directly
connected the question of positional resolution withi the ring, since by definition stimulus width
is cqual to field width. (Consult Appendix I, section 3 for a fuller discussion of these points.)-

Now in the immediate vicinity of this question lics another consideration pertaining to the
overall effect of tremor: from the point of view of the retina as a whole the translatory component
of tremor exercises a homogeneous effect while the rotatory component does not, its cffect being
the more pronounced the fafl.hcr away one moves from the center of rotation. For the retinal size
with which we dealt this actually led to no acute problem; however it is worth mentioning that in
the context not necessarily of a larger helicoidal ring but of an array of rings (which in fact
amounts, from the standpoint of this problem, to the same thing) that the peripheral swings
incident upon rotational tremor can become quite large, and that such a situation, if it were to arise
in a ‘normal-sized’ ring, would be problematical indeed; it would give rise 1o what was called
“double detections” (ibid., p. 356). This is in fact the rcason why the amplitude of rotational tremor
was kept at a minimum; however that minimum is established with respect to a ‘normal’ ring, and
if we now revert back to a consideration of the retina asr a whole, the fact of liqniling the boundary
amplitude of rotational tremor to such a small size will immediately imply that a relatively large
area in its center will not be tremored. Since this can entail difficulties for the ring, the only
apparent way in which both constraints (that is, reducing the amplitude of the swing at the
boundary and reducing as much as possible the area in the middle of the retina that is unaffected by
rotational tremor) can functionally be satisfied is by changing the size of retinal ficlds, i.c.,
enlarging them as a function of radial distance. Although it would presumably be rather straight-
forward to calculate this increase, it would be an altogether different matter to implement it; we

have not done so yet. This problem (along with its tentative answer) is the reason why the above
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assumption on the homogeneity of retinal fields might have been too strong, -
Malhcmnﬂcally speaking, the analysis of a perfect circle stimulus by the hehcmdal ring should
have produced a set of 60 pairs of tangents. But this is not what happened; only 35 pairs came out,
the other 25, being of a lesser size (by just 1 in fact, but that was enough), getting eliminated
during the inhibition phase. In Appendix I, the reason for these imperfect mappings (which follow a
well-dcﬁnéd pattern - see Figure 5'there) are tentatively ascribed to the ‘micro-geometry” of the ring,
that is to the rctinal, as well as layer, partition into square units, This problem is the problem of
ncighbourhood relations established by a given retinal tessellation, and ‘carried’ down into the layers
through projection. In the simulation for instance we had to compute the field layer coordinates of
projection of each retinal cell; now this was calculated precisely with the usual trigonometric
function and then rounded out to the closest integer value (Appendix I, Addendum 1), again
according to the usval rule, a rule, it should be added, that is particularly well suited Lo the case at
hand, involving square units, but not necessarily particularly well suited for the problem at hand.
To sce this consider that in the square retinal tessellation case the decision that a retinal cell *meets’
a particular field cell, used throughout, might not lead to the same result overall as if, for instance a
hexagonal tessellation were used, along with a suitably modified ‘meeting’ decision procedure; in
fact there is reason to believe, since neighbourhood relations are much less ambiguous in the
hexagonal case, that in that case overall mapping would be enhanced through a marked reduction in
stimulus imperfections. Again, since this arose as a consequence of the reported simulation, we
have not been able to test it, although in an initial study of the implications of such a fundamental
rcadjustment of the micro-structure of the ring, an algorithm for quickly ransforming cartesian into
hexadecimal coordinates was developed (see Appendix II). It remains an interesting open question at
this point whether our above ideal numbers would survive the shift; it is tempting to believe that
they would, if only for the fact that the ‘cartesian’ ring, being far from incffective (as the series of
problems that are here successively raised does not intend to suggest, most of them having surfaced
as a result of quite demanding tests of the model), can *sustain’ such a result, while the *hexagonal’
ring, by allowing for neighbourhood relations that would surely be even closer to those found to
hold in the nervous system, would a priori have a greater chance of giving rise to values concurrent

with it. This of course is only a tentative and in no way final step; indeed it is possible to imagine

“much more complicated projection designs, ones that would involve overlapping projections (i.e.

one retinal cell mapping to many ficld cells), and so on.

In fact, it is our contention that this gradual perfection of the helicoidal ring could lead to an
cver closer resemblance to, and hence understanding of, the visual cortex's wiring. As to the
fundamenial nature of the cortex's processing, the helicoidal ring already offers a number of explicit
and precise avenues in which further empirical probing could be directed.



1.2 Concluding remarks

In this chapter we have covered extensive ground in the problems of visual processing.
Starting in the very broad strategic terrain, where lhcrproblcm of defining the ‘purpose’ of visual
processing occupiced a central position, the discussion then moved toward the problem of the tactical
methods through which it coul‘d be achieved, which centered about the definition of the compu-
tational principles to be used in formulating a theory of progessing; and finally, the operation of a
specific working model wﬁs demonstrated.

Just as in moving into the tactical level of concem one is constrained by the decisions taken at
the strategic level, one must similarly act in the context of those latter decisions while attempting
10 move into the area of specific and working models. Problems attaching to a particular type of
concern can therefore develop as a direct function of those higher-level decisions; conversely they
can, for the most part, only be understood in the ::onlcxl defined by them. There is of course no
possible guaranty that solutions to these problems cxist, that is, that the strategic or lactical
decision/s that brought them about was the right one; indeed certain problems mighe only find their
solution in a revision at the tactical or even strategic levels. However in the present ch.nptcr.
although the discussion was pursued at all levels, the type of problem that stood out most
prominently was of the computational kind (i.e. pertaining to the specific model). furthermore their
solution was searched at that level only, as they did not seem to be ‘acute’ enough to render
necessary an explicit reconsideration, and possible revision of, the adopted tactical, or even strategic,
guidclines. .

The importance of such apparently academic considerations should not however be minimi-
zed; in fact the flavour of the argument will be felt in chapter 2, especially in section 2.1, where it
will be used 10 gauge the relevance c;t‘ c.crmin models found in the research literature with respect o
the goal of constructing a working model of mm:cmcnl production,

The ‘logic’ of (computational) research we have just recapitulated has its direct counterpart in
the pursuit and further development of the visual model. For as hinted al toward the end of
sub-section 1.1.0, the task of ‘expanding’ t'illc modcl into wider areas of shape analysis for instance
would now have to occur within the primitive framework defined by the helicoidal ring; and
although the helicoidal ring already suggests ways in which this could be undertaken, yet there is a
possibility that some problem in shape analysis might arise which could render necessary a revision
of that particular line detection scheme.

But that is not the direction of research we chose to pursue. While using the same conceptual
tools as in the perceptual-visual case, we have rather attempted to analyse and understand the
problems (as well as model some parts of their proposed solutions) associated with the ‘other’

periphery, namely the motor periphery. Presently, we shall wm to this.




Chapter 2

Periphery-bound Knowledge Processes II:
Producing Movement
F )

'

How is an apparently simple thing like reaching a door handle in mid-stride achieved? How is
it that humans so precisely calculale movements of the arm that they very seldom miss reaching
and grasping a great divcrsily_of objccts of so many different shapes and at so many different
positions and oricntations with respect to the body? Why can we so casily trace paths of various
shapes, sizes, and directions in the air?

These are but a few examples that illustrete the amazing variety of performances gencrally
subsumed under the heading of movement control, skills, and integration; yet, as for vision, we are
rarcly struck by what otherwise seems to be a natural feature of behaviour, namely the ability to
carry out so many goals, actions, and intentions in a smooth continuum of movements. An impor-
tant part of our world representation is visual and, being in that world, we seldom recognize its
visual nature; in the same manner, a large segment of our reality is intentional, and revolves about
our capacity to transform goals and purposes into complex series of movements: the ease with
which this is usually achicved, the fluid interplay between intentions and realizations, the gracious
way in which one realization melts into the next and one intention blends into another, and the
extent to which the movement domain, and hence the intentional one, is meshed into a functional
unit with the visual domain, all conspire to form an equally unguestioned whele, along with an
apparently inescapable feeling of continuity as the backgiound of everyday experience. The challen-
ge o explain this interplay, and more specifically 1o conceive of a way in which movement, as a
purely physical phenomenon, can be meaningful or correspond to a goal or an intention, and con-
versely to account for the wransformation of an intention, as a purely psychological datum, into a
physical manifestation, lics at the root of our endeavour.

We cannot of course claim to have achieved ¢omplele success yet. It turns out, at least
according to our understanding and as hinted at in sub-section 1.0.0, that the task of imposing
meaning onto movement is somewhat akin to the problem of extracting meaning from sensory
inputs, particularly of the visual kind, a similarity that scems to depend (cf. section 0.1) on the
presence in both cases of an interface whose purpose is to establish an informational connection
with the physical-energetic domain. This interfacial transition, which we recognize as belonging to
the most primitive {either first or last) level of visual and motor progessing, appears to be quite
definite: that is, any move away/from the interface is a move into the informational; consequently

this is where the problems have 0 be defined and solved. Following this path, and in accordance
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with the adopted formalism, namely the theory of computation,, we are first led in tho preseat

. chupter o rephrase the basic problem of movement control in &-way consistent with the compu-

[N

tational analysis introduced in the prevnfms chapter. Not unexpectedly our definitigh requires that a
solution bf cxp:csscd as a productive system, that is, onc capable of realizing at/least a part of the
performance, and overall variation, observed in nataral movemenis; this of co also cntnils the
specification of a concomitant intentional variability.

The essential feature of our conccﬁtion of movement control is that it ifivolves a particular
type of knowledge process, namely degrouping, much as, in the prcvnouychnpler vision was '
conceived as resting largely on a process of grouping. The concept of degrouping is informally
developed in the following section (2.0). Using & ‘visnal’ metaphor, ourAliscussion starts with o
general view of *interfacial’ control from the point of view of the functional requircments that scem
10 be associated with it, which then unfolds into a preliminary discussion of the problems of move-
ment control that effectively sets the stage for a critical review of the research literature associated
wuh the problem of movement (2.1), In section 2.2 some ¢lements for a workmg model of move-

ment production arc set out, along with a detailed description and discussion of the present state of

. the model.

2.0 The problem of control

Suppose one were sct the task of writing a graphiés programme that, much like a human,
would z;cccpt as directives commands like “house™ (or “cat,” or “face™) and then proceed to draw one.
éven stipulated in this embryonic fashion, it immediately raises a whole set of issues rclating to
problems of description, identification, and representation. Let us look at some of these. The major
thrust of the task seems 10 be to take a certain descriptor, for example “house,” and to transform or
use it sdmehow to eventually specify a certain subset of pixels (points) to be activated on a screen.
But what subset exactly? Or, exactly what house? This is related to the ‘fuzziness’ of the concept of
house, that has, so to speak, a lot of windows left open into which might b{: introduced a varicty of
missing pieces of information, that arc themselves more or less precise: viewing angle, style, size,
number of storeys, namber of doors, windows, etc. Of course these specifications might be provided
by the user, or lﬁey might be left up to the programme to decide: the latter case requires that it also

have some store of default values for them, upon which it can call whenever it needs to in the

_ intermediate stages of realization, these default values themselves possibly having to call upon

further default values, etc. Right away it is evident that, even for the single case of “house,” the
programme would become quite involved; but if it is to work it must have this kind of generality in
its representations, a feature that in fact is intimately related to the generality (or ‘global impreci-

sion’) of the interface, i.e. the screen, that can equally well display houses, cats, or faces. That is,
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lhc.‘ programme can be seen as exploiting or realizing some of the potential of interfacial representa-
tion (that, ata r::crmin resolution, in fact covers the, whole of static visual experience): it forces it, as
it were, 1o ‘behave,” at least visually for the onlooker, like a house, a cat, or a face; in a word, it
conirols the state of the interface. =

It should be evident at r.his‘poiﬁ where our hypothetical example is leading to: exploiting a
reversal of the point of view of visual perception, where the task for a similar pr&mme would be
o recognize instances of hiouses, cats, and/or faces, to be achicved through a process of grouping,
we have tried to draw a pictu;c of the basic control prelem as one of producing very local even
a function of very non-local or global ones, bearing on the inierface as a whole (or at least a size-
abie part of it), and 1o be achieved through a process of degrouping. Beyond the evident Eiiﬂ'crcncc in

the direction of *effect’ between perceptual and control tasks, we therefore discern a fundamental

. similarity in the supposéd overall ‘character’ of pcrcéptual and control processing brought about by

the problem of functionally relating two types of descriptions or cvents: the central or highest and
the interfacial or lowest.

But what makes bne *high' and the other one ‘low’? One of the more intuitively appealing
rcasons for ths distinction is that *higher,” more global, or more central events arc functionally
subsumed una’cr the ‘lower,” or more local events, placing the former in a functionally dependent
relationship with the latter: while in the ‘motor’ case lower events are controlled by the higher
ones, in the perceptual casce they are ‘included’ within them, Another reason might be that, in
general, interfacial events are simple whercas central ones are more complex: thus for example the
cvent representing the symbol “house” is belicved to be more involved, and judged *higher,” than
the cvent corrcsponding’lo the activation of a single, ‘lower,’ constitutive pixel. Closely related to
such semantic scaling is the belief that 1o a single central event there corresponds a mudtiplicity of
interfacial events that arc critically related to it only as a whole and not individually: i.c. their
‘contribution’ or ‘identity’ derives from their interrelationships, which are, u-llimatcly. defined or
imposed by central events. (cf. chapter 1; Kghler 1947) The fact that interfacial events can be refated
to one another, and that these relationships appear (o be more impontant than the single interfacial
cvents themselves, naturally leads to the view that any set of peripheral events meeting the

requircments from above can constitute what might be called a ‘satisfactory realization® (while one

“would not in general suppose different central events to lead to identical realizations): accordingly,

not only a particular set, but a st of sets, of peripheral cvents is possibly subsumed under a single
central event, For this reason also central events might be judged more '_importam' than interfacial
oncs. This is formally known in the literature as the phenomenon of equivalence (e.g. Lashley -
1951), and it lies at the very heart of interface-related or periphery-bound knowledge processcs. .

Once this general framework is csmblish%d and understood, it is possible to start seeing more
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precisely some ))f its implications with respect to the construction of a particular working system,
What we have’so far indicated in terms of functional requircments for control could be classificd
under two general headings: [1) the specification of an object, or a goal-state, for the interface as a
whole, corresponding in ouf example to “house” and the like, and [2] the means for achieving it,
that is, functional ways of proceeding from this global description to a specific set of corresponding
peripheral events; however, so far these have been only vaguely and indirectly been hinted at in the
idea of a satisfactory realization.

One should be careful here not to confuse the interface as an object of control, which is by
default always specified, with the particular object, or more precisely the particular objective, that is
intended by the system, and which is rot specified by defauit for that unique object. Of course our
experience of control in general is such that we do specify many different objects, abstract and con-
crete, for each of which we of course also specify many different objectives; yet, at bottom, at least
as concemns the movement domain, there is always but a single object, namely the motor body, that
just happens to be used quite adeptly as a very effective means of expanding and transcending the
" immediate interfacial bounds. These higher Ievels of control however are beyond our immediate
concern, although we might point out that we believe that the more modest course we have chosen
can eventually be indicative of, and cenainly remains consistent with, an equally rigourous study of
their mechanics. This is mainly because these higher levels of control are believed to .bc built, and
therefore dependent, upon the lower-level ones. t

The fundamental problem, then, is to functionally connect, or associate, specified goal states
with actual peripheral states, or modifications thereof. What we need is & way 10 specify a variety of
goal states (just as the retina allows for the specification of a variety of initial states) supported by a
degrouping mechanism that will effectively carry them out. Now as we saw carlicr a single central
or initial event, namely a specified goal state, will ‘provoke’ a multiplicity of interfacial events:
hence the degrouping or effecting mechanism (or “exécuteur” as it was called in Lamontagne &
Beausoleil (1984)) will have to somehow transform or generate from the given goal a satisfactory
set of much simpler events, But which ones exactly? What is a satisfactory realization? How could
the mechanism know or decide what it should be?

Let us consider some extreme solutions. Is it possible, in the first instance, that an altogether
different picce of this mechanism is involved in the realization of every single instance of goal
state? If this were the case, then in our drawing programme the exccution of every “house”
command would be oom;;utationally independent from every other since the programme would be
made up of as many different pieces of code as there are potential commands, one for cach in fact.
(The complete command set, and hence the programme, would be very large, but not infinitely 50.)

Clearly this is not what is wanted, although such a programme, taken as a whole, could be argued

[
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to be a degrouping device. In the seconti instance, and at the other extreme, could-the ¢ dqgrouping
mechanism be reduced to a singlg simple piece of code, something like a mad-map-rea& loop that
would accept as commands members from the very large scts of individual pixel coordinates making
up cach particular house, cat, or face? Again, this is presumably not what is sought.

These extreme cases bring out an important point which could be stated with reference to the
multiplicity of interfacial states that is supposed to be generated by the controller or degrouping
mach}ncry: in the first case the weight of this variability is wansferred onto the programme while in
the sccond case it is transferred onto the command set. (From a formal point of view of course the
command sets in both cases are of identical size, and 5o very well compareble as regards this aspect
of variability; but the point here is that if one looks at individual commands, one kind is much
simpler than the other; given a certain degree of variation which is to be ‘circumscribed’ by a
progra?;mc. a preference for simplicity in commands is thus ‘paid for’ by an increase in the
cmﬁily of the controlling mechanism, and conversely a preference for simplicity of execution is
‘paid for” by an increase in the complexity of commands.) However one should not be led to believe
that “the weight of variability” or the “degree of variation™ associated either with the commands or
the periphery can somehow independently be brought down to their respective minima. In fact the
“degree of variation,” irrespective of whether it ié’ﬂeﬁned with respect to the interfacial states or the
diversity of commands, constituies a sort of fixed absolute value of the problem of periphery-bound
proé’csscs. Reducing that value mercly amounts to reducing the size of the problem; it does not
affect the nature of the problem,

Why are these extreme cases uninteresting as potential candidates o do the job? Why would
one not scriously set out to develop such programmes? Naturally enough, the answer is that much
better can be (and is) achieved. But what is a “much better” programme? It is one where an optimal
balance is achieved between the complexity of the commands and the complexity of the operations
that are set in motion by them. Generally speaking, for a given task one will attempt to keep both
the command sct and the programme as simple (or the least complex) as possible. Thus, for
instance, the ‘weight’ of production of a subset of interfacial variability (such as that associated
‘with “houses”) should be spread between the programme and the command set. How this should be
done constitutes the core problem of control as we have defined it: it is the problem of degrouping.

Let us now define it more precisely. The periphery is made up of a set of components (e.g. .
pixcls) to each of which is associated a group of characterization dimensions (e.g. position and
intensity, which ecach component can independently assume) describing their state: this in tumn gives
rise to a new sct, called the variation or diversity, whose elements now correspond to a particular
peripheral configuration.

In the present case the interface is defined as a screen consisting of an array of componens,
e e

»
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namecly the individual pixels. Each of these components’ states can individually be described accor-

ding to a position and an intensity, An interfacial configuration is the set of all the components’
current states, while the ‘complcw set of configurations is called the variation or diversity.

Now the interface is the object of control, and the purpose of .(-:'amml can be stated in terms of
the rcalization (selection and produclior:) of one configuration among the set of possible ones. (This
however is a static view of control, where cach configuration is for siniplicity taken as self-contai-
ned; the context of movement control extends inlo the further problem of defining *paths’ among
the set of interfacial states. To this we shall return in sub-section 2.2,) Now a particular configura-
tion (or eventually a particular modification of configuration) can be specified and achieved in many
ways, the extreme cases, as we tried to show above, leading to a clustering of variation either with-
in the command set or within the programme itself, This leads 1o an unsatisfactory state ol affairs,
for while on the one hand the programme becomes impossibly large, on the other hand the com-
mands become unwieldly. The tradeoff is cvident here: as the programme grows in complexity, the
~ commands can be simpler, and conversely as the commands become more intricate the correspon-
ding programme can become much éimpler. in fact trivial,

But variation is inescapable; large parts of it might be ignored of course, bul any non-trivial
domain of variation, such as *house,” could be argued 10 involve an ‘infinite” diversity. If it were
only a matter of describing the diversity of “house,” then there would be no problem, But the situa-
tion is more complicated than that: we want a system or programme that will produce instances of
“house,” and not simply a formal description of them, although that is alse requisite. In fact, as von
Neumann (1951) pointed out, the only possible formal description of concepts like “house” might
be in terms of a programme or effective decision procedure (he was referring more explicitly w

nerve-networks, but the idea is the same). This is what we have done here: the command “house”
A has gradually shifted into the concept of “house” and become related much more glosely 10 the
programme than to any other aspect of the sitvation: now neither thetrivial nor lh;mplcx pro-
grammes could seriously be argued 1o embody the concept of “house;” at best, lhc;/ could be argued
to allow for it. But if they do not embody it, on what basis could they be said o know about it?
From this vantage point also one can see how both of the extreme programmes faif, for in neither
is embodiment achic;fcd in a sense that would be judged satisfactory: in the first case because the
concepl is reduced to an ‘infinite’ number of specific and different instances, which clashes with our
intuition of the uniqueness of the concept, and in the second case because it presupposes com-
pletely what is to be realized, which clashes with our intuition of the fuzziness (i.. the Potential
precision) of concepts: something essential scems to have been missed.

But what exactly is missing? We seem to be faced here wuh the problem of rclaung different

instantiations of something unigue, where the difference is related, ultimately, to the interface,
« A .
~
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whilc the sameness secms 1o rest upon an essential feature of the generating mechanism, i.e. its
capacity to somchow maintain or conserve the identity of these instances while allowing for a large
(but not too large) measurc of variation within them. This means, from a functional point of view,
that however that essential feature is implemented within a system, it must be done in a way that
lcaves room for variation. This is why our two versions of the programme are not satisfactory, for
ncitherallows for 'looseness’ or for identity: they both display a very tight relationship between the
command sct and the set of rcsulting‘inu:rfacial states. Now at this point it could be objected that a
loose relationship, which seems to be what we are pointing toward, is sure>to be non-functional
becaule for example the command “house” does not contain sufficient information to account for
the gencration of the very dewailed set of interfacial events that are supposed 8 be ‘drawn’ from it.
This is correct, except that the command itself should not account for the house drawing, it should
mercly initiate it: what docs account for it is the programme; if is supposed to know enough to
su:ccssf ully produce the drawing, ir must understand. ‘

But aren't we going in circles? If our stated objective is to explain the embodiment of effective
knowledge, such as that needed by a programme to produce instances of “house,” how can we also
state that in order for it to know about “housc‘s"\'\l;nust know about “houses™?! 'I'I:e answer is quite
simple in fact: knowing about “houses™ involves éomclhing unique, which we call the concept of
house, and of which the programme itsclf is the embodiment; but knowing about “houses” also
involves much more: beyond the essential knowledge of how doors, windows, walis, etc., must be
critically related to form an instance of “house,” the programme must know something of the
geometry of windows for example, which again implies tlhlal it knows something about lines, and
cventually the constitutive points ... Note how, as we move down closer and closer to the interface,
to the level of final local events, we are also moving away from the critical or essential features of
“houses,” from the identity of "“houses,” and how furthermore there is less and less room open for
variation: while at the top level of the concept of “house,” a (relatively) large measure of variation
in execution is potentially allowed, by the time the lowest level of individual pixels or poinls is
reached not only is identity lost completely, but there is no room left for variation.

An interesting pattern is starting to emerge here, one that should be reminiscent of the general
discussion about knowledge processes carried out in the context of the computational formalism in
section 0.1: relying heavily on an example of programming, we have arrived at a recursive formu-
lation of the computational requirements for the task of control or production, which simply states
that *higher’ knowledge depends upon ‘lower’ knowledge. This might probably not be considered a
very surprising conclusion, but its stﬁwmcm in light of the formalism not only makes the principle
clearer, it also suggests a way to proceed. It is starting to look as if knowledge in general is not,

and cannot, be a one-shot affair, as our extreme programmes would indicate, but that it has some

Il
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recursive depth ioit. ..

Now the pattern that scems 1o be followed as one moves into those depths can be described
along a few essential features, two of which have in fact just been suggested.

The first feature is the apparent rendency toward a loss of identity resultant upon the transfor-
mation of the specified goal-state into an actual one as defined by the set of entities making up the
interface: as one moved mmuéh the sicps of realization, the object of control would progressively
change from a representation of the whole interface down to a representation of its constituent
elements. Thus, starting at the top level, where identity concerns the interface as .a whole, the path
toward complete realization would lead through successive reductions-of the object of control right
down 1o the final level of the constituent interfacial elements, whose identity conserves but a very
wenuous relationship with that of the specified goal-state. However this tendency toward a loss of
identity of the successive objects of control must be counterbalanced by a tendency to conserve it
over the increasing set of objects, since if control is 1o be achieved, the degrouping mechanism
must somehow ensure, through this necessary process of object reduction and multiplication, that
overall the goal is still satisfied, This process of transformation, which guarantees the conservation
of global identity while having to localize or disperse it for realization, is the essential constraint
which degrouping must satisfy. There is no clash between the overall goal and the more local gbals
it gives rise to since they are derived from it. Conscquently, this tendency to conserve global
identity concerns the type of relationship that must obtain in the transition from diffcr\cm objects of

' control, since this is where it has 10 be assured,

The second tendency could be called resolving variation until it is exhausted. We had previous-
ly defined variation with respect 1o the interface only, namely with respect to the set of its possible
configurations; now in parallel to this onc there exists a higher-level variation which can be
described as the variation inherent to the diversity of possible commands. However this nearly goes
without saying. The tendency toward resolution of variation which we are talking about here doces
not pertain to the set of comman&s itself but to the relationship that exists between specific com-
mands and the degrouping mechanism. This is directly related to the character of ‘looseness’ of com-
mands to which we referred above. It should carefully be noted here that we do not mean that com-
mands can only be imprecise, or of a general character, but rather (given the fact, which we noted at
the beginning of this section, that, at least at the peripheral level, realization can occur in a varicty
of satisfactory ways) that the kind of relationship obtaining between any given command and the
degrouping mechanism cannot in general be one-to-one; rather it must be of the type one-to-many.
Consequently, if realization is to be achieved, the degrouping mechanism must take on the task of
deciding which one among the many is to be selected, a feature of degrouping we are calling resol-

ving variation. This opens the door to the sclection of default values, in cases where there is no
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other concurrent constraint acting upon selection, as well as to the passibility of computing the
specific values using some intrinsic constraint arising during realization, We are supposing of cour-
sc that the mechanism is built in such a way that exhaustion is realched. i.c. that all non-pecified
(and in a sense non-critical) aspects of realization are computed at or before the terminal peripheral
level.

For instance suppose on¢ intends to grasp an object that is within reach: the intention itself, or
the initial command, is _formulalcd very precisely at its own level, but it presumably does not
‘contain’ the specifications pertaining  the extent to which each part of the arm is to move, in
what dircction, at what speed, elc. - this is left up 10 the controlling mechanism, which can achieve
the desired action in a variety of ways depending for example on the initial position of the arm, on
the exact distance it must move, on the shape of the object, etc. Again, and irrespective of this
potential difference in the details of execution, one thing does remain unaltered throughout, from the
first intention to the final realization: the overall goal of reaching the object. So, with respect to the
controlling mechanism, at the level of the initial command there is potential variation, and realiza-
tion consists of resolving it completely. Thus the relationship that exists between a command and
the degrouping mechanism is one in which the precision of the command is not directly linked to
the precision achicved in realization: thus a command is ‘loose’ essentially because of the variety of
possible, and by definition ‘particularized,” peripheral instantiations associated with it

However this is only part of the story. We have so far only dealt with an indefinite command,
that is, our attcntion has been focused on the fate that is reserved by the degrouping mechanism to
one goal specification. In actual fact, as noted rapidly above, degrouping equally implies a diversity
of commands, Since we are not supposing, as the first extreme programme we considered suggested,
that there exists a diversity of mechanisms corresponding to this diversity of commands, but rather
are taking the view that there is but a single one (or at least o;c-wilh a ?ar fewer number of
computational components than the number of potential commands), something more must now be
said concemning the nature of degrouping given the diversity of commands.

We have, in the above paragraphs, dwelt on the subject of the variety inherent in any command
with respect to its exccution. We have also used an example, that of reaching, which could have
been misleading in that respect in the sease that “reaching for ...” is much like the previous “house”
command, that is, it defines a class of commands, and hence a variety within commands which in
fact is different than that which we 'meant when speaking of the relation it holds with degrouping.
Although we did not insist upon i, it should be clear that when we spoke of the precision within
commands what was meant was the specification within the command itself of the details of the
particular member of the class to which it belongs. Thus there is a kind of match between the de-
tails that are left up to degrouping once the command is given and the details that must be specified
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within the command ilself. making it exact, even though with respect to the degrouping mechanism

this precise command still holds much that is indefinite. So, retuming to our initial example, if one

wanted to draw, say, a victorian house, onc would need to specify not only its size, the angle of vie-
wing, the number of windows, ctc but above all its ‘victorianness;" anything touching upon the
gencral structure of houses, or of windows, etc.; things that are common to all hiouses need not

spcciﬁcd, since they can be ‘deduced’ by the programme. b?

We scem o apparently have strayed away somewhat from our initial question about the
diversity of commands, but in fact this is not the case. What we have been discussing in the Jast
few paragraphs is crucial not only to the possibility of a variety of command classes but critically
concerns the nature of degrouping as well, Following the sbove suggestion, the possibility of a
variety of commands depends upon the *support’ provided by degrouping. By this is simply meant
that some aspects of goals need not be explicitly specified in the command but can be taken care of
automatically, or ‘supported’ by the mechanisms. So for example in the sccond extreme drawing
programme no support at all is provided by the control mechanism for the diversity of commands;
every detail of final goal state must be specificd in the command itself; while in the first drawing
programme there is no intrinsic means of organizing commands into classes, that is, it does not
provide criteria for identification, (Of course we know that the set of commands constituies a class
of “house” commands, but the point here is that it is not'defined in a way, supposing it for the
moment 1o be incomplete, that would lead for example to the generation of aew elements, or indeed
of new classes: this presumably requires that the set of commands available be such that it is
possible to ‘combine’ them into new commands, a feature which can be seen to depend critically.on
the extent to which the programme, i.e. degrouping, can support this set of more primitive com-
mands; but this is clearly not the case there.)

What we are suggesting here is a sort of language for commands, one that would allow the
specification not only of a diversity of commands but of a diversity of classes of commands. The
degrouping mechanism then would play a réle similar 10 that of a compiler, accepting high-level
formulations and transforming them into series of low-level operations. One is easily reminded here
of our earlier but much more gencral discussion of universal Turing machines, where the defining
set of primitive operations (a list of input symbols associated with changes of state) was such that
any procedure could be described in it; the principle involved is the same one. Everything we
aavanced concerning the nature of degrouping and the relationship it holds with the command set
could be rephrased into the “language’ of programming, Little would be gained from this howcever.
But, following this supposed comparison, and bringing it back to the domain of control and
degrouping, we do wish to remark upon the fact that beyond allowing for and supporting the

diversification of commands, the language would also allow for & high degree of precision within its
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own realm, that is, at the global level of goal specification; thus execution neither creates nor does
it impede command precision; rather it conserves and transforms it in the process of degrouping.

A final caveat conceming the use of the computer and programming metaphors, that is
widespread in the literature on movement control, is also whrth mentioning at this point. While we
belicve lhz.n the principle involved is identical, we do not believe that, for example, a model of
movement control requires a language as general or as abstract as that of a universal Turing
machine; the generality that is sought does not concem the computable per se but rather a particular
instantiation or subset of the computable that concerns and applies o the domain of movement
control or production. It so happens that the idea of degrouping is similar and related to the idea of
prlogmmming.‘but that is to be understood more as an outgrowth of the adoption of the computa-
tional formalism as general conceptual framework than as a statement about the sufficiency of the
programming metaphor as a model for the task of control, and in particular movement control. This
is simply because, taken as a model, the programming metaphor is as general as the computational
metaphor, and so, as concerns the problem of movement control, nothing can be gained by exchan-
ging onc more concrete instantiation for the other more abstract one. (Recall, from chapter 0, that
computers are implementations of universal Turing machines.)

It is the leap from metaphor to working model that is lacking, as indeed the formalism calls
for and allows. Qur whole effort can be viewed as an attempt in that direction. We have ried 1o
define the basic problem of control as involving a certain kind of knowledge process (degrouping),
focusing on the task of\ using a description, namely the command, bearing on the object of control
as a whole, to produce a comresponding configuration (set of interfacial component states). Each
domain, the command and the interfacial one, attaches 1o intrinsic variation that must be reconciled
in the productive system, While interfacial variation is easily defined, the axes of higher level
command variation (as supported by the degrouping machinery), or its characterization dimensions,
are more difficult to pinpoint. For instance, following chapter 1, we would need to define the
degrouping mechanism embodied in the drawing programme in such a way that it implements the
primary characterization of “house” commands, as well as some secondary characterizations such as
its style (e.g. victoﬁ#n) or size, etc. By adopting a recursive approach to this problem, that is, as
stated above, by establishing a primitive level of control upon which others can hopefully be buile,
we believe it should become more tractable in that one level of control, once entrenched, would in
principle guide the elaboration of thé next one,

This completes our initial attempt at rephrasing the problem of control, and, though still very
indirectly and partially, the problem of movement control. On the one hand, the central elements of
this definition concem the interface, the mqu’plic‘;ly, homogeneity, and independence of its

components, along with the locality, bome out of their p:im-i‘tivity. of the events 10 which each
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. constituent entity gives rise, and finally the associated diversity of goal configurations, borne out of
their combinatorics. O,n"ille other hand, they concern the features of the controlling or degrouping
mechanism with respect to the commands: the fact lh;n the commands bear upon, i.c. identify,
configurations, or modifications thercof, and the 't‘act that in view of their singleness, relative to the
multiplicity of interfacial events u-iggeréd by each one of them, they are globat in nature, and
finally the fact that the mechanism allows for and casures this by transforming a specified goal into
a satisfactory r;-.alization, i.e. one effectively corresponding to the stated goal.

This idea of a satisfactory realization can now be more fully appreciated. By qualifying degrou-
ping with the requirement of *satisfactoryness’ we are simply stressing the fact that it is not in
itsclf sufficient to define the problem as onc of functionally relating two different domains, the local
and the global, or of associating the single with the multiple, but that a particular kind of associa-
tion is called for, one which we expressed intuitively as conserving the identity of the goal through-
out a process in which it is gradually ‘lost.” As the levels of control move closer and ;:loscr 1o the
interface, the object of control presumably shrinks while getting ‘subdivided' into the interfacial
multiplicity of entities. It is at this point that the idea of a satisfactory realization enters the picture:
the system as a whole must be built in such a way that the simultaneous splitting up of the object
of control, along with their respective management, occurs in such a way that overall the goal's
identity is respected or conserved. This is a direct consequence of the fact that goals concern the
interface as'a whole while levels of control must become more and more local.

With respect to the constructivst or recursive approach to model building just discussed, it
should now be clear where the majoy problems lie: [1] one wants to build up a (global) level of
control that will eventually concemn tﬁc whole interface by first setting up a most primitive level
where, by definition, it is not yet the case, but upon which will be built l:hc next ong, etc., until is
achicved control of the complete interface; [2) however this functional connection of the global with
the local levels of control should also be defined so that the system has the largest possible (and
eventually complete) ‘hold’ upon variation. Since variation is most clearly described with respect o
" the interface, the development of a control system aiming toward the production of ‘total’ variation
has ¢very reason 1o start with the pcripﬁcral Jevel of control. In section 2.2.0.1 this issue will be
developed more fully.

Consider finally that, since in principle each new level of control has to deal with more and
more elaborate objects defined by the previous level of control, building up a new level of control
on top of an existing onc not only means dealing with a group of its objects (each of which
presumably encompasses a group of objects of a lower level of control, eic.), it also means dealing
collectively with the way these objects are dealt with; literally, each new level will be called upon

to control the lower-level controller/s. In this way cach new level can open onto ever expanding
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rcalms of mo ore powerful possibilities.

We belicve that these elements can already provide a framework within which can be elaborated
computational models of movement control. However before we proceed with this task we will first
attempt to place thé present understanding within the larger coniexf of past research efforts. °

2.1 Approaching movement control

The central feature of our analysis of the problem of movement control is that it is based upon
an interpretation of control as a pro.blcm of preduction. The computational approach to the problem
of movement control therefore requires the specification of an intended level of performance along
with the details of the functional system that is supposed to achieve it

Now we would argue that for the problem at hand a rigourous or precise specification of the
level of performance is not needed before one can proceed. There are two main reasons for this: [1] a
computational ;fgumcnt: if, for cxample, one intended to dcw;lop the ultimate human robot (i.c.
aimed for & human level of movement performance) then we hold, following von Neumann (1951),
that the task of formally describing the full range of human movement is gontingent. upon and
cquivalent to the creation of a system whose performance reaches that Ievél; i&t}ould therefore not
precede but follow that enterprise; in fact it would only be accomplished as the end product of the
wholc endeavour; [2] an analytical argument: there is a deep and pervasive conviction upon the
nature of most complex biological and pﬁchc;}ogical phenomena: that they are built from and
dependent upon simpler ones of a similar r;alurc; the same of course holds for studies of movement
control, so that for example a human level of performance is thought to rest upon lesser or more
primitive levels of conirol, etc. I\.I.ow we have called this last argument anaIyEi,ca.l. but within a pro-
ductive approach to movement it should be clear that the point of departure for analysis is not the
most complex level, although from the point of view of a working system that highest level (now
of prescription or command of course) would presumably be found at the beginning of any one
rcalization, The point of departure for analysis in fact is the lowest level of control possible, which
should be such as to allow for the implementation of successively more complex or elaborate
control structures. It follows that the nature of this most primitive level of control, which we
might call interfacial, is critical with respect to the possibility of achieving the final goal. In a word
even though it should be constraining, the interfacial level of control should not be restrictive: it
should be constraining in that it indicates, directs, or opens up onto further developments of the
control system; but it should not be restrictive in the sense of blocking off or disallowing certain
possibilities or types of known movements. For example the control system for a hand should
permit movement of the individual fingers, or that of an arm allow for independent movement of its

components; movement of the effector (hand or arm) as a whole - a more complex control task -
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presﬁmably depends (but not necc‘ssarily directly) upon such a capacity and so either a control
procedure for the effector as a whole which does not allow the locus to be brought down or to be
shifted to the level of its components, or a control procedure for the components which cannot be
brought up or includcd’glhin the control mechanism for the whole effector would both be unaccep-
table.

However even though an explicit or formal description of intended level of performance is not
needed, one must stiil be able to show or argue that it could potentially be rcached by a given
system. This is the critical r8le of the definition of the motor interface. Following the same
reasoning as above, it is ¢lear that interfacial restrictions that are too great will defeat the purpose
cven before work is stanied on the control system, Thus, one would define an effector system or
interface that allowed for a ‘good’ deécript.ion of any aciual movement; in that way one would be
satisfied that any such realization would in principle never lic beyond the reach of an eventual
control system tied to that interface. This might be called the argument for qualitative intcrfacial
completeness. Of course in most contemporary rescarch scutings the sizes of the interfaces used fall
quite short of their actual human counterparts: in vision for example one does not work with a
retina of one hundred million receptors, or in movement studies one does not (usually) direcily deal
with a 23 degrees-of-freedom arm, Yet the argument for completeness still holds because beyond a
certain critical size the difference is quantitative, not qualitative, For example enlarging the size of a
retina beyond what is needed to discriminate 1° differences is of little consequence, even for shape
analysis, while in movement production a minimum of 6 degrees of freedom are needed in orcfcr for
an arm to fully access 3-D space. Geometrical arguments of the sort adduced in the previous chapter
about interfacial representational capacity needed for a certain level of visual discrimination of
oriented line segments readily provide a measure of these critical ihrcsholds.

The above view on the problem of movement control, that is, that it consists mainly of a
problem of production and that intended level of performance is defined implicitly with respect to
the interface, leads to some important conscquences for its study.

It implies that the basic task of a movement control system is that of specifying and realizing,
out of a very large pool of potential movements defined through the interface’s properties and
capacities, an actual one. Now as argued in the previous section since thesc products are defined
with reference (o the periphery through which they materialize, or more accurately the last and hence
most primitive level of control, it follows that in order to specify the desired entities or sets of
events, the overall process of control must embody, or call upon, some form of kndwledgc. From a
formal-descriptive point of view, il is certainly true that the problem of control is solved in
principle once it is shown that muscular action is necessary and sufficient for movement 10 occur;

however from a functional point of view this is only the beginning. A (formalized) solution to the
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problem of production fulnhcr requires a group of functions that map (or sclect) from the set of
potential movements 10 an actual one. It is because of this property and because these functions
actually encompass within themselves the whole domain of movement that they are said to consti-
wte an instance of knowledge. A major effort of research must therefore bear upon the nature and
mechanism of such knowledge. : _ i .

Again, as argucd in the previous section, for interface- or periphery-bound knowledge pro-
cesses, and therefore in particular for movement, there seems to be a critical interplay between what
is k‘r.io-wn on the one hand’and how it is used or functionally embodicd on the other hand. In our
view this goes some way in explaining how the psychology of movement control and the neuro-
physiology of movement production are related. Now as we shall soon see in some detail the same
quest for the nature of the knowledge involved in control or command can be seen to animate both
approaches to movement production. However in that common search one set of efforts can be scen
1o more clearly incline toward understanding the system, while the other favours studies of per-
formance. We shall call the latter type of research PERFORMANCE-DRIVEN and the former type
SYSTEM-DRIVEN since not all efforts can be clearly identified as belonging to either Psychology or
Neurophysiology. In that respect, Artificial Intelligence (Al), and in particular Robotics, provides a
third arca of rcsc;m:h of potential interest to the problem of movement control. As opposed to both
performance- and system-driven research, these endeavours are much more explicitly concemed with
model-building, especially of the computational kind. We have labelled it TECHNOLOGY-DRIVEN
research, But though Robotics research may be vicwed_ as occupying a strong intermediate position
on the system-performance axis, closer study reveals that it has generated very few hypotheses of
interest to the psychological or biological aspects of the problem of control, a feature that seems 0
result not from a lack of conjectural effort but from possibly placing too large initial restrictions on
the intended range or type of performance. This will be discussed at greater length further down.

So far in this chapter we have endeavoured to define a general framework for movement produc-
tion based upon an epistemological interpretation of the theory of computation developed in the
introductory chapter. The main feature of this view is that it appears consistent with both psycholo-
gical and neurophysiological approaches to the problem of movement control, a main consequence
of the fact that from the computational point of vicw, problems of knowledge naturally unfold into
concerns for both psychological (global, behavioural, or performance-related) and neurophysiolo-
gical (functional, local, or system-related) issues.

It is worthwhile therefore to reexamine this understanding in the wake of past efforts and relate
it to some of the main issues that have become central foci of attention in the, field of movement
production. In so doing our main emphasis will alicmate between the search for explicit statements

of principles of movement control, as they pertain to a general conception of the problem of con-
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trol, and the discussion of more specific issues connected indirectly but critically with these ideas.

2.1.0 Perl‘ormance-di‘iven research

In a large measure th= conceptual and Mdigmaﬁc prototypes for the performance-driven
app@nch 1o movement production were set down by Woodworth (1899). Attentive reading of the
original paper reveals that the idea of movement programming (the “initial adjustment™), the centra-
list-peripheralist issue (arising from a consideration of the “sensory basis of motor control™), the
fundamental observations on the speed-precision tradeoff, and finally even the problem of cquiva-
lence, can all be traced back to it
‘ All this is set within the background of an overall conception of movement centered upon
performance. Now the aspect of performance that he considered essential to the study of movement
was its effect or result, which provided an empirical basis for the measurement of dimensions of
performance (or control) such as accuracy. He states (ibid., p. 18) that “the emphasis is laid on the
production of movement” - as opposed to, or complementary 10, its perception, which had been the
object of most earlier studies - and that “in [this) connection the movement must always be studied
with respect 1o some result aimed at.” This is a crucial pronouncement. He had stated earlier (ibid.,
p. 4) that “the movement must have a particular direction, a definite extent or geal, a definite force,
a definite duration, a definite relation to other movements, contemporancous, preceding and follo-
wing.” From the point of view of the production of movement these characteristics of performance
could be undersiood as addressing or at least pointing toward the issue of ‘system variables,’ that is,
the problem of the nature of the control {or production) process itself. But there is in fact litde
ground for believing that this is what was intended or planned in general or in that particular study,
rather it seems that direction, duraﬁon. extent, etc., were 1o be associated with dimensions of
particular tasks, and not taken as indicators of the nature of the movement to be produced, with the
view of arriving at a model of production. This also holds for questions surrounding “the sensory,
basis of qotor control,” where one would naturally expect production ‘events’ to play a ccnuall_r,oloi
in recognition ‘events.” Yet there again the discussion is very often carried out in terms of p/crfor-
mance or-task variables, presumably because production itself is largely conceived in those same
terms, '

We are of course awate .that it is equally possible 10 argue that stressing empirical or perfor-
mance facts acts as a safc‘guard against erroneous generalizations. However it is more difficult 1o
argue for what is sometimes considered an equivalent lS‘li('.nposilion: that it is only by a strict
adherance to the facts that we will come‘to correct generalizations, that a constant reference to them
constitutes the only possible means of steering rescarch toward the truth. Be that as it may, the

contributions for which Woodworth is remembered in the ficld of movement control have much
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more 10 do.with the ideas he put forth than cither the paradigms he developed or the data that he
accumulated.

Of &entral importance in Lhat respect is a distinction Woodworth made between the “initial
adjustment” and “current control” of a movement (ibid., p. 41). He defined the second as “reactions
to stimuli sct up by the movement” (ibid., p. 58), be they of visual or other kin®sthetic origin, but
without providing indications, even of a general nature, as to the possible mode of sensori-motor
integration which it calls for and upon which it supposcdly relies. That may have been because such

immense empirical possibilitics were open for investigation that even preliminary considerations

. upon mechanisms seemed premature. However this was apparently not the case for the first *‘mecha-

nism,” namely “initial adjustment,” which he postulated and characterized in somewhat greater

detail. -
y

If lines of considerable length, say a fool or two, are c at a rapid rate, the
changes in dircction will probably be found to be sboyr'the same in them all. [..]
The initial impulse lakes the hand along a curve. We aim around a comer: not
nceording to geometrical straight lines, but according to the make-up of our arm.
From the 5comcmcaf point of view, the simplest movement that we can make -
the movement as determined solely by its first impulse, and not complicated with
later adjustments - is still a complex affair. The initial adjustment is itself
complex. It includes the innervation of different muscles one after another, The
codirdination adapted to produce a straight line is probably more complex than that
-to produce certain curves. The first impulse includes also a command to stop after a
certain distance. These later effects of the first impulse, are probably in some
degree reflex. [...] Yet the first impulse of a movement contains, in some way, the v
entire movement, The intention certainly applies o the movement as a whole.
And the reflex mechanism acts differently according to the difference in intention.
We must suppose that the initial adjustment is an adjustment of the movement as a
whole. (ibid., pp. 54-55)

This passage is uncharacteristic of the whole paper in that it is one of the few places where
explicit reference o the system is made, and it provides, along with those on “current control,” the
report's most detailed theoretical stau:mcni on the process of movement production. It is argued that
intentions somchow mesh with “the make-up of our arm,” that they involve ordered “innervation of
different muscles,” and that “reflex mechanisms™ must enter into. play at some point. While it could
cqually be argued that such statements are trivially true, since by definition it is the arm that
moves, and that the arm is moved through ;yswmali'c activation of different muscles, into whose
workings it is known that various reflex mechanisms are operative, it could much less trivially be
shown how an initial adjustment can usec or lakc lhcm all into account 'simultaneously,’ that is,
how it could “contain the entirc movement,” or compnsc “an adjustment of the movement as a
whole.” In that respect the implicit distinction between control events of a peripheral and of a

contral nature is worth noting, based apparently on the fact that even though every arm movement



-1

. is a function of arm geometry, of specific sequences of muscle activation, and of reflex adjustments,

the process of movement production must involve more, a sort of generalized capacity for cotrecily
selecting or specifying, for every intention, all of the interfacial or control elements.required for its
realization. This interpretation is reinforced by a later statement on the basis for the judgement of
the extent of voluntary movement, which must be “a sense which is not reducible to a sense cither
of its force or of its duration, or of its initial and terminal positions,” a Sensc. furthermore, that is
“the real basis on which the control is based.” (ibid., p. 80) The implication here scems to be that
“the real basis™ for control has no directly specifiable empirical counterpart, that is, it does not
appear 1o correspond to any single *familiar’ physical dimension of movement, i.c. of the final
outcome of the process. But then where is it to be found?

Even though Woodworth had stated that “the question raised [here] is not as to the possibility
of any movement at all” (ibid., p. 3), where we interpret “possi.bilily"‘lils referring o production,
and that his purpose therefore differed from our own, it scems remarkable that he should never-
theless have allowed himself 10 speculate on the nature of rﬁovcménl praduction, and that such
theorctical sidelights tumed out to have provided a very imponant conceptual framework for nearly
the whole of subsequent rescarch efforts. Indeed the idea of “initial adjustment,” along with the
notion that it should encompass the whole movement, eic,, were among the carliest formulations of
the idea of motor programming, an idea which has pervaded the ficld since then, both in Psychology
and Neurophysiology; and his initial discussion of the problem of ‘flhc sensory basis of motor
control” continues to ring a familiar note. However since he had declared his work to be a study in
“the motor side of consciousness,” (ibid., p. 1) the appearance of such theoretical concerns should
be less surprising, if only in view of the desire that its conclusions should have some bearing upon
the conscious - as opposed to strictly behavioural - correlates of movement production; as it turns
out however, given a basic allegiance to the then growing empirical tradition in Psychology, it
scems that to successfully ‘pull’ (behavioural) findings into the domain of consciousness is an
undertaking requiring first an answer to what Hebb (1949) called the organization of behaviour, In
the specific case of movement control this requircment translates into a need for a model of
production. Now Woodworth had recognized that “the intention [a conscious correlate] certainly
applies 10 the movement as a whole,” (loc. cit., p. 55} but unfortunately in the subsequent discus-
sion very little room is devoled o whal scems 10 us 10 be the basic problem of the refationship
between the wholistic character of the intention on the one hand and the systematic relations that
can be established within the set of physical characterizations of, and the conditions associated with,
the resulting behaviour on the other hand.,

But this question does not seem to have been alloted the central position which we assigned o

it, for cven though one could have expected subsequent research to pick up on the basic theoretical
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issuc that' Woodworth, however implicitly, had raised, it is not easy 1o follow its thread in what
otherwise grew o become a relatively rich area of study. Haviné recognized so early on that, for
example, the “sensory basis™ of control seemed to require the integration of many aspects of move-
ment, and having advanced furthermore a similar idea concerning the “real basis” of control, should
mpted the search for possible ways in which this could be achieved or how it could be the

casc, just as, from the general pomt of view, Woodworth had alrcady endeavoured (o conceptualize
movenient control or production as a two-stage business, resulting in 2 *model’ that provided-
starting point {rom which could then be empirically debated and tested questions and possible
answers about the accuracy of movement. But the initial emphasis on performance and the related -
cagerness 1o maintain strong empirical claims and roots, seem to have resulted in a drawing away
from such large theoretical issues, and a shying away from conceptual efforts that are supposedly in
danger of loosing sight of, or straying too far from, performance data. Indeéd many years later, and
having recognized Woodworth's seminal conceptual contribution to the ficld of movement studies,
Fitts (1964) stated that “one of the most important advances made [...] is clarification of what is
meant by a program or plan goveming a sequence of operations.” (p. 261) The “adjustment”
mctaphor had then been replaced by the more elaborate, but still closely related, (computer)
“programming” metaphor, an advance that unfortunately did not seem to can:y over into the more
specific question of the nature of a motor programme. And still 1au:r, Kelso & Stelmach (1976),
commenting upon “the so-called switch in emphasis in motor skill research from a “product-" to a
“process”-oriented approach whercin the underlying procc‘sscs and mechanisms are of primary
concern,” concluded that “The major'problcm, however, is that psychologists are still measuring
product most of the time, rather than process.” (p. 35) I

The performance approach to movement production which Woodworth initiated did not
however come to methodological fruition until many decades later, although his ideas played some
instigating role in the growing mass of physiological, and eventually neurophysiological, studies of
human performance. The most often cited reference in that respect is by Lashley (1917) who, with
some measure of success, put some of these ideas t9 the ‘neurological’ test. Although he observed
" and deplored the “almost total neglect [by psychologists] of the neurological problems presented by
skilled movements,” (p. 169) he had liule else to offer in the way of “the nervous mechanism of
initiation, continuation and cessation of adaptive movements” (ibid.) than criticism of earlier
‘implausible’ idcas, especially those pertaining to the cessation of movement. But most of these
idcas, it should be noted, were derived from the psychological domain, Physiclogy not yet having
attempied to model motor control functions beyond the level of reflex integration. Yet as we shall
sce later on, Lashley himself is responsible for a very clear formulation of the essential problem of

control, in which ncurophysiological answers were sought to questions arising from the analysis of

“



performance data.

However, greater attention was eventually paid by psychologisis to the physiological correlates
of “adapted” movcme;lt (e.g. Dodge & Bott 1927; Wilson 1933). Not surprisingly these initial
studies were carried out in the wake of Sherrington's no less pion&:ring work (Sherrington 1906), in
particular in the area of the co-contraction of agonist-antagonist pairs in reflex and non-reflex
movements. But by conceming themselves with such matters, they effectively started shifting the
emphasis toward the system and its working, although one could equally argue that such attempts
to reach physiological rigour and precision were rooted in and inspired by carlier behaviourist
theorics regarding the critical rdle of efference in consciousness (cf. Max 1934), There appeared
suddenly a new pathway for the characterization of performance, one derived not from the gffect of a
movemeni but from an inmi)lsic part of it. Again this inevitably led 10 the problem of linking
“certain lcmpdrdl-fclsu'an,s which characterize muscular contraction and relaxation” (ljodgc & Bott
1927, p. 245) with “voluntary regulations of behavior.” (ibid., p. 263) Yet in trying to organize
their results they revert back to Woodworth and propos%thal “it seems reasonable to suppose, if a
compticaled reaction is ‘Lo be effected evenly and continuously, that there must be no real hiatus
between the preliminary adjustments and their subsequent correction.” (ibid., p. 263} This new
index of performance had apparently not simplified matters, but only shown them to be at icast as
complicated from the physiological as the behavioural point of view. The search for the physiologi-
cal key to performance however did not stop there. We shall see shortly that it was pushed up
higher within the system, toward cven more intimate ncurophysiological indices.

It would be wrong (o think that these studies, and a handful of similar ones, were heralding a
major reoricntation of the field, for even though they did foreshadow a tendency and an outlook that
cventually came o typify (if not dominate) the arca, the road from there to the present stale of
affairs was not a straight one: two sharp conceptual bends, imparted from Cybemnetics and Informa-
tion Theory, were yet o significantly mark its path.

It is well known that the immense efforts expended oward the solution of the numerous and
varied technological challenges that issued from the problems and necessities of the Second World
War led 10 a series of conceptual breakthroughs that have exercised a profound and lasting influcnce
in many areas of scientific research since then. In particular, certain problems of control {especially
related to A.A. gunnery and piloting), which is usually recognized as providing the original impetus
toward the development and use of cybemetic ideas, were of vital importance. A closely related
problem concemned the operators of these new machines. Its study seems to have led some
psychologists, among which Craik (1947, 1948) figures prominently, to observe some striking
similaritics between the performance of human operators and the functioning of the basic cybernetic

control model. Tt follo“‘acd from this view that the senses and perception couid be treated as the
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input component of the model, while the effector system acted as the output component; the brain,
along with the motor system, was associated with the comparator or computing center and the
amplifying system, respectively. (cf. Craik 1948) Thus the cybemetic model provided at once an
intcgrating and an analytical framework for viewing and studying man's behaviour.

Even though Craik's most important contribution’in that respect as concems movement con-
trol pertained only indirectly to movement production, it did so in a highly suggestive mannér. This
ok the form of a hypoth‘csis about the necessarily intermiitent nature of correction. Basically he
postulates the existence of commands for {morc or less) “complicated patterns of movement” (Craik
1947, p. 58) that arc “individually triggered off ballistically, and the sensory feed-back must take the
form of a delayed modification of the amplitude of subsequent movements.” (ibid.) Those com-
mands, he further suggests, must be such as 1o allow for the transformation of the control situation |
into one where the task consists of detecting and/or maintaining the constants characterizing that
situation, (ibid., p. 59} Thus in a pursuit task the operator will detect a constant speed (if that is the
casc) and issue a “constant speed” command, while, again if speed changes, and in a constant
manner, he may in tum adjust his movement with respect to that new invariant, As we shall soon
sce this idea of invariants resurfaced three decades later, although under a different guise.

1t is of course with the (more or less) “complicated patterns of movement” that we are mainly
concerned. With respect to these, Craik suggests that they may have to be learned (Craik 1948, p.
147). Just as for a visual pursuit task involving a complex stimulus shape it is very difficult o
conceive of a system that would exclusively rely on local speeds (cf. Lamontagne & Howe 1980),
so for a motor pursuit task involving the whole arm it is not at all clear how a system could depend
or work on speeds associated with single joints (i.e. local speeds). Presumably if a motor system is
1o rely on speed information per se then a way must be found of assigniﬁg a ‘global’ speed to the
whole arm. This single value could then be used in tracking, or for computing accelerations, etc.
That may be a product of learning (sce further down), but it is certainly not by simply suggesting
that it is leamed that the problem is solved. The typical complex movements that are used as
examples rarcly refer Lo this intrinsic complexity of even a relatively simple effector system.
However, to these problems we shall return in section 2.2,

Most of the research on movement production and performance carried out during the first few
decades following the publication of Woodworth's ideas and results was pursued in the spirit that he
had infused it with. In the main (cf. Keele (1968) for a review of some of this material), the same
basic performance variables (speed, duration, accuracy, distance, direction, effect of the presence or
absence of feedback, etc.) continued to be studied in the context of very similar tasks (reproduction,
positioning, tapping, etc.). These studies however resulted in little addition to, or modification of,

Woodworth's original formulation; his model retained its dominating position as overall framework



62

’

within which were made, or rather were set, most attempts to identify lawful relationships.
Remarkably, a sizeable portion of that research was eventually brought within the scope of

Fitts' information-theoretic equation (Keele 1968), Fitts' l.Aw. as it came to be known (Fitts 1954),

constitutes the clearest and most synthetic statement involving performance variables: it relatcs

movement time (MT) with precision or tolerance (W) and movement amplitude or displacement (A)

in the following manner: p

MT=a+b*log,(2A/W)

where a and b are constants. The famous speed-precision tradeofl, observed and documented since the
time of Woodworth, had at last achieved a formal expression. Yet soon afterward arose the problem
of cxplaining Fitts' Law, that is, of relating it to aspects of the movement system. We view in that
single question the oﬁgin and source of much of the developments in the ficld in the past two
decades and a half, For, strangely enough, ¢ven though Filts' Law was rot derived from, or based
upon, a direct study of movement systcnis, its greatest contribution might well have been to
provoke a major renewal of theorizing about it. Keele himself, in stating that “The first sllcp in
understanding movement control is to discover what variables influence speed and accuracy,” (Keele
1968, p. 388) was still framing the problem in woodworthian terms of performance, but the gist of
the paper in fact consisted in exploring “lhrcc‘ possible ways in which movements may be control-
" led.” (ibid., p. 393) Of those three: possibilities the first two, namely the réle of visual and kinas-
thetic feedback, could appear to belong (o a different category than the third, namely the possibility
that “movements may be preprogrammed in the sense that the amount and timing Ofm innervation to
the muscles may be determined before the movement begins, and once it has begun, peripheral
feedback would exert no further control,” (ibid.) for while the former are based on the suppoesition
that feedback plays some rdle in the control of’a given movement, the latter is rather a suggestion
concerning the nature of the production process, though admiucdly it is not a very precise one. It
. could well be argued, on the other hand, that this merely reflects a difference in emphasis, and that
the ultimate goal, from whatever direction the approach might be made, remains the same in all
cases: understanding the production process. However we have not encountered such discussions and
arguments. Our main point here is that the problem of control seems to be undersiood in two
different ways, one referring to the identification of factors acting upon the movement command
process, the other referring to the command process itself. This dichotomy is probably focal to what
became known as the centralist-peripheralist debate (cf. Jones 1978), in which one can be left with

the impression that a convincing demonstration of the critical rdle of peripheral input (as a major
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control variable) within the command process would in fact seitle the problem of the command
(control) process, We view the situation in the opposite, that is, that it is only through efforts at
scitling the command or, equivalently, the production problem that the necessity and importance of
peripheral input or ‘control’ can be decided.

Nevertheless the tide seemed to have tumed and opened the way to renewed attempts at expan-
ding the original woodworthian model. This, as we shall sce, was marked by an explicit recognition
of the cognitive nature of the problem of control or production. Even though the woodworthian
variables and general outlook survived, growing attention turned to theory. Historically, motor
learning was the first area to benefit from this, but the fundamental problems of control attached to
motor learning, and left in a more or less satisfactory state by theory, eventually sprang back into
the fore. But before picking up on this trail, and as a prelude to it, we will digress for a moment
into a contribution to the larger field of cognitive theory from which we shall draw one of the
clearest statements we know of on a particularly important, but so far largely ncglected.. aspect of
movement production, mimcly equivalence.

Coming from an apparently very different direction, and addressing an apparently wholly
different sct of issucs, Hebb's proposal of the theory of cell-assemblics (Hebb 1949) nevertheless
proved 1o be the source of what we consider to be essential observations on the nature of control in
general, and by extension, of mov'cmcm control in panicu}/a&--\lie_wmg movement as the constituent
and basis of all behaviour, and conceiving behaviour as essentially being “driven’ by environmental

conditions, had by then become a long-standing psychological truism; éonsequently, the main goal

of Psychology was 10 discover the laws of association between stimyli ana\res@n 7 Onthat view
can be understood the importance of the study of the ‘foundation’ of beﬁaviour, siﬁce m g ement is
mo‘?/éhl 1o be the most primitive level of response, to which presumably could be li similarly
primitive levels of stimulation or perception, The very primitivity of that response level however
steered its study into the physiological arena; but by doing so it automatically engaged criticism.
Thus the theory of reflex-chaining, purporting to resolve complex behaviours (such as language,
and by extension thought) into discrete serics of (learned) stimulus-response pairs, and according to
which the sensory consequences of a, particular response acted as stimulus for the next response, and
so on, was not only put under heavy psychological fire but was also found to be neurophysiologi-
cally wanting. (cf. Lashley 1951) From the start, the study of performance found a niche in neither
of these two disciplines, and although Woodworth had *not thought it worthwhile 1o attempt 10
decide on which side of the border {his] studies lie[d],” (Woodworth 1899, p. 27), the persisting
‘distance’ between them has never been resolved clearly cither in terms of methodological or concep-
tual differences. We believe that Woodworth was right in principle, and, following Popper, that

problems, not methods, are at the heart of rescarch endeavours. We furthermore tend to view Hebb's
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attemptata gche:al neuropsychological theory in this same light, namely as an attempt to simulia-
neously satisfy what had othcrwise grown to become the entrenched cannons of psychological as
well as those of neurophysiological theory: by first stipulating the existence of a “process that is
not fully controlled by environmental stimulation and yct cooperaies closely with that stimulation,”
{Hebb 1949, p. xvi), and second by requiring that the hypothesized nature of that process be neuro-
physiologically plausible, he was led to the well-known idea of cell-assemblies, whose consequen-
ces were laid out in great detail ghd with respect 1o a great many problems, of behaviour,

In particular he devoted a fipﬂgcs to the phenomenon of motor equivalence, which he defined
as “a variability of specific muscular responses, with circumsmncc.'in such a way as to produce a
single result.” (ibid., p. 153) He also obscrved that “the variability chamctcristi_.cally appears when
there is a variation of the animal's initial posture, of his locus with respect to the goal, or of
intervening barriers.” (ibid., p. 154) His account of the phenomenon however is somewhat surpri-
sing in that equivalence is scen as based critically upon carlier and simpler learning, in which for
instance is established “an ability to move either hand or fopt directly from any point to the line of
vision.” (ibid., p. 155) This might indeed be the case; and-nither would we quibble over the idea
that a human being “does not lean to make a certain series of muscular contractions,” (ibid., p.
157) but learns rather, for example, “that the depression of a certain icvcr starts the motor on his
car.” (ibid.} Indeed if “lcamning” were repiaced with “intends,” little of the essence would be lost. But
this brings up our major and central point: even though one does not intend certain series of
muscular contractions but rather (0 depress a certain lever, it is still true that a certain pattemn of
muscuiar activation must result, the one in fact that corresponds or amounts, from a global point of
view, to starting the motor. Hebb insists, correctly we think, on the fact that there is quite a
distance between “starting the motor car” and the corresponding “series of muscular contractions.”
But note that this depends on the existence of another sort of even more primitive equivalence phe-
nomena, bascd on the system that translates the one into the other (and eventually many equivalent
others). This other type of association could presumably be the one he understood 10 occur carlier,
and upon which could then be built up higher levels of equivalence. But approaching this from the
point of view of learning is paramount to su.pposing that such a mechanism already functions, even
if only in an embryonic fashion. For example, the chih@o acquires the gencral ‘concept’ of
reaching or forms the gencralized schema of reaching, would not be said to be acquiring a brand new
concept but rather to be refining, or generalizing upon, an already existing approximation, one that
depends on the prior functioning of a mechanism that allows him 1o first ‘epnceive’ and realize (i.e.
translate into muscular patterns) something like and.amounting to “extension of the whole arm.”
For if this were not the case then on what basis could the supposed gc-mmlization ever occur?

We have not, for our part, adopted a learning approach 10 movement production, our main
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concem being centered upon problems related to thismore primitive type of equivalence. But,
following Hebb, we belicve that the higher levels of equivalence displayed by organisms are in

direct functional relation to it and that it must be resolved before & strong solution, whether or not

it is afterward based on leamning principles, can be found to this *!
logical problem.” (ibid., p. 157)

Even though Hebb had hoped “that such conceptions [would) be a good basis for the study of
d “that nothing more ha[d] been
provided than a muonal appronch which may or may not be found adequate in the long run,” we find

biquitous, fundamental psycho-

motor learning,” rccogmzed “that the study [was] still n

very litle reference to them in the subsequently vastly expanding field of research into motor lear-
ning, the context in which nearly all theoretical efforts into performance henceforth occurred. None
of them having picked up on Hebb's suggestion however, it is not surprising to find that the pro-
blem of the more primitive level of equivalence was not tackled either. We will try 10 show that the
same remarks that were made above are still applicable u; these theories. While this lack pervades
much of the ideas put forth in the context of performance-driven research, we would argue that this
problem of ‘primitive’ equivalence lics at the very heart of system-driven research. But further dis-
cussion of this point belongs to the next sub-section. , )

While Lashley (1951) had criticized the idea of reflex-chaining, which- Wi t/hcn the only availa-

ble explanation for temporally ordered behaviours such as motor skills, dnd argued that it was

unsatisfactory as a control and as a leamning theory, it was only twenty y later that an alternative
motor learning ll;cory was formulated, Adams’ theory (Adams 1971) is exp y coghjtive in
nature. Departing from the classical thomdikean model of the acquisition of rcspo.nse Qﬂtmms. he
proposed a new model in which KR gknowledge of results) provides error information, not simply
reinforcement. His theory postulates and relies heavily upon an ability to detect and correct errors.
He states that *motor learning is best viewed as a problem to be solved, where S tries a movement,
is given KR, trics again on the next trial, and so on, and the KR is the information used to solve
the problem.” (ibid., p. 122) The basic assumption behind the model is a conception of control
whereby “the choice of direction and the extent of movement are the two main properties of a
simple, self-paced movement.” (ibid., p. 123) To each of thése properties he associates a construct,
namely a “perceptual trace” with the extent, and a “memory trace” with the selection of a direction
of movement, the latter's purpose being “to select and \inilialc the response, preceding the use of the
perceptual trace,” (ibid., p. 125) adding furthermore that “in effect, the memory trace is an
open-loop motor program,” albeit “a modest motor program that only chooses and initiates the
responsc rather than controlling a longer sequence, as advocates of motor programs usually imply.”
(ibid., p. 126) The main loop of the model depends upon two functions, one of recall, which is

responsible for selecting and initiating a movement, and the other of recognition, responsible for
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“knowing whether the movement is proceeding correctly or not,” and govemned by “the perceptual
trace along with ongoing fecdback.” (ibid.) ) _ ’
remained empirically oricnted, there was never any need to formu-

late models and hypotheses inl\terms of internal mechanisms. When, for a variety of reasons, such

As long as leaming th

models were found either 100 Ixpiting or otherwise unsatisfactory, and attention turned ‘inward,’
there appeared the need not only

within specific mechanisms. By removing the problem away from a strictly empirical domain and

refer to interal constructs but also to-specify their functioning

into the speculative one, there appeared also the extra burden on theory of proceeding from it back
into the empirical field where all scientific theories should be laid to the test. Thus Adams' theory
of lcarning is erected upon a basic concept of how control works. His main interest was of course 1o
show how this skeleton model allowed for the superimposition of a leamning dynamics: first onc
imagines how it works and\\hcn one shows how this ;illows for betterment or improvement of
performance. The two are very closely linked. Now at the heart of Adams' theory is the notion of
error. Within a working system the treatment of error implies firstly its recognition, and secondly
its correction. This is the crux of the matter: leaming occurs as better and belter approximations to
the desired result are selected with the help of error information. But what is a better approximation?
That is, how is it sclected? Within an empirical framework it is sufficient to note that improve-
ments o.c:‘:ur. and according to what particular responding profiles they do. But in the cognitive
smode this is not enough: one must describe the selection process itsclf, a process that, although
recognized as crucial, could on first view be thought only accessory or of secondary importance in
the basic lcarﬁing dynamics. It is not sufficient because in the absence of a detailed picture of the
selection process one is incapable of describing the variations in this selection on which the whole
matter of learning depends. Unfertunately this was the case with Adams' theory and he admitted that
“this difficult problem remain[ed)] untouched.” (ibid., p. 143) Even reduced to “modest” dimensions,
the issue of the nature of motor programmes, movement representation, commands, or whatever it
is called, reappears as a central problem of movement production, whether it be from the point of

view of the systematic description of performance or from the point of view of its gradual enhance-

ment,
m:le of thinking initiated by Adams (1971) has had a strong influence

on the orientation of rescarch in motor learning, as well as in performance studics, to the extent in
which the model proposed by Adams is erccted upon a theory of performance. That theory drew
heavily from cybemetic ideas, and in the case of low levels of control achieved its most polished
and powerful formulation in the guise of various comrection servos diagrams. (Pew 1974) Adams'
theory can be seen as a tentative extension of these mechanisms to the level of voluntary control

and learning, a leap that is essentially made possible through the complexification of the input and
o s
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output serve parameters, Input now takes the form of a memory trace, while output, at least.partly,
is to be considered or compared in the light of a perceptual trace. These structures or traces cannot
easily be quantified simply, altﬁough they could be quantified, and will have to be eventually if the
servo scheme is 1o give way to a true model of performance and not merely rémain at the level of
intcgrative analogy. i A
Schmidt (1975) revised, criticized, and extended Adams’ original model, following closely on
some suggestions made by Pew {1974), His theory cnlarged considerably upon the idea of the recall-
rccogniljor; function cycle while maintaining the same basic framework. The recall and recognition
traces now grew into recall and recognition schemata, a notion derived from Bartlett's (1932) theory
of memory. The whole theory then mﬁ:mpts to specify the mechanisms by which schemata are
modified, how thcy evolve and become more precise (adapted) and powerful (general); it does not
however specify the mcchapism by which a given schema originates. But given that “the individual
makes a movement that attemplts Lo satisfy some goal,” (Schmidt 1975, p. 235) the implication
secems to bc that some independent sclec':lion process handles the original command. Now the
commands themselves are said to be of the nature of “generalized motor programs for a given class
of movement.” (ibid., p. 232) This lS postulated. We must also assume that the selection of a parti-
cular programme is also postulated. For only by supposing that a particular programme has alrcady
been scl;:clcd is it possible to understand that “the performer's problem in choosing a movement is
the determination of the response specifications that will modify the existing stored motor
programs.” (ibid.) Here “'a movement” must mean the instantiation of the programme into a parti-
cular member of the set of equivalent movements which it presumably defines. The performer’s first
problem, viz. that of the selection of a member of the class of programmes, as well as the theorist's
problem of the nature of such clements, are both left untouched. And although the admitted cc__:mral
concem of the paper was upon “the development of motor programs and their response specificati-

ons,” (ibid., p. 233) the most precise statement concerning a possible mechanism is the following:

... four sources of information - initial conditions, response specifications, sen-
sory consequences, and response outcome - are stored together after the movement
is produced. When a number of such movements have been made, the subject
begins o abstract the information sbout the relationship among these four sources
of information in a way suggesied by the dot-pattern discrimination experiments.
(ibid,, p. 235)

-

Now it scems here (hat the original command, which in our view should be of primary impor-
tance in the abstraction process, has been left out. Of course if this process is supposed to give rise
o new schemata, one would not expect them o play a central rdle in their own generation. How-

ever that leaves open the question of the grounds for the original similarity of the produced series
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movements: That is, we cannot now suppose that the similarity depends upon ths prior existence of
a “stored motor program.” On the other hand if the suggested dynamics concemned explicilly the
modification of an existing schema, then one would not expect it not to be mentioned. One should
not, [Mennoré. be left with the impression that the reference to “dot-pattem discrimination experi-

ments,” studics that seemed to demonstrale the action of a schema-forming process in a perceptual
task, was a reference to an accompanying schema-forming mechanism; to our knowledge the deve-
lopment problem has not yet been solved in perception either, In that respect it is interesting to
note the fact that the idea of schema was originally proposed in the area of receptive, as opposed 10

productive, functions. This of course meant that it had to be adapted to the Iatter kind of task. Even
in Pew's (1974) o_riginal reformulation however this perceptual bias is still quite evident when,
speaking of skill acquisition, he asks “What propertics of a movement sequence are encoded!” (ibid.,
p. 28, our emphasis) If one must suppose a class of movements to be extant when the leaming pro-
cess starts, then in a sense one is also postulating the existence of that which is to be learned {for
how could they empirically be similar otherwise?). This will not do.

But it could be argued that such a statement can be understood to mean that the enceding (i.c.
the leaming prc;cess) is carried out on command, as opposed to movement, sets, On that account
Pew does make some suggestions, but they do not seem in conformity with this supposition. He
states that “whatever it is that is stored, it is not simply a specific set of motor [i.c. muscle] com-
mands,” (ibid., p. 27) but rather that it could be a “representation of a(palh in space through which
the members of the body will move,” (ibid., p. 31) cntailing of course the necessary existence of a
smge where “translation of the stored program into a temporal string of motor commands™ (ibid.)
occurs, Introducing this intermediate phase in the production of movement however proQg_t_:ly further
removes Lhe basis of abstraction by one step, rendering even more impor-ant the problem of know-
ing what the nature of “motor commands™ is. But then it is no longer clear where ¢xactly learning
is supposed to take place. Pew's main purpose however was not the formulation of a full-blown
theory of skill learning; he was in the initial stages of exploring an idea, and trying to “organizc our
ignorance on the basis of logic, speculation, and some limited evidence.” (ibid., p. 33)

In a later paper (Schmidt et al. 1979), moving away from lecaming issues and reverting back to
the classical woodworthian problem of the accuracy of movement, we find the subject of program-
ming still occupying a requisite position. However a definition is now provided that lifts somg of

the concept's ambiguity as encountered in the above discussion. They state that

the motor program should be considered as an absiract memory structure cantai-
ning codes capable of being transformed into patterns of movement. The patterns
produced from a gwen program have certain invariant propertics, even though two "~
responses from the same program might have large differences in other respects. °
Under this view, the program is generalized, so that parameters are required o
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specify the particular way in which the program is to be executed, (ibid,, p. 417)

Here “patterns™ must certainly refer to the empirical counterpart, as ;-.videnced in performance,
of the schemata, that is, the “abstract memory structure.” Now it is presently suggested that these
" patterns have variant (i.c. parametric or non-cssential but determinant) and invariant (essential)
characteristics. While it is further s{.lggcstcd that the secondary or parametric values are used within
the system to specify the command, we are left with-the impression_.f that the primary or essential
fentures of movement command are to be deduced from a study of performance. This is in fact what
they then proceed to do, as regards in particular the time and force dimensions. Such an approach
seems 1o rely on the basic assumption that “the invariant features of motor responses” (ibid., our
emphasis) will be found in all movements. They would in fact correspond to a sort of command
language through which, by the proper specification of parameters, a system might finalize a
program. This is indeed the central problem of movement production. Yet again it seems that a
resifunl ambiguity persists in their treatment of the “generality™ of motor programmes. For on the
onc hand it is possible, as we have just done, to interpret it in terms of the whole domain of
movement, while on the other hand we find the following statement in which we must now
understand the generality of the programme to be associated with a single schema: “motor programs
contain certain invariant features of the movement, and the movements can be produced differently
on different occasions by application of different parameters.” (ibid., p. 418) In the earlier quote it
was suggested that programmes are built up from codes, that codes giv:;. rise 10 patterns, and that
these patterns have invariant properties. Now the whole discussion boils down to the qucsﬁon of
the relation between these codes and the propertics of the movements 10 which their combination
gives rise. By framing the statement in relation to performance they cffectively bypassed the
question; and indecd there is little effort 1o bring their experimental findings within its purview, In
that context, it is interesting to note that the authors conclude that “Unfortunately, the principles
that have emerged are slightly different for the different kinds of movements we have used, and we
must deal with each of them in tarn.” (ibid., p. 445) They did however hope 10 be able eventually
10 “combine these relations with principles of error detection and error correction to describe a -
composite model of movement control.” (ibid., p. 448)

In a later paper (Schmidt 1980) some distance appears 1o have been covered toward its achicve-
ment, although problems of error detection and correction are no longer a main concem. We do find
however a further discussion on the nature of both variant and invariant properties of movement. It
is proposed (ibid., p. 149) that

these invariant features are (a) the phasing (or relative timing) inherent in the
scquence, (b) the sequencing of elements, and (c) the relative force, or the relation
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among the various forces produced by the different contractions in the sequence, If
we assume that these aspects of a response are represented in an abstract program,
the addition of certein parameters should allow this basic patiern to be produced
with slight variations.

It becomes quite clear now that invariant propertics are bound to single movements, and that
they should be understood as referring to those properties of all movements that definc ’lhcir
identity. Thus although the model of control proposed by Schmidt emphasizes the variable naturg of
the parameters (movement time, force, and lhuscle selection), it must also be assumed that some
mechanism exists for determining the specific values that must attach (o the supposed invariants in
order to produce, along with the sclected parameter values, the programme whose exccution unfolds
into the observed movement: i.c. for a given movement the phasing, the scquencing, and the
relative forces involved are invariant. Evidence contrary to the supposition that phasing occurs for
the simple case of unidirectional movements leads to a tentative revision of its rdle, which initially
was conceived of at the level of muscles, into a higher level of control whereby it now dctcnnine._s
“when a new equilibrium point is to be specified.” (ibid., p, 162) This revision appearcd I{ccessary
in view of the apparenty strong empirical support for the “mass-spring™ hypothesis according to
which “the Iiml; moves to a new position via the specification of a new équilibrium point, achieved
by changing the level of excitation to one or both of the opposing muscle groups.” (ibid., p. 156)
In the more general multi-joint case, this leads 1o a view of programming, at least as concerns
phasing, where “each of the finger moves is defined by an equilibrium point, but [where] the
distribution of these equilibrium peints across time is defined by the phasing in the motor
program.” (ibid,, p. 162) But this revision seems to have drawn a new invariant (or parameter?) into
the picture: the equilibrium points, for each joint. On this question, which is apparently not
recognized explicitly, and on the further and more subtle question of the overall *feasibility” of the
scheme, little is said. We would simply note at this point that the requirements of the phasing and
equilibrinm specifications inherent in the production of even a medium-sized class of movements
could apparently become prohibitive: if this were the case it would defeat the “storage probjer™
which was at the root of the schema solution proposed earlier (Schmidt 1975). On the other hand it
might well be thz;l in fact only a handful of differcnt phasing and equilibrium specifications are
necessary in order to achieve a very large variety of (empirically) different movements. Yet neither
the theory, nor for that matter the cxpcrin'llcmal research, which typically restrains the range of
responses 1o twe or three ‘archetypal’ movements, offer avenues for such crucial problems to be
approached and such central questions to be decided.

This completes our survey of the main contributions to what we called the performance

approach to the problem of movement control. We wish to conclude the present sub-section by
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dgwing attention to some of the salient features of this overview. This will also be useful for the
@ next sub-section covering some contributions to what we called the system approach to the problem
of movement production, as we belicve that very similar remarks will equally hold true for them,

The development of ideas on movement control from Woodworth to the present does not

~ follow a lincar progrdssion. Rather, its path is strewed with various twists and tums. A uvnifying

thread or general conceptual framework c‘ar{ however be pesceived throughout. Basically it seems io
be organized around the idea that rplp'\}c'n:tem control obeys a dynamics which involves both
planning and correction functions. wheré pianning refers to a form or intention or meaning for the
movement that is not directly (in the typical case at lcast) related to the immediate motor
circu?nsmnces, while comréction refers 1o those aspcc.ls of specific instantiations that are higMly
related (if nat completely dependent) upon them, a'nd comprising the whole domain of perceptual
involvement in movement. _

An i&mmﬂa‘spcct of the reflex-chaining hypothesis for movement control that, to our
knowlcdge, has mrely been.underlined is the idea that it met, however unsatisfactorily, a fundamen-
tal preoccupation with the production of movement. This concern however has apparently failed 1o
remain central within the domain. Most movement studies in Psychology since the time of Wood-
worth have not dealt with this problem, possibly because it mig.hl have been thought to belong
more properly to Physiology. But this view is too simplistic. It would nervertheless be untrue to
say that performance studies ied to no suggestions at all concerning production, or that those idcas
were all borrowed directly from Physiology, which, on the other hand, borrowed nothing from
Psychology (cf. next sub-section). Even in studies oriented purely toward performance, some
#ssumplions still need mvwg - on the nature of the production process or mechanism. For a long
lime however simply supposing that rhovcmcql was preprogrammed 3cemed to suffice, and indeed
many studics in the recent decades have been built around the question of whether or not, and to
what exteril exactly, movements could be preordained (cf. Jones 1978); it cn-though spch
suppositions say something about production they are far from constituting a theory of production.
Starting sometime in the fifties, a tendency to réfer to and use neurophysiological evidence in
movement studics became more pronounced, but again, contrary 1 the simplistic sﬁggcsu’on above,
this cnlargement of preoccupation did not seem to lead to a rencwal of interest in the problem of
production. Rather the degpening of Lhcorctajcal concern mapifested itself as a move toward ‘cogniti-
vization f';athcr than as a move toward ‘physiologicalization.’

This ;n last led to more detailed pronouncemens on the possible nature of a movement control
systery, whose most precise formulation is to be foungi in Pew (1974) and Schmidt (1980). But in
our view, the schema model, as lhlcory of producu'qn, does not go very far beyond suggesting that

certain‘aspects of movements are essential while others are variable. It is a start, certainly, but onc
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would expect more from a theory of production, something like a demonstration, if not direct proof,
of its plausibility, or capacity to handle the diversity of movement which it wants to account for
before it is put to the empirical test. However it seems there is a widespread belief that such proof

. can only be empirically forthcoming, and that model building should (i.e. can only) be very closcly
guided, or guarded, by experimental work. Of course it does not follow that models will spring from
such research; this is contrary 1o the very process which is unfolding in the arca. However, given
this, it is still remarkable that nearly the only criterion for the interest of a model is that it shouid
be amenable o empirical testing within a short time; while the idea that it should be testable, and
preferably critically testable, is a basic tenet of the scicatific process, the desire that it should be so
{ncarly) immediately is not. Thus the specification of a model seems to be carricd only ‘as far as it
can lead to empirical prediction; in particular this leads to a sitation where it is not necessary for a
model of production to effectively ‘produce’ before it will allow inference of some empirical
consequences. This was the case for the hypothesis that *movement can be preprogrammed” for
example.

Movements are intrinsically highly variable, and while a lot of that variability seems, to use
statistical expressions, to be of the "between” (across movements) type, it has been known for a
long time that a good measure of “within” {(single movements) variability also cxists, Furthermere
while we “explain” the first type with reference to intentional or purposeful variation, the second
type, which is much more visible, and in which we control for intention or result, is much less
amenable to factors external to the product. “Within" variation of course refers to the problem of
cquivalence. ‘This phenomenon, although it has not 1o cur knowledge received the kind of experi-
mental atiention which its importance would imply, is nevertheless not completely ignored within
mo‘dcls;' in fact the idca of a schema as originally proposed by Bartcut (1932) was issued with
reference 10 the existence of equivalence classes in perception and cognition. However, again, the
obscrvation of the fact, for example that we will perceive something cailed “linearity” across a rela-
tively large variation of differing instances (cf. chapter 1), and the supposition that there must exist
some mechanism which allows for the perception or extraction of an identical characteristic, namely
lincarity, within the set of variable instances, does not constitute a model or an explanation of the
phenomenon; it mercly constitutes the formulation of a problem. Similarly the obscrvation that
many different movements lead o the same result or end, and the supposition that a singularity of
purpose {or whatever it is called) can account for, or must lic behind, this multiplicity of equivalent
responses constitutes the formulation of the problem of motor equivalence. As discussed previous-
ly, Hebb was the only one to approach the problem with any degree of explicitness. The adoption
of the schema idea by Pew (1974) for example did implicate some attention into equivalence, but

the resulting model only provides a demonstration in principle of the achicvement of a single
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purpose in equivalent ways. It is basically argued (e.g. by Schmidt 1980) that changing some
pacameter values, for cthplc relative force, will do the trick. This is paramount to saying for
example that in the perception of linearity, orientation is ignored. That might be the case, but the
qucstion remains: how can it be ignored in some cases and not in others, This issue is in fact related
to the difficult general question of the relation between the two types of variability and how they are
to be reated within a system. It has not been addressed in the schema theory.

Some further cc:Szd points that appear to be left in a state of fuzziness in current performance
models have 19 do with the characteristics of commands and their relation to resulting movemenis.
The question of the extent of a programme (or command), that is, its ‘size,” or the question of how
‘large’ a movement it can sustain, arc of particular interest. Nearly all possibilities have been held
al some point, from the idea that no programming occurs at all to the opposite suggestion that all
movements are prog'rammcd. The fact of the matter seems to be that the existing performance
models do not allow for the identification of a programme, or at least the description of what a
command or command scquence mig-hl be, along with a description of the generated output. This is
probably becausc they are not claborated as working models, which boils down to the simple fact
that one cannot use the current performance models as blueprints for the construction or simulation
of a control sysu:m.'We have no doubt that the process of thecrizing would be markedty enhanced
and would greatly benefit from the adoption of such an outlook (cf. éhaplcr 0). This is in fact what
w¢ have attempted 1o do.

Pew (1974) had noted that while “Pracess-oriented views of perception, memory, and decision
arc alrcady well-advanced, [ ] Motor performance has been the laggard in this respect.” (Pew 1974,
p. 1) Im};rcstingly. movement studies nevertheless seem to have caught up quite rapidly since then,
which might leave one thoughtful about the true depth of these views in cognition at large. Be that
as it may, he then defined “the unique subject-matter of motor performance” to consist of “move-
ment control, utilization of response-produced feedback, and the organization and patterning of
behavior in time.” (ibid., p. 2) Too often however such departmentalizations seem to derive from
the specific problem-context arising out of the use of particularly ‘rich’ paradigms (such as pursuit)
rather than from an analysis of the basic problem. (Thus the area of motor equivalence for example
is not explicitly recognized as contributing 10 the subject-matter, although we would argue that it
would be if an equivalence paradigm existed. It could probably not, however, be fitted neatly into
one level.) In our view the unique subjcct-matter of motor performance is the problem of movement
production. ‘ .

Pew suggests that “The reader should think of motor control in terms of a hicrarchically orga-
nized system [an idea which also dates back to tum of the century performance research; cf. ibid. p.

32] in which the distinction among levels is diffuse and in which there is a rich interplay among the
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various [presumably feedback] processes.” (ibi&.. p. 3) He concludes _Lhat “The question of what is a
motc;r program and what do we mean by “automating” a movement are to me inscparable fhm &
more global analysis of temporal and spatial organization. There is no level in the motor system at
which [ am willing to say, *Here is where a motor program comes into play.™ (ibid., p. 33) Indeed
we also believe that most likely cvery part of the system is intertwined within all the others, but
we also believe that understanding should aim for their gradual disentanglement. Given this
formulation of the ultimate goal, one could wonder how a “global analysis” should be carried out,
and indeed be surprised to discover that a solution to the problem of “the organization and patterning
of behavior in time” is said to depend upon an “analysis of temporal Bl‘;d spatial organization.”

The idea of embedded layers of control, or equivalently of a hicrarchical organization within a
control system, is one which has pervaded in tum what we call system-driven research in movement

studies, especially in Neurophysiology. To this we shall presently .

2.1.1 Systein-driven research

Whereas, using Woodworth's terms, performance-driven research into the problem of move-
ment production and control essentially focuses on the “result” of molor'nclior-l, and endeavours 1o
uncover what might be called the laws of signiﬁcanf or p[xrposcful bodily motion (at least insofar as
the achicvement of specific motor resulis can be said to touch upon the matier of meaning), system-
driven research for its part appears to be overwhelmingly preoccupicd with the “possibility” of
motor action, Now it is generally held that this possibility depends upon and is a direct function of
certain parts of the nervous system along with their associated effecting system, i.e. the musculo-
skeletal system. Simply put, “Movement is the result of the motor activity of the muscles acting
upon the levers of the skeleton.” (Paillard 1960, p. 1682) Since “Every movement results from the
cooperative action of a number of muagcles" (ibid., p. 1683} and since “the motor activity of the
muscles” is a function of their inncrvation, that is, the ¢ffegs of the activity of the neurone groups
associated with them, the problem of “the ncurophysioloﬁtal basis of the patterning of skilled
movements must be defined in terms of ‘coordin;ation‘." (ibid., p. 1684) Hence the problem of
r'novcmcm is immediately stated in terms of the (nervous) system that is belicved directly
responsible for it. This contrasts with the movement-as-performance view where, even though the
product’s existence is recognized as dependent upon a system, the variables and the problem are
primarily defined wiy-{spcct to the product itself and not with respect o its ‘pt:ysical' generation,
The cmphasis-or 'gcncralion, or production, is thus at the very core of system-driven rescarch on

movement. Paillard (ibid.) states the problem very succintly:

i . -
We must seek for a mechanism which can select a privileged combination of mus-
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" cles from among a considerable variety of possible combinations.

In this connection, two fundamental questions arise: what are the factors which
determine the choice of the muscles to be engaged in a given movement and the
variable spatiotemporal ordering of their activation, and how does this selective
operation operate in the nervous system.

It turns out, unfortunately, that musclcsfarc not simple elements within the motor chain, in the
scnse that they would constitute the functional units from which are built up all movement
commands, and that the level at which they apparently can become functional units (the motor
coricx) is found quite high up in the nervous machinery. Muscles are in fact structurally made up of
a variable amount of variable-sized components (bundles of muscle fibers) that, along with the
single motor feurone that binds them together functionally, make up what Sherrington (1925)
defined as the “motor unit.” (cf. Buchthal & Schmalbruch 1980) 1t constitutes the functional unit
upon which everything motor, from postural adjustments (Roberts 1978) to the most sophisticated
human voluntary productions, rests. It follows that from the ncurophysiological point of view the

selection of particular muscle groups has to be cifected through the selection of particular groups of

muscle nerves, called “a” {alpha) motoneurones. Since these nerves subserve the whole variety of‘
motor ‘purposes,’ it is not surprising 10 find ther impinged upon by very large numbers of other
neurones, some of which stem from the muscle tissue itself {the sensory nerves, of type “la,” of the
primary or spindle muscle receptors, also called intrafusal receptors), others (the interneurones,
umc;ng which Wmc Renshaw cells) belonging 10 the grey matier of the immediate or distant

spinal environggent/and finally still others emanating from a variety of regions in the heights of

the central nervous system. There is more: a second type of spinal motoneurones, the Y’ (gamma) -
fibers, also attaches o muscle control bat i indirect manner, since these neurones stimulate the
intrafusal fibers lodging in the spindie rcc;‘zrs These muscle fibers in tusn are equipped with a
sccond type of sensor, the sccondary receptors, from which gocecd the group II afferents. (Procha-
zka 1981) Two other systems compléte. the sensory apparatus of the musculo-skeletai system,
namely the Golgi tendon organ (group Ib afferents) and the joint receptors (Proske 1981; Skoglund
1973; Matthews 1972) In cffect, muscles are not simply the purely motor or output end of an
overall orgahismic input-output loop: ml.h(:;r they already constitute, along with the associated spi-
nal circuitry, an claborate, intricate, and semi-autonomous, sensori-motor system, one which must
be taken into account by the higher centers. Thus, the follow-up servo hypothesis of movement
production (Merton 1953; Hammond, Merton, Sutton 1956) attempted to show how some of the
spinal reflex circuits could, be exploited by a central command. However this hypoethesis was later
invalidated. (Matthews 1972; cf. Burke 1981)

The spinal machinery appears formidable. Indeed it apparently led one author to nearly admit

[V

that it is beyond comprehcnsidn: “One can speculate [on the réle of the fusimotor; tem] but, as

’
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in the past, any speculation is likely to be seriously flawed.” (Burke 1981, p. 121} Yet he goes on
10 suggest that ' .

The role of the muscle spindle in the control of movement is probably not related
solely to its reflex effects onto the motoneuron pool. Equally and possibly more
important arc its projections to the higher centers involved in elaborating the
movemen! program. The muscle spindle’s contribution is probably subtle, its
feedback integrated with other sources of information. (our emphasis)

Paillard (1960) had for his part alrcady suggested that the cortical “keyboard™ would play a theme to
the accompaniement of the spinal “keyboard,” while itself being subject o the whim of a (possibly
sub-cortical) director. Thus he advanced the idea of an elaborate co;nmunicnlion system in which
cach node would respond in a specific fashion, and in which, for example, outside of their own
intrinsic ‘logic,’ the spinal circuits would be subject to external (cortical and subcortical) driving
impacts, mediated through the pyramidal and extra-pyramidal systems of fibers. It is as if (he spinal
neurones could be driven, but only in certain directions; the superimposed cortical commands then
proceeding to ‘push’ them in certain of these dircctions, and in such a manner as to produce,
unknowingly to the local spinal sysiems, more global, or ‘significant,” patterns. This would
cxpiain not only that for example local signals are fed back into the command centers but also, as
Burke (above) suggests, that they must be integrated at that higher level, However we are already
respassing the bounds of ncurophysiological pronouncemenys.

Nevertheless we think it is worthwhile to consider lhncigntcnls of the above quotation. In it
we find reference to two major concepts that seem 10 have become “monnaic courante” in a large
part of neurophysiological research into movement. Since these form, to our understanding, the
basic components of what might by exiension be called the current model of movement control and
production in system-driven research, they deserve closer attention.

The idea of a movement programme, which secems to have arisen independently in the context
of clchromyogmpﬁic rescarch during the twenties (cf. Paillard 1960), has apparently survived well
into the ‘neurographic’ era that soon afterward flourished. Reflex control seems difficult to extend
fi uncﬁonally outside of the spinal domain, where lie the motoneurone pools and where its mechanics
is apparently largely confined, although there have been more or less snccessful atempts to do so.
(Phillips 1969; cf. Asanuma 1981) The relatively local or piecemeal nature of reflexes does not
appear 10 be easily reconcilable in neurological terms with the otherwise temporally and spatially
much more extended features of voluntary productions. In that respect the parochial character of
cortical control is to be noted (Asanunﬁa 1981), as it does not seem either to correspond 1o the site
where intuition would have the necessary prior organization of movement commands ofcur, these

commands of course still being expressed as sets and series of local events. Although liude
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rescrvation is manifest within the neurophysiology of movement production as concerns the exis-

tence of some sort of mechanism responsible for the observed overall ordered organization of local

~ activity within the pyramidal tract for example, there is a much more definite restraint as concems
analysis of this problem from the more general viewpoint that seems required in order that the
underlying process eventually be apprehended with microclectrodes. (cf. Paillard 1978) Some effort
however has gone in that direction, the results of which occupy®ag important place in the latter part
of the present sub-section,

o~

The second concept to which Burke alludes is feedback. Although he had speculated that efforts

at theory wers “likely to be seriously fawed,” it must nevertheless be remembered that the *applica-

- tion' of the idea of feedback to nervous function i IS closely related with some of these attempts at

« theory (von Holst & Mitelstaedt 1950; Merton 1’953) and that although the specific servo system

proposed by Merten for exampic did not survive, the gencral idea of feedback control and the ovemll

ncurop@logical plausibility of the concept continued 1o be invested. Indeed already in Paillard
(1960)

adjusting mechanisms, but an overall case is made for viewing the whole sensori-motor apparatus

only is the idea of refiex itself tentatively revised in light of the principles of s-elf-

in that manner, This view was developed more systematically in Paillard (1980). But rather than
constituting the basis, as in the case of Merton (1953), for the elaboration of specific models of

N /Dnuok it seems that the cybernetic framework has remained both general enough to encompass a
large number of diverse studies touching upon nearly every known motor structure and yet specific
cnough to provide ideas for their functional as well as anatomical investigation.

In that respect et us rccal.l here a statement made by Cajal over-nincty years ago conceming
the study of nervous microanatomy. Speaking of the devoted patience required on the part of
anatomists **pour débrouiller la trame délicate de I'axe encéphalo-spinal, [ ] la machine la plus subti-
lement compliquée que la vie puisse nous offrir,” he a‘zldcd that “ils éwaient guidés, cela ne fait point
de doute, par l'espoir que Ia découverte de la clef structurale des centres nerveux jetierait une vive
lumidre sur les importantes activités de ces organes.” (Cajal 1894, p. 444} In other words this
meant, approxlmately. that in order to understand how the neuronal machine works, we must first
undcrsmnd how it is built. We believe that the appeal and influence of cybemetic ideas in system-
driven rescarch in movement stems largely from the fact that they allow for the son of inference
from structure to funclion which Cajal talked about. Unfortunately this seems to work only in a
very approximate manner, in particular for what we might call tht general or overall layout of the
system, which is indeed organized according 10 an input-compare-output scheme; however that had
been proposed before the advent of Cybemnetics. That it also turned out to shed some light on local
circuitry, especially at the level of reflexes (in panﬂéular the stretch reflex), constituted a major
demonstration of how what until then had largely been defined in behavioural terms could be shown
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to be coherent, or rely functionally upon, local circuitry; however this was not a case of going from
a knowledge of structure 1o an understanding of function but rather the raverse, ‘
At onc point it seemed as if the micro-structure of some of the circuits, in particular the spinal
rclays, were in fact simple servo and servo-gssisted loops. But even there it i no longer clear that
such simple schemas tell the whole story. When it comes to central structures frhose micro-
anatomy is well-known, in particular to the cerchellar cortex, then it scems clear that the circuits
invelved arc no longer rcc;Ognizablc at all in cybernetic terms, even though from a global point of
view it is difficult to abandon the notion that somehow we are dealing with a comparator or
computor of some sort. The complexity of the nervous system scems nowhere to be more apparcnt
than in the fact that events at a local or micro level do not recognizably generalize 1o global
funclion and vice-versa; while it is generally believed, following Cajal, that the key to the nervous
system is to be found at the level of local events, we find very little effort expended toward the pro-
blem of relating them with glob‘al functions, or indeed with other closely related local events. Thus
the micro-structure of the cerebellar coriex is crystalline, which seems to suggest that locally it is
oricnted toward a single task; yet even tlllough we have good information on the nature of its global
integrative expression, the problem of progeeding from one:do the other, of showing how the global
operation ultimately depends upon the local network, or conversely of showing how a particular
local operation, when ‘multiplied,’ can lead to a functionally new whole, has not received within
Neurophysiology the kind of attention wh;ch it:s importance suggests. Following Paillard (1960)
this might have been due to the fact that at the time such problems entailed insurmountable experi-
mental difficulties. However as he later added, “It is my firm conviction that, in the last resort,
% cvery significant advance in neurophysiology must always refer, cxpliémy or implicitly, to models
of how we imagine the system works.%g well as 10 models of what we imagine the syi%cm is
doing.” (Paillard 1978, p. 156) For our part, we believe that solving the above problem would
indced constitute “a significant advance in neurophysiology.”
We also believe that finding a solution 10 this problem, or more precisely that part of it which
; " consists of relating local nervous events with global events or functions, is the overriding purpose
behind some major experimental efforts into the involvt:,mem. of the higher centers in movement
production and ;:onlrol that have been expended over the last twenty years. Following upon the
) <cxpcrimcnml success of such attempts in vision, particularly in the work of Hubcl & Wiesel
(1962), single-cell recording techniques have been adapted and applied to the movement domain.
Although the idea that neuroncs constitute the primitive or local ‘physical’ constructs of the
nervous system dates back to Cajal (1894), the idea that single neuronal activity corresponds (o
local events, or reflects local function, and that it is relatable to global function is 8 much more

modern hypothesis that apparently also has roots in “models of how we imagine [a particular]
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system works” like the one conceived by Selfridge (1959). That such a system was ‘artificial,’ and
grew out of a prcoccupaﬁon with the creation of machines (in the sense of chapter 0) displaying
human-like capabilities, is secondary to the fact that it proved to have some relevance to the
problems dl' studying natural systems like the CNS; no doubt that is because the problems to be
faced in constructing human-like machines are fundamentally not different from those encountered in
trying o understand their natural counfcrpan.

However, cven though the problems are similar, the methods markedly differ, probably because
the single-cell ncurophysiologist is in the presence of a working system while the ‘system’ theorist
is not. Yet having 1o sclect the most promising or revealing site in which to implant his micro-
clectrodes the neurophysiologist must refer to some understanding of the system. Now the ‘best’
kind of knowledge in that sense is anatomical. Thus for example Evarts (1980, p. 224) states that
“In inilisting studics on the activity of the brain in relation to volitional movement, it seemed
rcasonable to start by examining the output of the cercbral cortex - investigating those neurons
which send their axons to the spinal cord.” But there is more 10 this choice. Over a century ago
Fritsch & Hitzig (1870) had demonstrated that part of the cercbral cortex, until then believed to be
exclusively engaged in higher mental processes, was involved in the ‘lowly’ task of muscular
control. It seems nevertheless that the tendency to ascribe higher functions to the cortex, even
though they were no longer restricted (o)Lhc ‘purcly” cognitive domain, remained strong: the motor
cortex and pyramidal tract neurones were now thought 10 be involved in the programming of
movement, and in particular voluntary movement, while the sub-cortical structures, including the
basal ganglia, the lateral cerebellutm, and the ventrolateral thalamus, and constituting the extrapyra-
midal system, were concerned with reflex or automatic movements. (cf. Evarts 1980; Paillard 1978)
These two systems were furthermore believed to be quasi-independent. But these views and assump-
tions have had to be revised drastically in the light of “anatomical and physiological studies [that]
now make it clear that pyramidal and extrapyramidal systems arc not separate.” (Evarts 1980, p.
242) The revised picture now states that “Whereas the traditional view held that the cercbral motor
cortex \% at the higi;cst level of motor integration and that the subcortical structures were at a
lower level, that is, closer to the muscle, it now appears that the situation is quite the reverse,”
(ibid., p. 244) « '

Like others before him, Evarts had, on comparative anatomical grounds, argued for the critical
importance of the pyramidal system in “those aspects of motor behavior that are most especially
human,” (ibid., p. 224) in particular manipulation, speech, and fine adjustments. It is cenainly an
- casy step to conclude from this that the pyram;idal system's motor contribution is of the highest
nature, an assumption that seemed to have biased the interpretation of his “ﬁndi:\gmat disclfa:gnc of

some PTNs [pyramidal tract neurones] varied with load in tasks requiring cither fixed-velocity

o
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movements [ ) or maintained posture” (ibid., p. 231} in that sense. He explains that “My own early
formulations«<oncerning the significance of this finding on the relation of PTN discharge frequency
to load involved the assumption that the PTN was providing a central program or- command
specifying some peripheral event. I had given little attention to the altered feedback that might have
been reaching the PTN with different loads until Phillips [(1969)] proposed that changes in cortico-
motoneuronal activity with changed loads might be the result of a mismaich between actual and
intended movement.” (ibid.) ‘

This interpretation is largely responsible for a most remarkable revival of servomechanistic
models and ideas in the neurophysiology of movement control during the seventies. (cf. Desmedt
1978; Miles & Evarts 1979) Interestingly, even though the supposed programming tasks associated
with the motor cortex have now been relegated to the subcortical structures and centers, w_hich arc
now scen as ‘driving’ it, Phillips' hypothesis remains consistent with the cortex’s supposed critical
contribution; for it is casy to imagine for cxample that the corticomotoneuronal loops might be
‘preset’ in a manner similar to the way in which Merton had earlier imagined the spinal loops to be

* preset by the y system, But all thede views were foreshadowed in Paillard (1960) who also referred .
to Penficld's (1954, p. 5) “central co-ordinating integrating system which we may call centrence-
phalic” from which would issue streams of “volitional impulses.” Paradoxically, this growing
understanding of the ‘proper’ réle of the cercbral cortex and the pyramidal system in movement
production has rémoved cven further, and into still deeper recesses of the brain, those structures and
processes whose ‘tapping’ would finally unveil the mystery of movement coordination, or initia-
tion, or as we now say, programming. In that context it is noteworthy that just as Paillard (1960),
in discussing the ncurophysiology of will, had reverted 1o clinical data, so twenty ycars later still
docs Evarts (Evarts 1980), adding however, speculatively, that since “The entire cerebral cortex
sends fibers to both the basal ganglia and the cerebellum, and these two structures in turn send
massive connections back 1.6 the motor cortex by way of the thalamus,” that “The inputs going into
the cercbellum and into the basal ganglia may be coded in a more abstract and complex manner than
the outputs leaving the motor cortex.” (ibid., pp. 243-244) Efforts to establish and understand the
functional relation of local nervous events within the cerebellum (Thach 1978; Harvey 1980) and
the basal ganglia (DeLong 1974¥sdcn 1980) with selected global movement cl.lamclcristics has
indeed proved 1o be difficult and sRown them 1o be abstract and complex; that is, they still remain
largely unknown. ’

We would suggest that this is because apart from the servo loop there are litile if any concepts
that pertain directly to possible functional modes of neuronal interaction, of the type that would be
useful in interpreting these data and capable of explaining how such a homdgeneous structure ag the

cerebellar cortex and its nuclei can have and process “primary representations { ] of signals relating
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to start, possibly stop, direction, joint \posilibn {or muscle length), pattern of muscular activity, and"
force; and [ ] a velocity signal.” (Thach 1978, p. 674) Ccn:ainly one can argue that siich obser-

vations are consistent with a hierarchical model of control (ibid.) in which an ascending order of

variables, from the ‘concrete’ muscle-related signals tfthe more ‘abstract’ non-muscle-related ones,

could in principle be established; however serious doubt can still attach to such interpretations in

view of the fact that “none of the neurons whose discharge is correlated with some aspect of
movement have been shown to actually play the causal role the con:el.ation implies.” (ibid., p. 675)

Indeced following Paillard (1978) we would further submit that showing for instance that muscle

length signals dé enter critically into a cercbello-cortical loop requires first an idea on how a length

signal is funciionally represented in the structures involed, fot in terms of single neuronal signals,

which we alrcady belicve it to be, but rather in terms of the control process itself; this in turn

implics for ex le that the problem of the integration of the (local) neuronal signals, probably

connected wit:::& spindle receptors’ central projections, from which are presumably built up the
mus;:lc length signals, be solved. But we have not scen these issues, which we consider of central
importance, addressed explicitly or even recognized as such, Of course we fully recognize, on the
other hand, that the intricacies of central nervous anatomy, and the imposing mass of neurcnal
tissue more or less intimately involved in the production of movement, renders the task of unravel-
ling the specific functional contribution of each to the whole business of control a very difficult
cnterprise. We arc merely suggesting that it migpt be facilitated by a decper preliminary investment
in some theoretical problems such as the one dc.;'cﬁbcd above. ,

As a further example, consider that a.s Thach (1978) seems to suggest, and as we arc also
inclined to believe on anatomical grounds, the fact that the cercbellar cortex ‘acts’ according o
length, direction, etc., does not allow us o conclude that these are actual control variables since,
cxcept for the “patiern of muscular activity” signal, they are also all performance variables.
Furthermore, as suggested earlier, it seems difficult 1o reconcile the cerebellar cortex's homogeneous

micro-structure with this apparent multiplicity or diversity of processing. Now as we tricgdo argue

in the previous sub-section, a performance variable can only be transformed into a con
that a
cerebellar control or processing mechanism be postulated that can account for the observed diversity.

through its integration within a model of production. In the case at hand this would requi

In their review on “Concepts of Motor Orga:iizau’on." Miles & Evarts (1979) reserve the
largest space 1o a discussion of models derived from Control Theory pertaining mostly 1o the oculo-
motor systemn, in which “two types of control - open-loop and closed-loop - operate [ ] with a
machine-like quality [making it] particularly amenable to an engineering: approaéh." (ibid., p. 337)
This is prefaced by a survey of the critical studies purported to haye given ris¢ to the idea of central

motor programmes; according o them, “Sherrington’s work on the scratch reflex underlies our
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concepts of lhc triggered movement based on a censral program involving & spinal rythm generator.”
{ibid., p. 3i9) Thus the concept of motor programme was originally bascd on automatisms such as
the stretch refiex; it was later exiended to cover locomotor pattern generators. Interestingly, it was
equally extended into the realm of voluntary control, the apparent converse of automatic or reflex
control. Our understanding of this generalization is based on the necessity of assuming in both
instances the existence of a mechanism responsible for the patteras which characterize these very
claborate sequences of activation, be they of the muscular or ﬁcuronal type. In the case of auto-
matisms, the margin of va:iability within these patterns appears to be much more restricted than in
the case of voluntary productions, although as ofien pointed out and as shown through many
experiments, i_l is not inexistent. The case of the oculo-motor system is attractive in that its domain
of variability is very well circumscribed; and indeed this is where the models are most developed.
"But the domain of variability associated with an effector system such as the arm is much less
tractable within “Control Systems Models;” consequently the models are much less developed in
that arca, For this broader case the input signal, which in the case of the oculo-motor system would
be a signal representing “Visual Target” for example (ibid., Figure 8, p. 349), is simply referred to
as a “Central Program Control Signal.” (ibid., Fiéure 2, p. 336) It is not specified according to
what principie, or whal type of variable, it would drive the PTNs that arc thereafter engaged in an
claborate correction loop.

It scems then that the idea of programming largely remains at the level of descriptive
metaphor, referring cither to the character of highly ordered sequences of movement and muscle

activation or the supposed highly ordered sequences of local neuronal events that are deemed
respongible for them (of which the strict and fixed ordering of spinal a-motoncurones, possibly

y-motoncurones, and Ia receplor recruitment within movement provides the most recent and
spectacular indicatioi: - ¢f. Henneman 1981). With respect to the models encountered in the oculo-
motor dgméin, where the natore of the input signal is relatively well known (c.g. retinal slip, etc.),
the discoyery of the nature of the command input/s to the servo loops presumably involved in the
voluntary control of other effector systems such as the arm, along with its (their) mode of produc-
tion would certainly transform them into a comparably powerful model of control. An identical
remark holds for tentative applications 1o voluntary control of the principle of efference copy or
reafference (von Holst & Mitielstacdt 1950; von Holst 1954) - e.g. o cxplain or make sense of -y
co-activation (ibid., p. 358) - and corollary discharge (Sperry 1950), both of which stemmed from
work in oculo-motricity, and both of which were not addressed to the issue of patterning as it is
understood in the larger field of movement production. Thus even though it is rather casy (o
suppose that these same principles are at work in any control system, it is rather more difficult to

demonstrate how, by changing the nature of commands and subsequent afferents, it is possible to
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transform an oculo-motor control syfs‘f#m into an arm-movement controller. Such difficulties are
apparcntly directly linked to differences between the interfaces' structures, which require dit;‘fercm
commande.'nnd hence to consequent differences in the meaning of resulting afferent signals. While
in the case of the eye it has been thought for a long time that retinal slip can be precisely associated
with oculo-motor signals, in the case of the arm the equivalent ‘meaningful® input-output pairing or
pairings has remained much more elusive. ’

In effect this leaves largely untouched Paillard’s two fundamental questions, especially the
second onc concerning the operation of sclective muséle activations, which we understood to be
referring to the processes preceding, or at least concomittant with, but still centainly different from,
the engagement of auxiliary or subserviant servo loops. Now it is generally agreed that some
requisite nervous activity is essential for movement, activity whose purposc is now understood to
be concerned with the gencration of signals which will thence be fed into cortical servo loops and
possibly fed back inlc; their place of origin. Again, referring lo. the oculo-motor domain, ‘what is
nceded here is the specification of an overall directive, such as pursuit, which is then taken up b):'
scrvo loops explicitly contrived to carry out, among other milngs. such a purpose. However it is
apparently not possible to encompass as large a part of the activity of an effector such as the arm
within the confines of a directive such as pursuit, even though humans of course do engage nearly
as successfully in tracking tasks involving their arm as their eye; that is, the domain of variability
associated with an arm is much larger than that associated with the eye. This is because it is a
‘richer’ effector; it has a wider movement potential associated with it. On that view the temptation
o generalize from the case of the eye to that of the arm, given the measure of succcss- attained with
the former, can be great; but it is equally p_ossiblc that the ultimate integration of both control
structures will show oculo-motor control to be a special or simplified case within a control scheme
involving processes and principles that are not immediately apparent in it. Since the eyeball is also
. muscularly driven, these principles will nor be found active at the lowest or peripheral level but
rather in what we called above the requiste preparation,

Contrary to Miles & Evarts (1979), Paillard (1960) had sugggstcd that the idea of program-
ming, or rcqui?;i:.c preparation, had evolved out of a belief that what appeared to be incomprehen-
sible order, namely the clectomyographic activity concomitant 1o a variety of movements, must in
fact obey a higher order. (cf. Hallet ct al. 1975) He writes: “To patterning of spatial distribation
which determines the participation and the degree of intervention of the diverse muscles implicated
in the action is added an extremely complex paueming of wemporal succession,” (loc. cit., p. 1683)
Ten years carlicr Lashley (1951) had discussed this problem at much greater length. Viewing the
spatictemporal and cnergetic relations among the muscles involved in movement as but one

instance of a much more gencral feature of bchavilour. a feature which he referred to as serial
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ordering, he argued that “Not only speech, but all skilled acts seem to involve the same problems of

serigl ordering, even down to the temporal coordination of muscular contractions in such a

movement as reaching and grasping,” (p. 121) adding furthermore that “Analysis of the nervous
mechanisms underlying order in the more primitive acts may contribute ultimately to the solution
even of the physiology of logic.” (ibid., p. 122) Acc‘ording to him the till then prevailing (and
only) theory to account for “temporal integration” was *associative chain lhcory according (o
which “the performance of cach clement of the serics provides excilation of the next,” (p. 114) a
theory that turned out to be untenable in view of performance and neurological facts. Deeper
analysis of the problem of the (temporal and spatial) organization or integration of discrete bits of
behaviour inte meaningful wholes led him to the idea of a “syntax of movement” (p. 122) and-a
restatement of the.overall problem as concerning “the existence of generalized schemata of action
which determine the sequence of specific acts, acts which in !hc;,msclvcs 6r in their associations
seem to have no temporal valence.” (ibid.) He then went on to discuss the implications of this new
outlook in regard to known features of the ncuronal substratum. But little was offered beyond this
cssential reformalation except, for us at least, the very suﬁgcstivc statement that “Its [the visual
cortex's network of short axon cells] integrative functions are an expression of the properties of
such a network.” (p. 132) » .
It had been one of MACulloch's hopes, as far as we understand it, to produce an analytical igol
that would enable, given the structure of small neuronal networks, the deduction (:'f"‘r their function,
in a manner not dissimilar to but much more extended than, as we saw above, the application of the
servo concept or understanding to the large-scale connective architecture of the CNS. Unforthinately
it has wrned out mzmh\cqgc mhst be studied individually and become the subject of specific
hypotheses. Work on the cerebellar cortex, whose micro-structure is the best known of any part of
the CNS, shqws how the inference of function from structure, even for a relatively sim‘plc case like
this one, is not at all an evident or straighi.foriward step. (cf. Pellionisz 1980) Now if this holds for
the simple wiring of cerebellar cortex, how much more so woﬂd it be true for the much more
extensive neuronal arrangements of If\c cerebral cortex's columns. (cf. Szentigothai 1979, Figure 6)
On that view McCulloch's dream appears 1o lic on a conceptual .continuum in Neurophysiology
dating back at least 1o Cajal's hope that.unveiling micro-structure would bring us some way towards
the discovery of function. For us however the importance of Lashley's discussion m thai context
lies in an apparent break with that lradilibn, as it is instigated by a fundamental problem, one
whose understanding (and eventually solution), it is argued, “holds some promisc of a betler
understanding of cerebral integration.” (Lashley 1951, p. 135) Unfortunately the attraction 1o the
(nervous) system scems 1o have remained iu'ongcr than the desire to approach and analyze ll‘lc

abstract problem of serial ordering and to propose possible solutions to itas prerequisites to experi-
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mcn_tnl probing. We had suggested carlier that the cybemelic concept of feedback along with its
vari(;us attendant realizations had provided for Neurophysiology a ready-made formal context in the

study of certain tasks where the rble of sensory input scemed to be.as important as efference in the

v cstablishment of dynamic stability. The problem of serial ordering appears either complz',mcnmry 1o
it, frem the point of view of the cstablishment of successive equilibrinm peints - if is con'scrvcd the
*  notion, which might be plausible at lcast in the domain of movement production, that cvcrj: act is
realized through the attainement of a pre-fixed reference state -, or in opposition to it, from the
N point of vicw of the apparent impossibility of encompassing within the single principle of feedback
. appropriately tailored to every given situation - the infinitely variable possible and actual sets of
spatially and temporally independent clements that dcﬁ}nc the domain of these acts. .

* But whichever way it is conceived, ‘typical’ solutions or models, or what Lashley called “con-
ceptions of the fundamenta! organization of the nervous system,” (ibid., p. 130) - that incidenuly
rcfcnc:iTn_c;m IB structural than fiinctional organization - are lacking. Following Lashley (1951) and
Paillard (1960), insofar as the problem of movement production is a special casc of scrial or
sclective ordering - at whichever lcv‘él‘, muscular or neuronal, it is stated - and insofar as it must in-
volve principles other than the interplay of various servo processes such as is suggcétcd by the idea

of programming, or more specifically by a reference to the processes involved in the generation of
most of the extra-peripheral signals impinging upon the pyramidal neurones (cf. Wisc & Evarts
1981), this absence of general solution is reflected in an absence of models of movement production

within Neurophysiology.

T This completes our overview of system-driven research into the problem of movement control.
We would like now to conclude it with a brief discussion of the relationship, from the poinl‘of
vicw of the system-polarized approach, between the concept of degrouping and the idca of control-
as-production. We have not thought it worthwhile to extend our review of work in Neurophysiolo-
gy beyond the minimum that was needed to reach a clear formulation of what we think is the
essential problem of control within the domain, and onc morcover that would allow us to phu:e it in
the perspective of our own understanding of the mat@.

As we see it the neurophysiological problem of movement control can be brought down 10
three main components: [13 a multiplicity of spatio-temporally quasi-independent physical ele-
ments, clements that are also sl.ructuréd and fixed and possess an intrinsic dynamics connected with
physical motion - the ‘effectors’ (segments, muscles, motor units); [2] a very extensive and
claborate nervous apparatus that attaches to it; (3] the question of the relationship between events,
however defined and however characterized, or their effects, in the effectors and in the associated
‘totor” nervous networks. While a very great deal is known about interfacial physiology (1], and

more and more is discovered about the intricacies of nervous motor relays {2}, the question raised in
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{3 appears much mbré W d.cﬁnuc the overall programme of research into the neurophysiology of
motor control than the stalcmént ofa pz-miculnr. albeit very great, problem to solve. However some
formulations, which are not yet precise enough o constitute testable hypotheses but that are clear
cnough o provo.kc theoretical interest, have been advanced in order to maximize the search for an
answer. Here we are alluding of course to Lashley's definition of the problem of order and to
Paillard's question conceming selective processes. While one spoke of elements having no temporal
valence and the other of muscles, it can readily be seen that both fit into the three-point framework~__ .
outlined above. Following on theselines, the problem of control then becomes the problem of defi-
ning and irrfpasfng a varicty of specific, or ‘meaningful,” orders (or spatio-lemporal structures) upon

a sct {or subset) of these more or less loosely connected elements. This being approximately where
our introductory discussion of degrouping started, we now refer the reader back to it For the pur-
poscs of the present discussion however a few more remarks are in order.

Cybernctic theory consists of a set of principles that are, as any theory should be, more general
than any specific instantiation it allows for, We mentioned carlier Merton’s (1953} application of
the theory into a possible scheme (the follow-up servo) of production. This was one instantiation —
that proved ervoneous. Next in line came Phillips' (1969) idea of the trans-cortical loop, which has
been very useful for setting up experimental paradigms for the study of motor cortical neurophysio-
logy. Its status and value are still debated, Afterward Paillard (1978) set out 1o attempt 8 complete
integration not only of movement, but of the whole behaviour of organisms, within a set of
interdependent embedded control loops. (Admittedly, he was not proposing a ﬂ'lcory(: but defining a
setting within which could be claborated and organized problems and programmes of research.)

In the carly sixties, according to Miles & Evarts (1979, p. 328), “The use of formal Conirol
Systems Models in studies of motor organization was pionecred by Stark and Young in studies of
cyc movement.” Now considering this case of control from the point of view that we are adopting
here, it can centainly be argued that the cyberhetic model of the visual pursuit mechanism does solve
a problem of order, and docs answer o Paillard's request for a selection mechanism. However a

closer look at these models reveals that they actually presuppose the existence of a mechanism that

will for instance transiaté a (single) visual target - situated at 'some angle 01 (ibid., Figure 8) in
terms of ¢ye position - into the (multiple) eye muscle commands necessary to achieve the desired
goal. What docs this mean? It means first of all that it is possible to arrive at a very good model of
the performance of an ‘effector,’ namely the eye, in the absence of any explicit recourse within the
madel 1o the eye's true effectors, i.e. the eye muscles. Indeed these models are apparcatly of little
help when the sensory ncurophysiologist enquires as 10 what réle the very rich spindle output
associated with eye musculature p]ays in such & scheme. They might however be very attractive to

performance-related researchers who believe that the same can be done for the whole body as has
v
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been achieved for the eye, even though we have encountered very few instances of transposition ’
from one problem into the other. This might simply ' be because the eye is untypical among
cffectors; for us the essential difference lies not with its analomy, even though the reason for the
scgregation is closely related to it, That essental dif fc@cc lics in the varicty of purposes which an
arm can answerllo as compared to an cye, and most importantly to the fact that as concetns the eye -
the critical signals, that is the sources of information upon which operates the system, are more
limilcid and fewer in number than in the more general case of the arm for example, with its much
larger number of degrees-of-freedom, muscles, and associated sensors. Thus it is conceivable (and
even compatable) that activity levels in the six eye musgles might be translated into a single
position value with respect to the head, but the equivalent calculation for an arm with twenty
muscles and I.I;ree articulations is a di.f ferent story, the first question to be answered, supposing onc
wanted to arrive at a single positional value for the arm, being the nature of that parameter.

Now the fact that such signals are readily definable for the ¢ye along with the fact that a large
portion of the eye's behaviour is describable in those positional terms, has apparently oversha-—
dowed the issue of the variety of purposes mentioned above. If a way could be found [1] to describe
all possible positions of the arm with a single (or at lcast a small set of) parameter/s, and [2] to
describe all possible behaviours of the arm as a change in that value, then we would suggest that
the problem of control for the arm has been largely solved. This would amount in effect to equating
“the variety of purposes™ with “the variety of (changes of) positions™ of the arm. Our main point
here-Ts-not to argue against the relevance of serve loops per se, but to emphasize the requisite necd l
for the proper signal,- which constitutes a problem in itsclf, that on first view at least, has apparen-
tly little to do directly with the cybernetic mechanism even though it is directly defined with respect
to it here, |

A performance approach (o this problem might auempt an initial simplification, something
like choosing the end-point of the arm and characterizing arm position as position of the arm's ¢nd-
point in cuclidean space. However such a procedure is computationally largely i;n.raclnblc, and qui-
ckly resolves into a system question; in other words it is only an apparent simplification, the kind
of spatial knowledge and computational power presumed 10 exist for managing the task successfully
and within natural time constraints being at least as great, if not exceeding, that required for alterna-
tive, but still unknown, modus operandi.

A vqry similar remark could be made conceming possible attempts to expand ﬂ}c cye move-
ment conlr\;l scheme into an arm control scheme by the superimposition or adjunction, in the
manner o /é’aillard (1980, of larger and larger control loops, and whereby each lcvel would only
deal wii.(onc single parameter that cascades down into the next one, which in tum gives risc to its

own panicu§ si7a1 and so on down the line, a design which certainly would not lack of variety of



88

intention and purposes; however again, the main problem is not with the design per se but with the
resolution of the product, ﬁ;n:cly again the variety of movements associaled with an arm for exam-
ple, into a handful of workable *integrated” parameters. »

Because of system-driven research's interest in the periphery..or the motor interface, it is much
casicr 10 sce in that case how the basic problem is in fact the problem of degrouping than it is in
the performance-driven approach. Lashley's usg of a syntactic metaphor for movement, which is
cerainly atiractive if only for the fact that language is defined primarily as a problem of production
and that it is thought largely to depend upon a body of syntactical rules (ideas that incidently were
still embryonic within Linguistics when Lashley wrote), and Paillard’s idea of a selective operation,
relying implicitly on the idea that the components to be selected and ordered ;vcm ‘independent’
since otherwise the need for such operations is difficult to realize, both call for the solution of the
problems of degrouping as outlined in section 2.0, Unfortunately neither of them pursued the
analysis beyond that level. Thus even though, as discussed above for the idea of programming, onc
observes a certain readiness to ascribe to the nervous system a capacity to camry out pn;ccsscs in
response to an understanding of certain problems, one also observes a marked reticence to pursue the
implications of such processing (in terms for example of the demands it would make in order to
occur) outside of strict experimental guidance. This probably explains why from the twenties up till
today the concept of motor programming has ncither noticeably evolved nor become more precise.
And it has been uscduindiscriminam.ly in a great varicty of contexts, ranging from the study of
automatisms such as insect flight to the problem of skills leaming. Cenainly however, just as for

the basic cybernetic ideas, the notion of programming (or selection, or ordering) is more general

than any of these supposed specific instances. But there is not to,our knowledge even one workable:

rcalization or demonstration of the principle to which could be referred, and which could possibly
enhance, the study of any of those specific cases. In our view the insistence upon the problems of
coatrol as problems of production and the assumption of efforts to resolve them even for ‘artificial’
cases would go some way in helping 1o resolve the natural ones, or even possibly in demonstrating
the inadequacy of the concept. But this calls for a greater investment in pure theoretical concerns, or
in speculation, than has occurred so far,

The problem of degrouping is a theoretical issue that arose out of, and was strengthencd by, a
study of the problem of movement production within both system-polarized and performance-driven
research, and it is _one which we believe to be at the heart of borh approaches. The fact that in the
present essay it has in large measure overtaken and overshadowed concem for apparently more well-
defined and/or restricted, empirical aspects of the phenomena of control, especially movement
control, is the expression and consequence of that view within the framework of the above

argument.
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It is, nevertheless, a problem which can be clearly idcnu’ﬁ@ within yet a third approach to
movement control. We have called it technology-driven for reasons that will become clear in the

upcoming and final sub-section dcvoted to a review of past research,

2.1.2 Technology-driven research

As mentioned in the introduction to.the present section, there exists a third arca of research in
the problems of movement control and production which belongs to neither of our two previous
classes of performance- or system-driven research, This third series of endeavours, being intimately
mlaldd—io; and dependent upon, recent (i.c. post World War IT) developments in information theory
and technology, it has therefore had the shortest history. In fact it was only in the early sixties that
the idea of automating the operator of various manipulators was bom and took shape; initally this
occurred for example in the context of the demands associated with planetary probes, but quite
rapidly the "“fantastic potential” (Mason 1979, p. 6) of computer-controlled manipulators became
cvident, as it appeared that the diversity of possible applications of such tools was to be compared
to nothing less than the varicty of-uses to which is put the most versatile tool of all: the human
arm and hand. Thus while Craik (1948) had dreamed of modelling the human operator as an ¢lement
in a control system, the new goal took the form of the apparently more ambitious prospect of
building a mechanical or artificial operator with human-like capabilities, at lcast in the domain of
manipulation (in its widest scnse). This development paralleled and cxpanded upon the crystalli-
zation of the technological chailcnges. formulated in the middle fiftics, that came to be known as
Artificial Intelligence (Al). The intrinsic open-endedness of the formal background (cf. chapter 0) 1o
this new approach to the prablems of intelligence and knowledge at large (including therefore those
knowledge problems specifically associated with the control of manipulators), carried over and
realized into its technological instantiation, particularly in computers, probably contributed to a
noticeable degree to the establishment of the ficld's most outstanding characteristic: the polarization
of atiention on information technology. Of course the peculiarity of Robotics research in move-
ment, i.e. Al research bearing on the control of manipulators, as opposed for example to research in
reasoning or problem-solving, stems from the fact that it involves a further concern with the
physics of the manipulator itself. This added dimension, moving away from the purcly symbolic
concerns characleristic of most of the work in Al and closer to the *concrete’ preoccupations of the
engineer, has in fact largely determined the orientation of movement rescarch in Al in which the
specific knowledge problems associated with the control of manipulators seem to be dictated and
indeed defined much more forcefully by the physics of the object of control than by any other -
consideration. )

It might be worthwhile, before proceeding further, to mention how this third, technology-

’
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driven, approach in fact shares in and integrates the characteristic or prominent preoccupations of the
previous two, Thus while it is evident that Robotics research does not stm"t out with a 'giv‘en' such
as a performance level in some (e.g. human) organism, it does in fact, just as performance-driven
rescarch, strive toward a theory of performance; in the same manner, while it is evident that
Robotics rescarch docs not start out with a ‘given’ system such as a (motor) nervous system, it
docs in fact, jusl as system-driven research, strive toward a theory of the coatrolling system: the
main point here being that in order to build a system capable of achieving or demonstrating a
cenain level of performance, neglect of either aspect is unwarranted by definition, On the other
hand, it is clear that a solution to the manipulator control problem would at once provide a model
for—t;o:l; system and performance since the theory of the system and the theory of performance
would be indissociable, and probably: indistianuishablc. As to whether or not such a solution would
‘apply’ to biological systems and levels of performance, or indeed as to whether it is feasible at all,
cven though it is generally agreed that in principle it is, remains of course to be seen. Such
questions would require, to be treated rigourously, that the field be far more advanced than it is now.
{cf. Hildreth & Hollerbach 1985) Conversely it is certainly true that, beyond a shared grounding in
the ideas of Cybemnctics, system research as well as performance research has apparently provided
little that is of use to the stated purposes of Robotics.

Nevertheless we believe that certain trends are already detectable within technology-driven
rescarch in movement control which allow and call for review and comment in the above sense, if
only for the fact that AI rescarch must tackle both aspecis of movement simultancously, a fm@e
which demarcates it from ‘pure’ performance rescarch or ‘pure’ system research.

Technology is all about making things that work and that do some work. Information
technology, and in particular the developments associated with Al and Robotics, participates by
definition in that cndeavour; howéver here the kind of work (or tasks) that is aimed at and the kind
of principles that are at work within the products of that technology are centered upon information.
In the theory of computation {(cf. chapter 0) there is a term used for characterizing that particular
kind of work: effectivity (referring to effective decision procedures). This explains the overriding
concern within Al and Robotics for effectivity: i.e. producing results that work. In that context, the
relevance or non-relevance of Robotics research Lo the biological problems of control (either from a
system or performance point of view) is a non-issue by definition. However we have tried to argue
in the previous sub-sections that both system- and performance-driven research in movement would
benefit from a greater concemn for problems of production of movement, that is, with questions of
effectivity. The fact that the whole theory of computation, and therefore in particular the practice of
information processing which is derived direcfly from it, is founded upon the notion of effectivity

{or decidability or computability) justifies this overriding concern; it furthermore implies that a
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serious use of the information-processing mcgnphor. which pervades both system and performance
research on movement, can only become powerful if it is carried to effective fulillment,

The fact that a reconciliation of this requircment of cffectivity with the empirical domains of
both neurophysioclogists and psychologists has not so far been achieved successfully (¢f. Hollerbach '
1982; Hildreth & Hollerbach 1-985) does not indicate that it never can be; indeed the widespread
adoption of the programming mctnphér within these diverse research domains probably corresponds
(0 some intimation of a possible *shared’ solution, and is probably incomprehensible outside of the
assumption that it can\bc found. However it should not be un'dcrslood here that the current physical
instantiation of the theory of computation {mainly computers) offers l'hc only possible avenue to
the achievement of cffectivity. If the brain is a computer, it must be an effective one (le. its
functioning should be describable by the theory of computation); however it would, and apparently
docs, constitute a quite differcnt instantation of effectivity. Thus it should be added that whereas Al
work is by definition committed to effectivity, it is also largely dedicated to a pnn.icult;r sct of tools
which happen to currently provide for its achievement. For the neurophysiologist or the psycho-
logist this simply means that for example a motor programme need not (and probably should not)
take the initial form of a computer programme, although, given that computers are universg! com-
puting machincs, any effective decision procedure can be simulated by a computer progmm';nc. This
should be kept in mind by ncurophysiologists and psychologists in view of the above remark on
the nature of the brain as computer: the ‘casiest,” or at least the most *natural,’ terms of effectivity
for system and performance problems do not necessarily correspond to those that are available in
current information technology, nor should they be forced into their mould.

This should in fact be quite apparent from the previous chapter, where a dcscripﬁon of an
effective visual pcrccﬁ!.ion procedure was done along with a reference m its exact implementation
and testing within existing information technology. As will be remembered, the peculiar problems
of simulation associated with Lhe helicoidal ring had little to do with the model itself; rather they all
derived from the helicoidal ring's partial ‘incompatibility’ with respect 1o the above-mentioned
instantiation of effectivity (cf also Appendix I).

So where does this leave Robotics and Al? Essentally, we are not primarily concerned with
the details surrounding the specifics of their ‘paradigms,’ although some attention will have o be
spent on them in order to be able to seize clearly where technology-driven research stands for
example with respect to the typical problems of movement such as variability (see section 2.0, as
well as the two preceding sub-sections). Our scarch here is much less constrained than it was in the |
previous sub-sections by the adherence to a fixed given; typically, although it might at first sight
appear 1o be contrary to what was said earlier, Al, and to a lesser extent Robotics, expends conside-

rable encrgies on theoretical issues, apparently much more so than is the case within the other ap-
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proaches. Although the absence of a fixed object of enquiry (performance or system) might at first
sight be considered a drawback, we believe, and will try to show, that these problems and issues are
nearly exactly those we identified as being in need of theoretical attention within system- and
performance-polarized ¢fforts. Technology-driven research brings solutions, but it aiso undeslines
basic problems. Gcncmlly the solutions appear Lo fall quite short of the problems; however that is
not uncxpected, nor is it a feature particular to thatfield. ’

If within Neurophysiology one of the most natural ways to think about and explore the system
is in terms of structure (macro- and n;icro-anatomy), and if within Psychology one of the most
‘natural’ ways to think about and explore performance is in terms of results, technology-driven
rescarch for its part draws heavily from the physics of the effector, a science unto ilself, and one that
appeared to naturally lend itself 1o, and provide the mearis with which could be achieved, the desired

goals of Al in terms of both effectivity and realizability. This physics constitutes a set of concepts )

derived from Physics, and more specifically from Mechanics. It defines the l.hcorelical‘basis upon
which is crected and within which is carried out the vast majority of research in Robotics. Thus
“Motor control is {still] first and forcmosl a mechanical problem.” (Hild;clh & Hollerbach 1985, p.
43) ) -

According 10 Lozano-Perez (1982) the five main arcas of concern in Robotics are: program-
ming and planning, wrajectory planning, compliance and force control, dynamics and feedback
control, and finally mechanical design and sensors, [

Considered as physical systems, natural and antificial effectors can be characterized by three

types of interrelated properties: the dynamic, the static and the kinematic.

By kinematics is mecant the position, velocity, and acceleration relationships
smong the links of the manipulator. Staties is the relationship between the force
and torque that the manipulator is exerting on the environment and the forces and
torques al the links. Dynamics is the relationship between the kinematics and the
statics. (Brady et al. 1982, p. 6)

In genceral the equations expressing these various relationships are quite complex. This arises as a
consequence of the fact that a given manipulator's local structure (joint and link types) is
completely determinant of its ‘global’ physical propertics: a given link's position (and velocity and
acceleration) and force - as defined with respect to the spatial frame of reference within which the
arm i$ situated - is dependent upon all otker links' positions (etc.) and forces. Thus the analysis is
fundamentally directed towards part-*whole’ relationships. Now for the purposes of control, which is
always ullimalcl,;/ exerted locally, i.e. at ﬁc joints, one is usually interested in the forces developed
and the position (etc.) attained at the fast link; accordingly ‘global’ effects can be defined as those
effects resulting from the cumulative or integrated physical effects of all other components upon the



terminal link, .

Much like the purposes which biological effectors serve, the tasks that robot manipulators are
intended to perform are usually described in global terms, that is, in lerms of what the end effector
has to do. Grasping, placing, or moving an object for exampie are all understood with respect to the
‘hand,’ even though in general these actions imply the active ‘support’ and participation of all the

, Other components. Since control ultimately occurs at a local level (the joints), the detenmination of
the level of ‘collaboration’ of these ‘sccondary’ components necessary-for the completion of a given
(global) task requires the local-to-global relationships described above to be inverted into globzll-lm
local ones. But whereas, given local parameter vilues, it is quite strhight{orward to calculate the
unique r-céulu'ng set of global parameter values, the converse is unfortunately not true: starting with
a sct of global, or task, values, the problem of solving the equations of motion 1o extract the

-corresponding local parameters is in general very difficult. In fact it i§ the outstanding problem of
~~ Robotics.

Oné way of describing aask is by specifying a trajectory; a trajectory consists of “a sequence
of desired positions, velocitics, and accelerations of some point such as the end cffector or manipu-

lator tip.” (Brady ct al. 1982, p. 1) This is the first stage of the control process.

Once a trajectory has been determined, the arm has 1o be guided along the trajec-
/ tory. At each time interval, it is easy to determine, from the- position and velocity
of ‘the joints;” what accelerations should be applied to the joints so that the arm
will be on the trojectory at the next time interval. Howaver, the moters which
move the joints produce forces not accelerations. The controller must determine
what force F; should be applied to joint i in order o produce the required nccele-

ration [for joint i]. (Waters 1979, p. 11)

Accelerations and forces are lawfully connected through effector dynamics. The dynamics equations
of an effector system describe the relationship holding between the geometry (position, velocity,
and acceleration) of the system's components and the forces developed within them. For a robot
controller, as suggested ébovc by Waters, these equations are used to determine the local force

values (F;) corresponding to a given or desired kinematic state; they supply (he instantancous com-

mands obtaining for the link motors. The value 'L,” called the Lagrangian, defined as the difference
between the kinetic and the potential energies of a physical system, is used in the following form of
the dynamics equations due to Lagrange:

doL _JdL _ g
dt 9q, dq, 1

1 1

i=12,.,n

w1

where “n” is the number of degrees of freedom (d.f.s), or equivalently the nurﬁbcr of joints (if as
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usual cach joint is associated with just one d.f.), “t” is tinie, and “q;" stands for the controlled

variable (cither a rotation or a displacement, depending on the type of joint). There exists a different
but cqually uscful form of the dynamics equations called the Newton-Euler equations (cf. Brady et
al. 1982, p. 15 ff.). Since-a trajectory is specified in workspace coordinates (ive. the frame of

reference in which the arm is situated, rather than the joint coordinates to which the g;'s are related)

a further transformation must be applicd to the above cquations 1o achicve the final local values.
The arm controller must compute these équau'ons at every time interval, extzacting the }cquin:d force
valucs to be fed to the link motors. Since in general this interval must be quite short (in the order
of 10ms), real-time controLof manipulators using the dynamics equations had for a long time been
impossible due to the -fa‘cl that the computation could not be carried out within this limit. However
it has recently become possibie (Hollerbach 1980), by exploiting fecurrcncc relations in the
equations, 10 simplify, them and hence drastically reduce their combumlic;h time well below the
critical level.

Given that robots existed before either the Lagrangian or the Newton-Euler dynamics equations
could be used by controllers, the question arises &s to the mode of control that obtained for them. In

that respect the following i$ iIluminnLing:

The meost common forms of control in use today require solution of inverse kine-
matics in real time in order to determine commanded joint angles from trajectories
described in workspace-oriented coordinates. Independent joint position servos [ ]
are then applied to each joint. (Johnson 1982, p. 145)

That is, it is position-based at all levels of control: the global level of the manipulator kinematics
and command trajectory, and the local level of execution at the joints through independent position
servos. (A position servo is one in which the control variable is a position.) )

As is well ’known, ignoring velocities and accelerations produces movements of a less:kr
quality, where for example more or less abrupt changes of position, and of velocity, are not
smoothed out. It also of course presents major difficulties in applications that naturally require
precise speed control. Furthermore, contrary to a controller based on effector dynamics, independent
joint servoing considers the effect of other joints as a source of error rather than as someﬂling o be
possibly exploited, or at least recognized as a potential source of refinement of control. Of course
cven in a *dynamics’ controller, feedback is still necessary to the extent in which the mathemalical
model, cven though vastly more sophisticated, is also an idealization of the situation; it still falls
short of the reality and hence is open to emor. For our purposes however, following upon the
diséﬁ;sion at the end of the previous sub-section, we merely wish to poi}lt out again how a

performance derived from the usce of the principle of fecdback control is, so to speak, only as good
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as the controlled signals, and that consequently the main issues bear upon their nature and derivation
rather than on the adequacy of the servo principle itself.

But what are these mdin issues? In describing the overall thcorcl.ical background to robatics
rescarch we have so far hinted only at a few. Chicf among them, as noted above, is the achicvement
of computational efficiency, which sometimes secms to override all other considerations,Ift fact
some of the major developments that occurred in the field in its cxparigling phase in the scventies
(Whimcy 1972; Albus 1975; Raibert 1978) were directly motivated by the search for ways to deal
with the mlmclablc and cxplosive complexity of computing in rcal time the control variables and
the inversion of I.hc kinematics and dynamics cquations. Thus the problcm was not onc of con-
ceptualizing control itself but of conceptualizing efficicnt means for carrying out the calculations
implicd by the existing physical model of the conirol situation; this probiem of computational
efficiency, it should be noted, is only indirectly tied with the fact that the model is a physical one.
1t derives frorﬁ the formaulation of the model rather than the model itself. On the other hand the -
existence of very cfficient means to ‘compute the model’ is likely to play only a minor r0le in the
more general issue of the adequacy of the model itself in providing a framework {or building skill
and dexterity into robots. -

Given that technology-driven rescarch relics nearly cxciusivc]f Bffmc' physicﬂ model, most of
the issues in robotics and Al arc also derived from that model. Thus problems of trajectory planning
and compliant motion (i.c. movement which must comply to physical ¢nvironmental constraints
such as a table top or a wall), ﬁnd cven more so ﬂueslions pertaining to_design, arc all directly
rclated to, or ‘weighed’ against, this fundamental understanding of control. However it should not be
concluded from this that physical theory provides an integrated view of the control situation.
Although it is evident, for example, that the dynamics equations involve both geometric (position,
vcloci‘ty. acceleration) and physical (force) variables or dimensions, it does not provide a means for
‘extracting’ trajectorics. Th?s is because dynamics covers all possible trajectories, in a manner
which does not allow one to derive a *natural’ method for trajectory planning, not because it has
nothing to do with the pertinent variables. We shall return explicitly to this question in section 2.2,
Briefly, as things now 'slé'ﬁd trajectory planning is done indepeadently, and then combined with the
dynamics equations; the converse, as just noted, namely finding ways of incorporating dynamics
" into trajectory planmng. is still “an interesting open rescarch area. (Brady 1982, p. 223)

This should be kept clearly in mind, especially when cons1dcnng apparcnlly critical comments
like the following:

[

One of the-distinguishing features of a robot system is that it be capable of physi-
caily processing the extemal real world in addition to its information-processing
abilities. It is, therefore, more than just a realisation of a Turing Machine, becausc
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we must take sccount of the range of physical ppssibilities as well as the range of
logical possibilities in its design and operation. In a robot system we are more
interested in what it is possible to do, and in what it is possible 1o make, rather
"than just in what it is possible 10 compute, (Rooney 1984, p. 193)

Iuis ccrfainly truc that the physical ‘presence’ of a robot or oj a biological cfl‘cclos: is impressive and
inalicnable. However it should not, we belicve, be concluded from this that the physical and the
inl'onnation-pi-occssin‘g properti¢s of a movement system have (o be segregrated into independent
anfalyscs. Indeed, the whole of lcchnology-dri\vcn research efforts up till now chls upon attempts 1o
transform what Rooney catls physical processing into information processing. It mighl'indccd. qua
knowledge, bear much more-closely upon the physical than, say, the visual world, but it is still
computed. One cdn certainly bcfnmi:rcsscd by the global energetic manifcsu—x?i;ns ;uendant upon
movement praduction, but it should be remembered that the energetic exchange consequent upon the l
activation of a single motor unit is probably not vesy much larger than the energetic exchange

occurring at the level of a retinal field. It is far from clear or apparent that the nervous system

—proceeds like the researcher in Al that is, that it computes commands according to a given physical

(in the sense of Physics) knowledge base; it is just as likely that such a knowledge base, in
whatever form it exists, is derived and consolidated in large measure, if not exclusively, from motor
information-processing. Thus, attempting 1o infer the nature of motor information-processing from
a study of the properties of its related physical results might not be‘;s‘—-powerful a strategy as can
appear at first sight. In any case, at lcast as csgccms the relationship between an information task
such as trajectory planning and the energetic interactions implied by the arm dynamics, it has not so
far been achieved even for a single case. Roughly speaking this means that although we can make
use of the geometric-physical propérties of manipulators in trajectory planning, we haviol. yet
found ways of cxploiting. their cnergetic-physical properties toward the same end. Moreover it
should be noted that there does not yet exist a general theory of kinematics (Rooney 1984, p, 222),
tpon which, of course, trajectory planning relies directly. ) -

It is cerntainly true thai theoretical allowance must be made for the “raﬁgc of physical
possibilities” inherent to specific robot arm designs.\jﬁsr. as attention should be paidito the physical
design of retinas for e;camplc {cf. section 2.0); hpwcver the major problems do ngf appear to reside
in that domain, since it is relatively casy to satisfy the minimal structural lz}ﬁ‘lr};:ncnts needed in
the attainment of, say, a human level of performance. But on that criterion, control of the ideal drm
is completely beyond any extant computational tools (ibid., p. 221). Robot arm design consists
mainly in the art of geiting the most (in terms of physical possibilities)-out of the least (in terms
of the infonnation-pr{cessing needed to achieve control - at least with respect to the physico-geome-
trical mode! of control),
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. However even though in robotics research, as in visionresearch, it is rather straightforward to
state the basic structurat requirements necessary for the achievement of a human leve! of performan-
cc, it is not at all evident what kind of attendant information-processing it calls for, Its disco;vcry
admittedly constitutes the basic goal of Al; in large part it defines the field. Tt therefore secmed
logical that the first step in “the creation of machine dexterity comparable to the dexterity exbibited
by the hu;nan arm” (Flgunu 1973, p. 1) should be a study of the question of the extent to which arm
design can allow for, fnciiilntc. or hinder these prospects. Howéver this is a loaded qucslibn. in that
a definitc answer to it could only be stated in the light of a highly dextrous machine, that is, it
ipresumes that the problem which it is supposed to help solve has already been solved, or al least
can be solved through the geometric-physical model. By providing at least a context within which
conirof could be conceptualized, the geometric-physical model has, however, partly satisfied this
apparcntly circular requirement. Yet in the end the theory of dexterity has remained largely “unde-
fined” (ibid.). Tuming to system, or even performance, studies in search of a theory of dexterity that
could be useful in that comcit proved, as is well known, 10 be a deceptive enterprise; as for lh(; lost
dream of bionics, it secems to have survived only as a weak echo in the form of intreductory remarks
about the fact that “It scems clear that the present mathematical formalisms are in decp trouble

when addressing the type of mechanical control problems which are obviously trivial for the brain

" of the tiniest bird or rodent.” {Albus 1975, p. 221) What is not as evident however is why, but un-

fortunately Al rescarchers have apparently chosen 1o expend little encrgy in finding out.

Having described and commented in a _gcncral manner upon what we belicve 10 be the essential
problems and methods encountered in technology-driven research on movement, we will presently
examine their relevance in the context of our own understanding of the problems of movement
production. Insofar as we share with these endeavours a common formal background, and 1o the
extent in which the context of our own clforts (dcscriﬁcd in detail in the next section) is closer
those found within Al than within either of those associated with performance or 3ystem research, it
will come as no surprise that a larger degree of concordance can be found with them. However these
‘meeting points’ will be seen 10 occur nearly exclusively at the level of the fundamental problem,
and much less so at the level of methods or solutions. Thus, while in the previous sub-sections we
tried to show that motor control was basically a problem of production, it should be clear that this
vicw can be argued (o constitute the starting point of tlcchnology-driveﬁ research. It should also be
clear that, as outlined above, the basic task of control defined in Al involves degrouping.

A few pages ago we talked about how in Robotics “the analysis is fundamentally direcied
toward part-‘whole’ relationships,” and how the latter naturally arose as a consequence of the
cumulative and interrelated physical influences operating among the various links and joints of the

manipulator. It was further suggested that in this analysis, following upon the requirements for

e | \



98

vast majority of applications, attention was usually focused on the fate of the last link in the chain,
i.c. the ‘hand.’ The notion of trajectory was then introduced as & way of describing specific tasks.
Since a l}ajcctory usually corrcspondg to the path to be followed by the ‘hand’ engaged in a certain
task, and given that the *hand’ like all other links is repository to ‘whole' effects, it is natural to

_ speak of tasks (or trajectorics) as having the character of ‘wholeness,’ or globality. So while the

physical nature of the manipulator gives rise to an analysis which must take into account the whole
(i.c. thc sum of the elfects of the joints), and while the task is also naturally defined and expressed
as a ‘global’ procedure, the problem of *forcing’ a manipulator to do a specific task must involve
the trans{ormation of these global descriptions into more local ones, where, as mentioned previous-
ly, control is nitimately cxercised. This problem should be rccognizcd\ as an instance of the problem
of degrouping. ‘

In a sensc it was automatically realized and recognized as the major theoretical problem in the
initial stges of rescarch in the fabrication of self-sufficient auto-controlling manipulators. The
kincmatics and physical models to which Al tumed in its search for computational means of
—achicving these goals could even be argued to be directly based upon a grouping-degrouping dyna-
mics analysis. Nevertheless, at this point some difficult and subtle questiong arise, They concem
not the recognition of the problem's key position but rather the mode in which it was approached.
The fact that physical analyses were, to some arguable extent, also tied up with these issues,
coupled 1o the fact that they were the only type available, could be adduced in favour of the strong
initial attraction of this type of approach. Now, following Albus' c;ommcm above, it was ncarly
cqually soon realized that "'the present mathematical formalisms are in deep trouble™ when it came
down to comparing the products of artificial controllers with those of biological ones. Yet the belief
that the problems were not different in the two cases, and the conviction that even though present
technological performances fell quite short of natural ones, they were not beyond their formalisms'
grasp, both remained strong cnough for Al researchers to persist in them,

It ;vill be remembered, from section 2.0 that we postulated the cxistence of global entities
whose nature was such that not only did they not bear directly upon the local state of the periphery,
but could not cffectively-do so in view of the purpose of control, which purpose was defined
initially as involving the specification and realization of peripheral states (and eventually change of
state) as wholes. Now the geometric-physical model readily allows for one description of global
entitics, a description that is, however, directly derived from a ‘grouping” or integrative procedure,
whereby each local element, specifically the links and their connections, are synthesized into a
‘whole’ description. Once this is achieved, as suggested earlier, control proceeds through a ‘degrou-
ping' process whereby the present global entity is ‘solved for,’ (}h@ughl down to the level of, or
transformed into, the proper scrics of local entities (commands for the 'ﬂdivi('lual joints). This is
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where lhE magjority of computational difficultics arises, since the pmccsé usually calls for deman-
ding computations such as matrix inversion to be carried out inside very strict time limits. However
that is not to our understanding the source of the major difficulty. Rather we want to suggest that
one cause of this difficulty, which, it may.bc noted, is afrcady gi'cal cven at the present low lovels
of performance, might be due to this apparently unquestioned means of deriving the initial global
entity or description. It is certainly not our intention to question the fact that global cntitics arc at 7

=, the root of the control process, but rather to propose that their nature need not necessarily be based
. \ upgn or derived from physical models of globality, It has of course never been argued, within Al or
clscwhere, that there could be no other possible grourids for deriving them than through a *physical’
grouping process, but the fact that it has bccn. adopted as a method so readily leaves one few
alternatives but to think that the matter was considered evident and in no need of particular attcntion

or demonstration,

<

Be that as it may for now, and coming back to the problem of the nature of the global entity,
we will conclude for now on a bricf statcment of a possible altemative to the above-described
method. The present suggestion holds that, in a sense, one cannot a;nd shoulh not start out with a
very definite idea on the nature of the global cntity; rather one should strive toward its achicvement
following a process of gradual construction, a process which attempts to build more complex levels
of control vpon simpler ones rather than in-a wholesale manner, and furthermor¢ is much more
strongly guided by the highest extant level of control in the development of the next one than by a
previously or initially defined ‘final’ level, Interestingly, this type of approach blurs somewhat the
distinction between perceptual and movement knowledge processes, at least with respect to this kind
of study. It is funhérmorc, if the parallel be allowed, reminiscent of the open-endedness of natural
cvolution. '

In section 2.2 we shall pick up again on this trail in the more explicit context of our own
overtures in the stated direction, and our partial attempts at resolution. It should nevertheless be
clear at this point where we conceive the boundaries of technology-driven research to lie, and why
we kave not endeavoured to pursue our search within that framework. Indeed Al's dedication to one
particular type of solution to the problem of degrouping (solutions which happen to be, at this
stage at lcast, quite removed from those which are supposedly sought both within performance- and
system-driven research), along with its disregard for the particular challenges - and more specifically
of the quest for biological relevance - associated with them (even though reference is sometimes
made to ncurophysiological fact or 1o some products of introspection), appears, especially in view
of its much 'qlcll:c ‘explicit’ recognition of what we consider to be the fundamental theoretical pro-
blem of control than is evidenced in either of the two previously studied groups of efforts, 1o be

somewhat paradoxical.
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2.1.3 Conclusion N

Although the Gestaltists, carly in this century, were the first to insist and argue, mainly in the
context of visual perception, for the existence and critical functional importance of global enlilfics in
visual processing, it was not until the advent of the theory of computation and the devcloprlicnl of
associated information technology that the arguments could be tumed into a much more ‘concrete’
form (cf. Lamontagne & Howe 1980), where, being now convinced of these arguments, the matter
became one of explicitly formulating working modets of the proccssc;s that give rise to these global
entitics. It is in the context of these new challenges, namely those of actually deriving percepts and
producing movement, that the functional concepts of grouping and degrouping took shape.
Although the fundamental filiation with the cpistemological domain, that is:' the assumption that
periphery-bound proccéscs are knowledge processes, ha‘s remained unquestioned, it is nevertheless
the case that concern with the problems associated with meeting these theoretical challenges has
rather quickly driven concemn with the purely cpistemological issues from the forefront.

These problems have, indeed, turned out 10 be weighty. We have seen that while neither
performance- nor system-driven research efforts have, with but very few exceplioné. even atiempted
to formulate, let alone solve them, technology-driven research for its part has opted to concentrate
on and pursue a single line of approach. Beyond the necessity of recognizing the problem of degrou-
ping as central to any effort cither at unveiling nature's solutions to it or at building a machine
capable of a simitar level of performance, one of course can be sensitive 1o the peculiar constraints
and dilficultics associated with these rescarch efforts, whose demands render the absence vf explicit
recognition and the apparept reticence to embark upon a theoretical quest quite understandable, For
our part, we would tentatively, and speculatively, formulate these ‘reasons’ in reference to the still
apparently very great gap separating the empirical and theoretical domains, By this is simply meant
that for some reason it has seemed most difficult to ‘derive’ a general (but precise and' functional)
theoretical understanding of movement phenomena, with respect to a given sysiem or (0 a given
level of performance, and, conversely, to ‘produce’ relevant and powerful empirical consequences

from extant theory, The essence of the matter seems to reside in the question of formulating the

- problems in a way that satisfies both aspects of the research endeavour simultancously. This can be

seen most clearly with respect to wchnology;drivcn's theory, which, to our knowledge, has not
geacrated a single hypothesis regarding meé’ﬁossiblc nature of natural systcms' mode of production

“or even provided indications of promising directions in which to seek. Yet it is presumably the

mosl pmcis.c and powerful extant theory of production. Admitedly, neither have we seen the latter's
search steered in any but an anccdotal fashion by outcomes stemming of performance- or system-

driven research.
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Even though we have not as yet beea-able to bring our own research efforts to a level where a
reconciliation between these three approaches or a resolution of their diverse demands could be
afforded, the fact that three apparently quite diffetent avenues to movement production can equally be
argued to rcvglvc about a unique problem, namely that of degrouping, lends some credibility to the
notion that in its study and cventual solution might well lic the way to important if not decisive
progress, ‘

Even though it is fundamentally theorctical in nature, the problem of degrouping cannot of
course be studied in a vacuum, Having first had to define a context for its study, we arrived at 2
‘paradigm’ in which are brought together some central clements from the three domains of rescarch.
From performance-driven research we have chosen to study a humanoid arm configuration and have
been particularly interested in the problem of ‘shape;’ technology-driven research’s impetus is clear-
ly underscored in our pursuit of effectivity and in what smounted to be a fundamental concern with
kincmatics; as 10 system-driven research, whose ‘input’ is less well-defined, let it merely be said
that the belicf that the brain is cffective (in the computational sensc), and hence Lh':: (corollary) scar-
ch for the key to some of its powerful yet simple ‘formulee,’ has coloured and restrained in a very
profound way lhc-éxlnnl to which, on computational grounds, we were willing to go in order to

preserve a semblance, as well as a hope, of biological relevance.

2.2 Elements for a working model \

The focus of attention now shifls towards the computational realizability of degrouping, that
is, the construction of a movement production system.

This third and last section of chapter 2 is devoted [1] 10 an extended discussion of degrouping
in the coﬁl.cxt of the more specific problem of controlling an arm, and [2] to an account of some
proposed degrouping structures for controlling this effector. It expands and further develops many of
the issues discussed in the preceding chapters, bringing them to bear on our specific instantiation of
the problem of control. Following closely the approach to visual perception presented in chapter 1,
it is based on the definition of a virtual interface, namely an arm, onto which are connected the
control structures. Although the interface as a wht;lc. that is the arm, is the ultimate and single
object of control, it will be scen that three distinct levels of control arise and that to each is
associated an ‘object’ of control: this follows from the nature of the interface, which is made up of
‘independent’ parts, It is defined in a way that is argued to capture the essential features of a
particular control context belonging to the biological class of effectors; more specifically it is
paticrned after the human arm. From the point of view of its structural components (upper arm,
forcarm, and *hand’) it is quite similar (o the actual human arm, although from the functional point

of view the conceptual effector is simplified, the loss occurring mainly as a result of reductions at
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the-shoulder and hand; but this is not really critical to the main issue at stake, for it can be argued
that if the problem of controlling sucha simplified effector were solved then it would carry us some
way towards a solution of the more complex case, just as in vision there is no a priori necessity for
dcaling with a retina of human size in order to proceed with the study of Pérceptual problems at a
human level of performance. However there is a lower limit to the degree of reduction allowed,
which in the casc of effector systems, as mentioned in sub-section 2,1.2, is derived from a geome-
trical argument, and which in the case of visual systems stems for example from consideration of
the desired resolving power (see Appendix I, section 3).

Concerning the nature of the control model, it will also be apparent, as for the visual line
detection model discussed in the previous chapter, that the main line of attack was primarily directed
towards the achievement of computational cfficiency, a necessary, although not sufficient, prerequi-
site for a theoretical cﬁon aspiring (o psychological relevance and neurophysiological plansibility
(cf. scction i.l; Lamontagne & Beausoleil 1982), Given a stricter computational grasp of the
neuronal substratum, or computationally more precise indications on the psychological nature of
movcn{em production, one might expect computational models of control aiming for these éoals 10
be much 'more attentive to whatever Psychology and Neurophysiology have to offer, and in fact to
procced from their respective conlribuu'o‘ns in the task of pushing out even further the compulatio-
nal frontiers of movement control. But in general, as we saw, given the epistemological and formal
assumptions underlying the computational approach, neither, singly or collectively, presently
affords sufficicnt basis for such a path to have been followed by us, these assumptions being at best
only partially met within most of these efforts. This implies that one has a nearly completely free
hand in the quest fgr computational efficiency, the impositions stemming from performance and
system rescarch, lothich we shall nevertheless sometimes refer as we go along, having more to do
with the definition of the problem than withrthe nature of its solution. This is particularly clear
with regard to the interface as well as for the level of performance to be aimed at by the system.

If, on the one hand, our most general conception of psychological phenomena puts them in the
catcgory of knowledge processes, our most general conception of neurophysiological phenomena,
on the other hand, ascribes 1o them a supporting rdle, the conjunction of these two types of
processes bc-:ing thought to ‘occur’ or be expressible in computational terms. Now one of the
leading themes within modern Neurophysiology, starting with Cajal's discoveries and persisting
throughout the century right up to Hubel & Wiesel's (1962) findings, is that the micro-structure or
micro-anatomy of certain, if not all, of the brain's sectors is as important (because it is well-defined)
as its macro-structure or macro-anatomy. We of course tend to interpret this importance, at both
levels, as indicative of or related o as yet undetermined computational tasks. The difficulty, from

the point of view of an empirical investigation of many of these tasks that go beyond the evident
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physical linkup with a perceptual or motor periphery, and even with these -in fact, is that most of
them supposedly depend, for their input, upon the output of previous structures whase function is
unknown, and generate outputs to other structures whose purpose is equally unknown, Even though
our foremost goal was not to produce a neurophysiologically ‘tight’ theory of movement control, in
which case for example we would have worked with an interface much closer to the ‘real’ human
arm instead of with our simplified effector, we retained as fundamental the assumption, derived
dircctly from the above-mentioned interpretation (and that in fact could also be argued to hold within
the framework of more classical neurophysiological theory) that the neuronal structures themselves,
alongside their constitutive neuronal elements, partake of the computational tasks that characterize
them. The implication for theory is that computational models need not necessarily involve only
calculations but can also exploit wiring as valid and legitimate computational tool. Following in
that respect Lh‘c style of the hcljcoidal ring model, the clements of solution proposed in the
following sections all partly revolve about the stryctural expression of computational principles
.deemed pertinent to the task of degrouping. There is of course no a priori necessity for theory in
general to be bound by this, as is demonstrated by many efforts in mainstream Al, and paru'cﬁlnrly
obou'c.s (see sub-section 2.1.2), that arc of course quite deeply commitied w0 computational
ctficiency; however we have argued that the fundamental problem faced within Robotics and
Neurophysiology is the same one (degrouping), and on that view the question of whether or not the
nervous system does carry out the task, and how, becomes subsidiary to an even more pressing
problem, that of how it could be done. P
The overall idea is simply to arrange for the possibility of producing at one level a variety of
events that have repercussions at the next one down, where again the same can happen, and so on
until the level of the interface is finally reached, at which point the effect dies out into an ultimate
energetic manifestation. The general idea, following the argument in section 2.0, is that for ene
movement, successive levels give rise 1o increasing numbers of events while the number of objects
controlled by them decreases. To see this, the nature of and the relationship between cvents, objects,
and levels must be clearly delineated. Briefly, events correspond to signals in the system while
objects correspond to whatever part or parts of the effector system are directly and ullj\fi'mcly affected
by a given event or set of events; levels can be essentially described with respect o the objects,
potential and actual, to which are tied the events that occur within them. Given a hierarchy of
levels, it therefore follows that, for example, the highest level will equally have as potential object,
through the intervening levels, the object of the lowest level; but as a rule we usually refer to a
level's object as the most immediate one on which the control structure excrcises its effect. The
usefulness of such a wide definition stems from the fact that it stresses the embedded nature of

successive levels of control, a feature, as argued in section 2.0, which appears inescapable in view
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of the nature of the interface,

The above statement in fact concerns the whole control system's functioning, its basic thrust;
it expresses the relation holding between successive levels, the very essence of degrouping lying in
the fact that they are organized in the manner described. Levels are where things are happening,
compumﬂor;nlly speaking, We haye, naturally enough, analytically subdivided the effector system
into components to which are ascribed certain precise control subsystems. Now such a functional
partitioning of the effector, in which the components targeted by the control system correspond to
identifiable parts of the effector, can be unreceivable in some instances. This was the case for the
idea that the muscle is a basic control object for the nervous system. But in ‘our view the debunking
of that hypothesis cannot be interpreted as a refulation of the fundamental nature of the problem:
there is a multiplicity of objects at the periphery, and some indication of the existence of degrou-
ping has been identified at the level of muscle units, the basic neuromuscular constituents (cf.
Henneman 1981). These are not, strictly speaking, cffcctqr componcents; rather they are parts of the
cifector components, ' '

For the case of the arm we will therefore be secking to construct a system where a single
highest-level event, pertaining 1o the effector as a whole and hence potentially addressing all subse-
quently identifiable objects of control, impacts on the next level by provoking a larger number of
cvents (cqual to or less than the number of components of the cffector, which ‘in most cases is
larger than the one effector) that each in tumn address a lesser group of objects, defined at the final
level, where events now address but a single object.

Each level therefore will work according to the same principle: it will be built to accept or
understand a certain type of cvent, bearing upon a specifiable immediate object, and 1o respond to it
by gencrating a larger number of new events, each bearing upon reduced or lesser objects. It should
be noted carefully that there is only one set of ‘real’ objects in the system, namely those defined by
the interface: all other higher-level ones are imposed on them, and only thus identified: circry level
creates its object, except at the periphery, where it is given. This is another way of explaining the
necessity of levels of control: achieving control of an effector system that is only really defined by a
sct of quasi-independent parts logically seems possible only through a prior association of some of
these parts into an object (something to which a control structure is attached) that in tumn is
constitutive of further objects, etc. But these intermediaries are virtual only and are to be understood
within the framework of the computational task at hand: therefore the objects, immediate and
potential, which we talked about above, could just as well be understood as indicative of the overall
purport of computations within the control model: the level of the ;sub-cffector' {(sce next sub-
section) for example can be seen from the point of view of the structure of the effector itself, as its

name suggest, but more importantly it can be seen as a conjectured efficient functional byway along
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the road fro.m intention to ultimate realization, which only really occurs at the last level, namely
that of degree-of-freedom in our model.

Whm has been said so far concerning the syslcm s overall task and functional mode does not in
fact correspond to the way it was actually approached Rather, the search for successive levels of

control followed a bottom-up direction, starting with a control structure for the most primitive onc,

the basic constituents of the interface (the dregrees-of-freedom), and proceeded from there towards the

most global level, involving control of the whole effector. This was forced as a result of our choice
of an embedded structure for the successive levels of control, a choice that in tum had a very
important consequence: it caused the problems attached to a particular level io be defined, and their
solutions sought, in terms of the possibilities opened up by the previous one, and within the
confines of the restrictions imposed by it. For instance the second level of control, that of the
sub-cffector, is defined by and built upon the degree-of-frecdom control structure. Accordingly, and
following what was mentioned carlicr, the original definition of the inlerface already comprised
some of these general elements of global control dcsi'gn. and so we knew fr_qm the start that control
structures for ‘sub-effectors’ would be highly dependent upon those for degrees-of-frecdom. This
—i-mplicd, literally, that work had to be carried out at many levels simultancously, results at one
depth of control having more or less clear implications ﬁfor the nawre of proccssihg at all others. In
our pr-csenlatiOn of the control models we will roughly be following this pattern of development,
starting with a description of the structural and functional components of the effector, and then
proceeding Lo expose the relatcd control structures,

We would kac to stress again that this internalization of the problem of control, the fact that it
is essentally rcdcfmed at each new level as a function of the existing levels of control {(which at
bottom is simply the interfacial componcnis) rather than as a function of conditions more external
10 the sysiem, appears (o us to lie at the heart of periphery-bound knowledge processes and scems
capable of explaining, at lcast in principle, much of its power and diversity. It is of litde conse-
quence in that respect that the ‘direction’ of control is the inverse of the ‘direction’ of perception, for
from the point of view of the beholder and the controller, in both instances it seems true that the
objects of experience lic at the top of a large construction whose productions are very far removed
indeed from either periphery's objects, that nonetheless are directly participant in their genesis and

therefore profoundly determinant for the nature of experience.

2,2.0 Degrouping
In section 2.0 we presented our fundamental thesis according o which the problem of
movement control, viewed as a production process tied 1o an inferface, resolves into the problem of

degrouping. Our initial discussion, necessarily very general, nervertheless led 1o the identification of
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some featares of this process. In the first instance it was presented as involving the specification of
" global entities or events otherwise definable by sets of local interfacial states or modifications
thereof. {"rom this follows the idea that a control system must bc.hierarchicsl, i.e. must involve
levels, since the.specification of a diversity of global entitics cannot be achieved directly from the
local peripheral entitics (cf. section 2.0). Indeed the whole business of degrouping (as well as

grouping) can be described in terms of the problem of finding sin quivalent descriptions of sets

: of peripheral events, (From the point of view of experience, a similar understanding proceeds from
thg obscrvation that its content, both visual and motor-intentional, diff¢rs markedly from the sets of
cvents that arc otherwise belicved to be the source of visual experience and the target of movement
intcntions, an experiential distance and discrepancy that is reflected in, and consistent with, the
sbove more formal statement.) Now every level will specify its own objecy/s, each simpler than the
preceding one's, until the final interfacial objects are reached, Furthermore, each level is called upon
10 produce its own set of lower-level objects.

While, as we shall shortly argue, it is conceivable, and much simpler to imagine, that to each
level attaches but a single object, the fact that, at least at the highest level, one recognizes a
multiplicity or variation of intentions must mean that more than that is involved. And indeed sich
is no doubt the case. However we already have the elements for a possible solution. Degrouping, as
just mentioned, involves the process of ‘maltiplying’ the number of objects as events proceed from :
onc level to the next; tlowcvcr litle has so far been said about the specification process involved in
the generation of these objects, But recall from section 2.0 that this specification process rests upon
characterization, whereby ccrmgl attributes or values are laid down by the system. Now as we saw
in chapter 1, at lcast two types of characterizations are involved in the specification of an object,
onc that essentially defines it (calléd the primary characterization) and the other which ifies its
particularities, i.c. the residual characteristics that are allowed within the essential OIE;:HM the
secondary characterization); thus we saw that lines, as objects, are primarily defined according to
linearity (through the linear topological arrangements of intesfacial events) and secondarily according
(o oricntation, etc., namely those characteristics of lines that are not ‘touched’ by the primary, or
cquivalently those variable features of the object that are allowed within {or by), or that follow
upon, the esscntial one. In general, an object will be specified by a single primary, and an indefinite
number of sccondarics. '

However a further characterization task will need 1o be called upon in movement production,
one that does not concern the identification of the object but rather the specification of motion

itself, Of course motion characterization is not a distinct process from that of object specification,

since it will warget those very same objec at cach-Tevel. A motion characterization was

defined in Lamontagne & Howe (1980).as any changein a multi-valued characterization, those
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changes themselves also being specified according to a primary or essential feature, as well as
according to sccondary or non-cssential features. Thus, for instance, a linear movement implies the
specification not only of the primary lincar nature of the movement, but it also requires the
specification of its secondary features, namely direction and amplitude. (We do not in general ascribe
a positional characterization to 2 movement.) This whole question of the characr.crl'zarion of the
’t;ansformarion however will only again arise in sub-section 2.2.1.1, where, having an objecr of
control, the question of the nature or characterization of motion directives naturally resurfaces, For
the present it is sufficient to understand that a motion characterization bears vpon multi-valued, or
sccondary, characterizations of the objects, i.e. upon those that can ‘support’ a transformation.

The overall task of degrouping s'c-) i'a.r therefore invaolves at least rwo types of concemn: [1) the
specification of objects: this will be seen to be the problem of the representation of the object of
control as a single giobal entity; [2] the specification of a change or modification of that object:
this is the problem of- motion characterization, attaching 10 every level's particular object. (In
general from now on we will reserve the term MOVEMENT for the empirical or peripheral product
of degrouping, while the term MOTION will correspond to those aspects of the control structures
immediately concerned with the cvents that lead to movement.)

It will be observed that while this sort of distinction is completely absent in performance-
driven as well as system-driven research, it is in fact only partly so in technology-driven rescarch.
Recall for example that the basic control scheme in Robotics is one where a positional characte-
rization is first achicved for the effector as a whole, whereupon it is associated with a series of
transformations of position (a path). However in general the path itself, aithough it has to be
translated into variations of positions, is not derived from, or even based upon, the positional
characterization - rather it is typically independently computed and then ‘fed’ into the controller; it
was also seen that even though this could be made to work in the conigxt of positional information,
the question of generalizing the scheme to one using the dynamics characterizations of the effector .
was still an open one,

Following the structure of. our discussion of grouping in section 1.0, we shall now be
organizing the discussion of degrouping around two scts of issues, namely the strategic and the
tactical issues: in the first place (under sub-section 2.2.0.0) the fundamental purpose or ‘character’
of a movement control system will be considered, while in the second place (under sub-section
22.0.1) the practical problems connected with the implementation of this purpose, that is, with the

claboration of a working movement production system, will be outlined.

2.2.0.0 Strategic views
From the point of view of day to day experience, the purpose of voluntary motor control is 1o
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act. Actions presumably correspond to intentions, and these intentions are mrcly.‘ if ever, purely’
motor in nature (although they apparently can be): that is, intentions do not generally pertain to the
effector system per se but rather to things that can be achieved through the collective movements of
its parts. Sometimes, depending on the nature of the intention, different parts of the body (i.c.
different effectors) will be called into play; let us however restrict the effector system to one single
componcat, namcly an arm, so that all intentions will automatically involve it. (We are therefore
onty dealing with a subset of all possible movements,) So far we have insisted nearly exclusively
on the problem that arises as a result of the obvious discrepancy b-elwccn“thc singleness (and
”-globalily) of any particular intention and the fact that in order for it to be satisfied, it had 10 be
. divided or split up into a sct of local intentions or commands. We insisted thuch less on the now
cven more obvious, yet apparently contradictory, fact that movement commands are also almost
always ullimately targeted at the same set or object, namely the collection of effector (i.e. arm)
components. From that point of view it is clear that the specification of objects could not be the
cssential business of movement control, as-there are potentially relatively few of them in the
general case, and but a single one in the above; rather, the power of the system seems to lie in its
ability 1o specify a very large number of scts of transformations for a default set of components, In
order to see the functional implications of this ientative observation, we shall first have to step

back some distance and consider anew the *meaning’ of control, and in particular movement control.

In section 2.0 it was proposed that one of the key aspécts of interfacial events is variability; by

this was meant the formal fact that, given the nature of the interface, a large-potential is associated
with the periphery, & potential which a control system could be thought of as exploiting: i.c. the
system produces a multiplicity of local events which, taken collectively, amount to something
other, or more, than a particular coliection of local or singular events, that otherness in fact being
describable in terms of the satisfaction or achievement of a goal. As a first and very general
rendering of the ‘meaning’ of peripheral contr(‘)r is suggested that the control system was there to
provide access o a representation of peripheral variability in terms of, or as a function of, a given
goal. Turning now (o the slightly more spec_i_ﬁc casé of a movement control system, we could say,
following a similar line of reasoning, that _' ystem's goals can only be achieved in the light of a
representation of the movement potential associated with the periphery, a representation of a more

specific type of peripheral variability which we are also supposing the system itself responsible for

providing. At a-third, and even more precise level, if we now suppose that the interface is an -

cifector, then providing a representation of the movement potential associated with the periphery in
effect becomes the task of representing the movement potential associated with a particular effector.
At this point we would argue that representing the movement potential associated with a

particular cffector in fact presupposes the existence of, or that it can only be accomplished through,

-
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a representation of the effector itself. Pure movement can exist of course, but only as an abstrac-
tion; for, controlling the movement of a concrete object such as an effector, that abstraction must be
intimately tied with another one, namely the representation of the effector. Assuming that move-
ment is a property of an object, the above implication in ¢ffect becomes incscnpilblc. This property
of course is more variable than other properties of the same object, for instance its size or weight;
this is why we can for instance speak of the movement potential of an object, and less so of its
weight potential. Furthermore it depends upon two other fundamental features, namely position and
time: more precisely, movement potential refers 1o the notion that both of these propertics being
indeterminate (i.e. they describe a potential) they can nevertheless be combined and used to define,
as well as determine, a new property (i.c. they describe a movement potential), But these more
primitive features themselves also atiach to objects, objects which, in a knowledge system, are also
defined according to features, usually of a fixed nature, In chapter 1 these attributes were called
primary characterizations, while the more variable attributes were called secondary characterizations.
For an effector, it should be evident that position is a primary feature for neither the interfacial com-
ponents nor for the whole effector; some other basis will have 1o be found to essentially describe, or
represent, the fixed {or, borrowing a term from performance-driven research, invariant) property of
the effector, those which make of it an object within the control system.

However we have a problem. Not only can position not serve as a primary fcalm;c of the
cffector, but even if it could, the matter of representing the overall or global position of the effcctor
has yet to be solved. This is because; as we well know, the effector is made up of a set of compo-
nents, each of which can have its own, local, positional value. Thus even though from the strategic
point of view we have arrived at the conclusion that the movement control system should have only
one object, namely the effector, it still remains to be seen how that single object will be represented
within the system: this of course is a fundamental tactical problem. Furthermore, given, on the one
hand, that position cannot act as primary representation of the effector, but given glso. on the other
hand, the fact that position is conceptually very closely related to movement, it should now be
apparent that whatever form this representation takes, it should be one that is also functionally
closely related 1 ihe representation of global position. i

In this context we might pause to make the following two sets of brief comments. It will be
recalled that in chapter 1 we presented the single visual object scheme (S VOS) according to which a
visual system always deals with but a single visual entity; and in particular this had to be the case
for the perception of movement. The computational arguments for this hypothesis (cf. Lamontagne
& Howe 1980) are quile extensive; the hypothesis probably appears somewhat surprising in view of
our strong intuition, based on visual experience no doubt, that the visual system deals with many
different objects. As opposed to this, the proposition that the movement system only deals with a
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single object, the effector, scems obvious (at least when the effector system is reduced to one arm).
However just as, initially the Gestaltists, and then again the whole Al effort-in vision, brought
home the realization that-visual objects were not given as such but had to be constructed by the
system, and that to suppose the existence of (one or many) visual objects was indeed but a first step \
in the claboration of a working tlieory of vision, just 5o here it must be realized that even though
we arc supposing that there is only one object of controt it is not stmply given as such to the
system, Ii‘ldccd little else is given to the system apart from a functional access to all parts of the
effector: but from the point of view of the system “all parts” cannot be the same thing as “a single
entity” encompassing the whole of them, an entity furthermore that allows for the production of
significant movemenis. Thus cven though by reducing the number of objects of control 10 a single
onc the problem is simplified, it is far from disappearing, since that object still has to be defined.
Our whole present discussion of the uniqueness of the object of control was iﬁ fact meant as a
préludc to this statement; although it can appear too simple, it is deceptively so since not just any
representation of the effector can be an interesting candidate for a movement system. We have seen
above for instance that a positional representation per se cannot do. That is, the property that will
bind the cffector components together in a single entity should be cven more primitive, in the sense
that, whatever it is, it will have to remain true accross or within all positions of the effector, It will
be rccal]cci.from chapter 1 how the helicoidal ring model effectively achieved such a result for the
‘visual objects “lines:” the primary, or invariant, feature of linearity was ‘conserved’ within all
variations of position, length, and orientation. A
In fact, the problem which led to the SVOS was also a problem of movement, namely move-
ment perception, It states and argues that a final representation of movement (at a human level of
performance) can only be achieved if a single visual object is permanenily achicved by the system. |
(However it does not preclude the use of motion computation as a grouping mechanism for the
derivation or definition of that object.) Hence the computational weight, or essence, of the visual
sysiem, even in the case of movement perception, must lie in non-movement concerns, in the
establishment of the single visual object which, being extant, can then lend itself to final move-
ment compumuon Our analysis of the problem of movement production has led to a similar state-
ment, namcly that, in developing a system, concem for movement per s¢ must be subordmatcd 10
the definition of the single object of control. In that context, it should carefully be noted that we are
not proposing that a movement system engages in grouping: the fact is that the visual system
provides, even if it is always dealing with but a single one, access o many objects, while the
movement system docs provide access o but a single one (in our restricted case, of a single effector;
however if all effectors ar/c-gonside:cd. then that single object presumably becomes the whole body).
For that reason we prefer to use the term “representation of the effector” instead of the potentially

e
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more confusing idea of “grouping the effector,” i.e. that this must be achieved through a grouping
process. The essence of a movement systém is and remains degrouping, and the computational
weight of the system must be seen as lying not with the creation of effector representation (which
in principle, if it is well done, nced only be done dncc. and so could be hnr_d-wirt;d into the system),
but with the problem of proceeding from this global representation, along with a (presumably also
global) movement representation, to a *solution’ of the correct local movement commands implied
by it. -

Our second sct of comments bears upon the relationship between what we have so far advanced
on the necessity of a representation of the cffector as a wholc and some clements of the probicm of
movement control we encountered in our discussion of performance- and technology-driven research
(cf. sub-sections 2.1.0 & 2.1.2). Even though in performance rescarch there is little explicit concemn
for this problem, there is nevertheless concern for the problem of kinasthesis, or the sensation of
movement, which we believe to bc‘closcly_‘rc_lalcd to it. Our thesis, formulated in kingesthetic
terms, is simply that the problem of the sensation of effector movements (as well as position in
fact) can only be solved by a concem with the above non-movement representation of the effector.
From that po{nl of view we might again quotc Wocdworth (1899) whose intuition appcars to us to
have hit the mark: he stated that not only, for instance, is the judgement of the extent of a volunta-
ry movemeni “a sense which is not reducible to a sense either of its force or of its duration, ¥ of its
initial and terminal positions,” but also that it is "Ihﬁ real basis on which the control is based.”
(Woodworth 1899, p. 80; our cmphgsis) This corresponds exactly 1o our argument that the sensati-
on of movement just as its production, must be a function of effector representation, or equivalent-
ly (as argucft,im ially in sub-section 2.1.0) that there is no problem of kinasthesis outside of
problem of h‘l\c\)!cXcm production. Unfortunately, Woodworth did not disclose what he
naturc of that ba?ﬁ’ might be.

Within performance-driven research, there has been a tendency in
the basic problem of movement lies with the discovery of invariants.
Insofar as at the core of a given movement command it is believed that there cxists a fixed of prima-
ry shell, which would allow for, or be able 10 ‘support,’ non-cssential variations in executjon (the
Id by

~ definition be true for all movement command, the particular invariant would also vary according to

question of equivalence), we are in complete agreement. However, even though this w

a variation in commands; as opposed 1o this our use of the term invariant has a much more gencral
purport, si\nﬂ it refers to the functional structure of the whole control system, and therefore our
concem is at a level where we are not yet preoccupicd with the essential or invariant feature of any
one particular command eventually issuing from it. However we believe that the effector representa-

tion is also an invariant, and furthermore in exactly the same way in which the term can be applied

o
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1o any particular movement command. In order to see this it is sufficicat to state what an invariant
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is: an invariant consists of a constant relationship. Thus the representation of the effector, as an
invariant, should be built around some (as yet unspecified) fixed rclalions]:ipls amgné its compo-
nents, With respect to particular movementicommands on the other hand, it should now be evident
that invariance refers to the supposed fact that at the core of any command lies a statement on the
relationship to be observed z;mong effector components, a statement - from our point of view at
[cast - that is presumably made upen the representation of the e_ﬁ'ect‘f;:Anomcr way of describing
the relation between the two uses isto say that there is no such thing as a general movement inva-
riant (i.c. that would apply to all movements) outside of that provided by effector representation,
and that in fact all particular movement invariants arc founded upon this single one. In fact, gmove-
ment {(i.c. command) invariant will be defined as the invariant feature of the transformation of the
cffector representation (i.c. the global motion directive). This question will again be taken up at the
end of sub-section 2.2.1.1. 3

Lastly, a few words arc in order on the relationship between our hypothesized effector represen-
ttion and that which lies at the ro&-tff robot systems, as apparcmly provided through a kinematicggr
analysis of the cffcclor%stcm (cf. sub-section 2.1.2). The major feature of this type of analysis is
that it is positional. It is based upon p.\.fcw elementary spaﬁal~physical properties of the effector
system, namely the length of the components and the axes of potential movement, or degrees-of-
[recdom, associated with cach of the constitucnt links. The main purpose of the analysis is to
compute the position of the tip of the end-effector (or manipulator link) as a function of the posi-
tion of the manipulator and that of all other effector-components so that the high-level commands,
expressed as paths, can be understood by the system. Of course insofar as theposition of the mani-
pulator tip is indeed a function of those of all the rest, it can be argued that a sort of global position
is implicitly computed. However it does not follow that, in itself, the former value provides a
representation of the effector as a whole, In fact the converse is true: it is the product of a represen-
wtion of the effector, namely that provided by the kinematics analysis itself (i.e. the resultant set of
cquations of motion describing a particular effector system); that representation is the invariant at
the root of the Robotics approach to movement. l’;i;king up on some remarks made at the end of
sub-section 2.1.2, we would now argue, paradoxically, and again insofar as kinematics analysis is
taken seriously as a potential candidate for producing conjectures on a human level of control and/or
performance in movement production, that, with r(;.spcct 1o its generality, this kind of effector
representation is 1o powerful: having to deal with but a single (or at most a small number of)
object/s of control, humans simply have no need to access the whole analytical arsenal of Kinema-
tics: something much simpler, and possibly tailor-made, could well suffice. On the other hand, and

ngain paradoxically in view of its apparent power, Kinematics has not yet yiclded a hmn_ywcl of
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inomf performance. We tend (o believe that this -usc Kinematics' effector representation is
somcho;v missing the mark with respect to fncmbcry of ‘& biological class of effectors (namely
arms}, or, more precisely, with respect to the level of control of these effectors displayed by hu-
mans. In other '\vprds. not only is it necessary to achicve & representation of the effector, but it must

be such that control at a human level of performance becomes possible. v

-~

In Robotics, with respect to the goal of achieving a human level of movement performance, -

the ‘value’ of the kinematics effector representation is never discussed per se; in fact it is apparently

-

-

taken as the only possible one: problems of control are always defined, and solutions to them are -

always sought, within the confincs of the fundamental representation. (Very similar remarks could
be made about the dynamics analysis and the dynamic effector represcntation it rests upon.) In that
conlext, our cfforts could be deseribed as an attempt at formulating a new kind of Kinematics, that
is, at formulating a new kind of cffector representation.

It was noted above that in Roboti¢s high-level commands can take the form of paths. Now a
paLh is a natural way of describing objectively (i.c. in terms of objective or formal gco'mctric space,
and more specifically the space in which movement is occurring) the most *useful’ part of the

chaviour of an effector; indeed, as noted above, this is probably the major reason for iniiially
adopting the kinematics effector representation, since in order for a robot to undesstand path com-
mands, it must be prowided with a representation of the effector that is compatible with them:
adopting the first, namely the description of commands as paths, naturally leads to the adoption of
the second, namely the kinematics effector representation. Thus in Robotics there seems to occur a
sort of internalization of objective space into a ‘subjective’ representation of the effector, which
itself apparently rests upon an unquestioned acceptance of the supposition that objective space is the
only possible foundation for any kind of spatial knowledge {including the visual and the motor).
Hence, by adopting the kinematics approach one is also accepting this implicit underlying assump-
tion. Abandoning the kinematic ¢ffector representation does not of course mean letting go of the
necessary cohesiveness between the commands and the system's representation of the effector; it
docs however imply abandoning reference to objective extra-¢fféctor space as the ultimate framework
for specifying the intended results (i.e. the commands), and, by functional extension, for describing
the effector as well (i.e. defining the effector representation) in a manner that is compatible with it

Briefly stated, in Robotics one encounters two uscs of space, one pertaining (o }he spatiality in
which movement is occurring, the other referring to the intrinsic spatiality of the effector; since
both are objective llhcy are also compatible by definition. But supposing this o be the case for
humans means suppoéing that for the purposes of movement production we have at our disposal a
working knowledge of formalized space. However it cannot be argued that just because we can

describe both the effector engaged in movement and the movement itsclf with reference to objective
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space that it must follow that the broccss of movement production is based upon a knowledge of
formalized space. Since from our point of view (cf. chapter 0; Lamontagne & Beausoleil 1982) the
only possible foundalion((dr spatial knowledge, including objective space, is tile spatiality of the
(visual and motor) interface, in the context of movement production a reference to objective
extra-effector space is de facto excluded; furthermore, insofar as there does exist within the system a
capacity 1o refer to extra-cffector space, it will still have to be rooted in the more primitive
spatinlity of the effector. Givgn however that the motor interface does have an intrinsic spatiality
associnted with it, the above does nor exclude reference 1o objective space for the purpose of descri-
bing the cffcctor, that is, for achieving the effector representation.

In this context, it will be recalled how in the previous-chapter the helicoidal ring achicved a
visual representation of lines, and how the derivation was rooted in the intrinsic geometry of the
retinal interface, whose structure, on the other hand, was described according to standard gecometry; it
was also suggested in Lamontagne & Beausoleil (1982) that, by extension, the whole of visual
space ultimately rested upon the spatiality of the retinal interface. Similarly .in the context of

—Tovement production the implication is that the commands, insofar as they presuppose, and bear
witness (o, a form of spatial knowledge, will also have 1o be based upon (or be a direct function of)
the spatiality of the effector, i.c. upon the effector representation, a knowledge whose extent and
richness will only be limited by what can be allowed by the internal representation of the effector
system, upon and through which the command structure exercises its power.

This open-ended approach in fact constitutes a complete reversal of the situation obtaining
within the Robotics approach: while it was argued above that the cffector representation was dictated
by an otherwise independently specified command {i.¢. the result of movement in terms of the path
of the manipulator in objective space), in our case we have argued for the opposite, namely that the
commands should be dictated by the nature of the effector representation. This has a peculiar conse-
quence however. By shifting the weight of the control of movement onto the question of .effcclor
represcntation, by making so much depend upon that representation, this new approach leads o a
situation in which, contrary to the classical Robotics paradigm, it is no longer possible to start
with a specific and well-defined set or class of movements o be produced by the system (cf. intro-
duction to section 2.1). On the other hand, given a rcprcscnlaﬁon of the effector (i.c. a single entity
standing for the whele effector) and a control system established as a direct function of that entity

___ (i a system that will effectively carry out degrouping according to the structure of that entity),
one should easily be able to explore, by specifying modificatjons of the characteristics of the effec-
tor represcntation (i.e. by characterizing motion), the range of movements thus made possible. Of
course in that respect we woﬁé still be studying the system's productions in terms of their result,

for instance in terms of what happens in objective space to the tip of the effector.
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Henceforth, the nature of the control model belonging to the Robotics mp@c_h will be referred
10 as being of the EXTRINSIC type, while the open-ended type of controt m el for which we have
argued above will the referred t'o as being of the INTRINSIC type.

At this point let us make one further remark upon the possible psychplogical interest or
relevance of the proposed scheme (from representation fo command) by assumihg the outlook of a
newbom, We are in effect proposing that.the cffector representation is buill-'i/n. or innate. We arc
furthermore and conscquently proposing that the development of skill in movement is the result of
the child's exploration of the command repertoire as defined by that representation: moving is
essentially a question of *playing upon' that representation; hence moving meaningfully or skillful-
Iy becomes a problem of finding the correct transformation o be applied to the effector representa-
u'o;\ in order to achieve a given result. Thus motor ‘learning’ would occur from the very start; and
apparcntly it nced never stop, as shown by the fact that it can continue to occur throughout life. For
us this is indicative of the intrinsic richness of our effector representation, a richness that corres-
ponds to and allows for the human's open-ended ability 1o imagine and carry out a continuous flow
of new purposes: i.¢. in our view, such an ability is contingent upon the cffector representation.

With respect to movement, at least according to the above view, a newbom's task is thus very
different from a modern robot's task, And indeed by current standards the system we are about to
propose would make a poor-robot. However we believe that this is so for the same reason that in

ierms of quality and range even a child's motor performance is incomparably superior 1o any

existing robot's.

2.2.0.1 Tactical points

Our main objective in the present sub-section is to show that a single-abject, or intrinsic,
strategy for the system implies the adoption of a bottom-up tactic in constructing it. Although this
might appear contrary to the main top-down thrust of movement production and control, it should
be kept in mind that the present discussion, contrary to the one above in which was outlined a con-
ception of its fundamental character, now pertains to the problem of developing a system in which
it can be realized.

Following that discussion, it should now be evident that the major tactical issucs arising in
the development of a movement production system center upon the question of implementing the
effector representation, Essentially this is the problem of specifying how the system proceeds from
the top level of control, where it deals with a represeatation of the effector as a single entity, down
1o the last level of control, where it deals with each one of the effector components. Since motion
characterization is a function of the diversity of feawres attendant upon the effector representation,

the matter of computing motion, at least at the top level of command, becomes subsidiary to a
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concern for this more static aspect of control. .

However motion computation is not a question that arises only at the top level, i.e. the level
at which the cffector is represented as a single object of control. Observation of practically any
movement of the arm reveals the obvious fact that the arm can only be involved in movement if
some (or all) of its components are involved in movement. This implics that not only is motion
computed for the whole arm, but that at some point it must also be computed for each one of its
parts. In fact the only reason for proceeding from the global to the local level (from the whole
cffector down (o its constituent clements) is to carry a top-level motion directive into the proper set
of local motion directives. Thus the purpose of the effector representation is to allow the system to
define for itsclf a group of sub-objects of control {(corresponding to a representation of the effector
components), cach of which in turn will receive it own motion directive as a function of the global
motion dircctive, But just as the motion characterization of the global object of control is a func-
tion of its attributes, the motion characterization of the sub-objects will also have to be a function
of their attributes. Consequently, defining a representation of the object of control at a given level
will also take precedence over motion computation.

But it also means that the potential for motion computation provided by the partial effector
representation or sub-object obtaining at a given level is a major factor to be taken into account in
implementing the final {or complete) cffector representation. It is not enough to simply specify a
path from the global objcct of con\u*ol (the effector representation) lb the local objects of control
(the partial effector representations): since & motion dircctive originating at one level must eventual-
ly lead 10 8 modification of the characteristics of the next level's objects, the specification of this
coursc is additionally and critically constrained by the potential for motion computation associaied
with these objects. It is therefore necessary to know the nature of the object/s of control at one level
before proceeding to the definition of the next level's object/s; this is what is meant by the bottom-
up approach to the problem of control,

In doing so we have also in fact opted for an overall control scheme whereby movement
computation occurs at every step of the degrouping process. That is, in proceeding from one Ievel
1o the next not only is the object of control split up into a group of lower objects of control but
motion is necessarily computed for each one of them before the system proceeds to the next level.
Thus motion is *carried through' and recomputed every ime for each type of object specified in the
system; just as the objects of control change from one level 1o the next, so does motion compu-
tation. Since motion is specified by & modification of some characteristic of the control object, the
preceding ir;lplics that the next lower object of control will have to be permanently tied to that
particular aspect; otherwise the medification in that particular characteristic iniplicd by some global

change in the object will not be carried through to the next lower object.
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‘We have stated that the representation of the object of control at a given level should allow for
motion computation. The physical part of the effector to which the representation corresponds has
associated with it 2 movement potential (its kincmatics), Therefore “allowing for motion computa-
tion” means that the systcm can access the full movement potential, i.e. the full range of possiblck
movements, of that part of the physical effector. As successive representations become more and
more encompassing with respect to the whole cffector, this criterion must be continuously satisficd,
i.e. all possibilities must remain available to the system. Of course as the complexity of the -
effector grows, so does the complexity of its associated movement potential, as well as the
difficulty of achicving a representation of that cffector. Since that complexity is a direct function of
the movement potential of the constituent elements, a bottom-up approach is the only method for
constructing the representation and for ensuring that at the op level of command everything is
indeed possible. Thus an object of control is the representation of a potential, and in particular the
cffector representation is a representation of the movement potential associated with the effector,

But how can a potential be represented; and furthermore how can the potential of an effector be
represented so that the potential of its constituent clements remains, as required by degrouping,
fully accessible? In the kinematics approach to this problem, the clementary movement potentials
{associated with the effector components) are represented by cquations, and these cquations arc
successively embedded one within the other until the whole effector is ‘reconstructed’ in a final
cquation. This is how the representation of the cffector (i.e. the representation of the movement
potential associated with it) is established; and it is the embedding procedure itself that guarantees
full access 1o the ‘lower’ polentials within the complete description of the movement potential’ of
the effector, However, Robotics systems do not directly act upon that representation for purposes of
command; that is, the representation itself is not exploited per se in that it does not lend itself to
the specification of commands. Rather, and conversely, as we argued earlier, the command itself is
determinant for the nature of the effector representation, Insofar as it does allow for the specification
of commands, they are not global in nature; this is use the only direct access (o the representa-
tion is through its local constituents, namely thejvariables. Nothing is thereby gained since the
complete spcciﬁcgi:;lbof a command could only be done through a large set of ‘independent’
variables. This would not be the case if the model somehow boiled down to a *superequation,’ built
from ‘supervariables,’ allowing the sysicm to proceed from the latter to the much larger set of ‘real’
but local variables.

There is an alicrnative to this mode of representation however, onc that is built upon the
intrinsic spatiality of the effector itself but that is not driven by objective extra-effector space. Of
course it still uses the same formal geometrical constructs as are uscd to describe objective space,

but the difference is that there is an explicil representation of the object of control (as opposed Lo
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Robotics"implicit representation) and no explicit reference to objective space in the command. To
give a first example of what that alternative might involve, consider again the helicoidal ring, not
as a perceptual system but rather, by inverting its functional direction, as a hypothetical system for
praduéing a moving linc segment. In that context the helicoidal ring, i.c. the structure i.rfclf. isa
rcprcscrﬁﬁtion of the ‘movement’ potential associated with the systcm.'as: ‘cffector,” namely a line. To
command a movement the system would simply ‘move’ the effector representation; that is, it would
prescribe modifications along any or all of the characterization dimensions of the effector representa-
tion, the single object of control. Conversely, any modification would result in movement. Now if
a particular movement, say a rotation, is considered, it will be seen that the rotation command;
consisting of a vertical ‘jump’ into an adjacent layer of the ring, concems the line as a whole: the
command does not specify the rotation in terms of the individual movements of the local elements
of the line (the points); however these local movements do eventually occur, but they are indirectly
determined by the fixed or wired-in ‘degrouping’ process, for which the system was arranged in the
first place, (It occurs as a function of the invariant property of the ‘effector,” namely linearity, of
which it is the expression.) Nor is the global command specified directly with reference o ‘objec-
tive' retinal space, but rather with reference to the spatiality of the system itself (intra-layer and
inter-layer), even though the rotation 1venlually does ‘happen’ at the retina. Here the parailel with
real effector movement is lost somewhat since the product cannot really be described independently
of the interface, although it could be made to in the case of a binocular system that generated a line
moving in three dimensional space instcad of on the surface of a retina. However that is of minor
importance here. Clearly, the nature of the command is dictated by the natare of the object of
control, and not vice versa; and it would still be true even in the case of the production of a moving
spatial line. This is the alternative we have explored.

Although, following scction 2.9,\:23 above docs conslituu% a case of degrouping, with respect
to rcal cffector movement it could be misleading in another way. As outlined in section 2,0 the
principles of degrouping focused exclusively upon the static case. The difference and possible source
of confusion in the above example stems from the fact that strictly speaking it is the production of
the linc segment itsclf that should have been taken as the equivalent of movement and not the actual
movement of the generated line segment; from that point of view the ‘inverted’ ring would ;lctually
produce only one single type of ‘movement,’ although it does Encompass quite a large number of
different *movements.’ Accordingly, the production of a diversity of types of ‘movements’ would
then have to correspond to the generation of a variety of different retinal shapes; of course the
inverted ring could be used for that purpose, as it is also apt to process a variety of retinal shapes.
(It would however be impossible 1o move into the area of shape generation without multiplying the

number of objects of control ar that level.) As used above, the inverted ring does have a single
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object of control (the ‘lines”), and the control does occur through modifications afforded by that'
representation. This is our main point. _

This will help us to bring oul another major aspect of the problem of movement production.
Generally speaking, a movement of the whole effector involves different movements of its
compaonents; but these components have the same status in the control sysiem, One could therefore :
imagine that degrouping is 2 matter of building a rcﬁrcscnmﬁon of the effector in which the global
entity is simply ‘attached’ to a certain number of lower primitive entitics, and indeed this would
formally count as an instance of degrouping. However when it came to specifying a motion for that
cnltity, it would be realized that the homogencous binding between the global oﬁjcct and the local
entities only allows for movemenis in which all components do exacily the same thing. That will
simply not do. In the case of the inverted ring, that is not the case of course: generally speaking, a
motion of the line segment will involve many different movements of the constituent points. A
motion directive in the inverted ring will generally imply that many, if not all, components will
end up engaging in different movements; furthermore a motion directive which is specified as a
modification of only one characteristic of the object of control (¢.g. oricntation) will also generally
imply different movements of the components. It will be seen that this [atter possibility does not
hold for our own system. This is apparently duc (0 the way in which the effector representation was
achieved: there had to be secured a way, or a degrouping path, by which the global motion directive
could be translated into local motion directives. The fact is that in the inverted ring example there
are not any local motion directives per se; they are merely induced from the results of the production
process, '

Suppose however that instead of a single moving line, the inverted ring was called upon Lo
control the motion of a linkage system composed of three jointed line segments; in that case it
could no longer be argued that only a single object of;control tlaxisu:d within the system (there
would in fac_t.bc three of them) and consequently that the ring in itself would suffice to implement
the control. What that rcprgsemmion would have to consist of in terms of the perception of the
movement of that c;bject, we do not know; but we believe we have some idea of what it could be
for the purpose of its production. Insofar as the production process could then itself be inverted into
the perceptual case, we would argue, and this is recognizably in line with the single visual object
scheme (the SVOS), that the global characterization of its movement would have Lo consist of 2
characterization based upon a representation of the object as a whole; that is, it would first have to
be grouped - zlccording to some invariant - into a single entity, aficr which its movement could be
characterized globally according to whatever was allowed by these characterizations. Since the nature
of the global movement is a direct function of the local movements (i.c. the movements of the

components), we suggest that these local movements would somchow have 10 be “carried’ into or
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rcmnir\l ‘accessible’ at the global level of representation; indead it scems impossible to achieve the
global representation of the whole effector (i.e. 1o ‘group”) without constantly and explicitly being
concerned with the inténdcd goal of characterizing movement. -

This being said, we are now nearly ready to describe the particular control models. As a last
prelude to this, the following sub-section is devoted to the definition of some interfacial constructs
that will be used to describe, in sub-section 2.2.1, two simple effectors, along with the correspon-
ding models of control we developed for them.

2,2.0.2 Some basic constructs

We now introduce four constructs pertaining to the motor interface, The first three are descrip-
tive of the physical nature of the interface; the fourth is a theoretical concept which is more closely
related 1o the experience of movement or effector control, but it is nonetheless introduced here as it
pertains directly to the periphery. On the other hand its insertion into our current models of control
has not yet been as successful or as complete as hoped, for reasons that will become apparent as we
£o along, ) )

The first term is DEGREE-OF-FREEDOM (henceforth “d.f."). Although we have already refemred
10 it repeatedly in the prcsém chapter, we must now make it clear exactly what it corresponds to in
our models ‘of control. On first view, énc might think that d.f. is but another name for variable.
However a d.f. is different from, and more than, a variable in that it refers to mc ability of certain
entities (c.g. subjects in statistical inference) to potentially display, independen;ly of all other simi-
lar entitics, a ccmin_g!egrce of variation on a given dimension of observation. Thus for instance the
variable “mass” is not a d.f. because in general it does not refer 1o a class of physical entities nor,
insofar as it does, to a supposed capacity for each of them to potentially exhibit a varicty of values
on the associated dimension, namely amount of matter. On the other hand we will for instance
speak of tﬁc n d.f.5 associated with an arm in referring to the fact that in order to describe an arm's
(the object) positional (the particular dimension) potential, n independent values are required; of
course cach of these values is variable, and so the key to the distinction lies in the fact that what is
referred to by saying that the arm has n d.Ls is its abiliry to assume a varicty of positions; one is
not here interested in finding a way of describing a particular position, merely to indicate that it can,
as well as by ‘how much.’

In the next sub-section it is shown how a d.f, can become an object of control. In our sysufms
it constitutes the most primitive one; this implies that it must be specified, that is, characterized.
This specification is nor a differentiation of that particular object from other potentially identifiable
objects; rather specification here refers (o the task of selecting or drawing from within the virtual
(characierization) pools associated with it the particular set of values desired. In the case of effector
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systems in general, and in particular in the case of our own, that specification-occurs in terms of
two characterization dimensions, namely a direction and an amplitude or extent..Now in Robotics
for instance no such segregation is suggested: a d.f. is vdirct:lly handled through a single signed
varigble, While the fact that our two characterization dimensions, at that level, are bound in a single
‘entity’ can appear to be computationally advantageous, the direction {or for that matter the extent)
characterization is not ‘carried’ through into higher characterizations in a way that would make clear
the filiation from this low level direction into a high level direction specification; are we to assume
that they are two completely different things? Similarly in performance-driven research the
movement characterizations, which in general pertain to movement as a whole, are tentatively
transformed into motion characterizations, with very little regard to those possible ‘intermediate’
levels of motion chamctcrizatiqn that would bring the high-level ones (such as direction) into the
low-level (direction) characterizations associated with the peripheral components. We tend rather to
belicve that the specification of high-level characterizations of, for instance, dircction can only be
undcerstood or built up in the light of a strong dependent relationship with the low levels of control
or specification, and not the converse, While there is reason 10 believe that global extent and global
direction can be segregated at the top level, there is on the other hand no a priori reason to think
that it does not remain so right up to the peripheral stage. This of course in no way affects the
possibility, and indecd the necessity, for these dimensions to ‘interact’ among themselves during the
whole process of degrouping. Thus for example the selection of a certain direction for the whole
motion might well impact on the specific directions ultimately selected at the level of d.f.s.

The second term is SUB-EFFECTOR (henceforth “sfl™). As its name implies, it refers o a
SL;b-pan of an effector system. More preciscly, it consists of an effector segment plus its associated
d.f.s. Thus the forearm has two d.f.s, one for extension, the other for rotation; the forearm
considcrc::l as a sff therefore refers to both the segment and the two d.f.s. While the number of d.f.s
associated with a sff can vary, there is always only one scgment associsted with a sff. In Kinematics
the physical part of a sff is called a /ink (cf. Rooney 1984), while d.f.s are connected with joints, a
joint implying the existence of at least two links. While this holds in our case, so that the number
of d.f.s associated with a segment is always compulted individually for that segment (that is, the
second link is always considered fixed), we have not, as in Kinemaltics, tried to describe, for
eventual control purposes, the overall movement potential of the arm in rhose terms. (However the
problem of describing the overall movement potential of linkage systems - and therefore of particu-
lar ones such as arms - is also the central problem of Kinematics.)

Thete is very little a system can do about the fixed physical segmenits of the arm per se; but it
can command movement effects upon them. In our systems these are exercised through ‘forces,’

which in turn are mediated through d.f.s. Thus 1o move the forearm, a system must know which
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particular d.f. can ‘*act’ upon it and specify certain direction--and extent-modification values. In that
way a Sff also becomes an object of control, a}n object that is constituted from lower objects,
namely d.f.s. In the case of the forecarm, where only one d.f. is involved, the sif in fact functionally
reduces (except for the identification of its specific d.f. by the system) to the lower object; however
if the upper arm is now considered, which in our (second) system involves three d.f.s, then this is
no longer the case. Yet we can still think of its characterization in terms of direction and extent;
however the difference now is that since d.£% can act in concert, many more directions are possible
for the sff than for any of its d.f.s; but an actual motion (or cormmand} cannot be specified in terms
of the component d.f.s (even though of course once it is, the business of resolving it into the three
" sets of lower-level commands or characterizations still has to be taken care of): it must be done
‘according’ to that new object, namely the sff. This ‘growth’ in the movement potential associated
with the sff derives from what might be called df. interaction, which simply refers to the fact that
the physical ‘presence” of three d.f.s at a segment gives rise to new movement possibilities for it
above and beyond those of its constituent d.f.s. The whole point of degrouping is that some prior
knowledge of that interaction must exist if a system is to achieve control: it is one thing to talk to
cach of three d.f.s individually, but an altogether different matter to tell a meaningfu! thing to a;ll
three simultaneously, something, we believe, th'at cannot be done without the existence, within the
system, of bul a single entity to which it can initially address its commands.

When we come to the next construct, namely the EFFECTOR (hcnccforth “eff™), the story again
gains in complexity. While describing the sff, it was assumed that its neighbouring sff (by which
was meant the next sff up - the hand's neighbour being the forearm, etc.) was immobile. At the
stage of the eff, this restriction is lifted, and we are dealing with a string of single physically
connected sffs, in which furthermore each sffs can have one or two neighbours. (Since the human
hand involves parallel strings of single connected sffs (the fingers), it does not belong to the class
of efls we dealt with; in our case the hand was not completely absent however, but it was simplified
into a sff: only one segment, and a few d.f.5.)

Just gs physically an cffector is constructed from a series of sffs, in terms of conirol an eff will
become an object built from more primitive objects, namely those that are used in the control of
sffs. While at the level of sffs it is still arguably possible to ‘cover’ the movement potential with a
simple extension of the d.f.s characterizations, it is more difficult to do so at the level of the eff,
even though of course the more primitive ones are maintained: that is, it is still possible to speak
of the direction and amplitude of movement as applied to the eff; however, through something we
call sff interaction, and which is directly related to the d.f. interaction mentioned above, a much
wider, and muchllcss casily described (and by extension organized, or controlled) domain of varia-

bility is opened up, one in fact, given a sufficiently complex eff, that can be claimed to approach
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the potential associated with the human arm, However there is no reason why the appmacl{ used
with the more primitive components of the eff cannot be put to work on the eff itself, This implics
that somchow a representation of the eff as a whole is necessary, as well as motion characterizations
that apply to it. It mBans furthermore that a process of translating that single object into sff objects
is also called for. However given that very little is known a priori about the potential dimensions of
residual (or secondary) characterizations associated with the effector representation, there is no way
of starting to work at that level first and then of pushing down the results into the sff lovel of
control (which, on the other hand, is exactly what docs happen during control); rather, the converse
will have to occur, This very important tactical consideration was discussed in sub-section 2.2.0.1.

Conceming sff interaction, it will be noted that at least part of the complexity can come from
the fact that, for a given off, sffs vary in terms of their number of d.f.s and of their physical length;
in terms of the cff this mci?s that the components need not be (and in fact are not) homogencous.\)
with respect to their own makeup and consequently with respect to the spatial relations that cacli
entertains with its neighbour/s {contrary to our example in section 2.0 where, it wili be recalled, a
retinal metaphor was used in our initial discussion of degrouping). The difficulty that ariscs in the
development of a control system is that it Bccomcs nearly impossible, having chosen the d.f, as our
starting poinl,l 1o treat all sffs in exactly the same manner: this is because, being physically diffe-
rent, sffs do not contribute c;]ually o movements; this contrasts with retinal receptors, each one of
which could be argued to (potentially) contribute as well as any other to the peripherat d;.':ﬁnilion of
percepts. But it should be added that we do not think that this is an unsurmountable obstacle; indecd
we believe that in the nervous system the representation of the motor periphery (i.e. the most
primitive component of the movement control sysiem) is homogencous; but we also believe that it -
does not deal with dfs per se. Nevertheless the basic issue remains the problem of degrouping (cf.
section 2.0); however we must admit that the difficulties inherent to our choice of interface - that is,
one where, the d.f. being the most primitive component, the non-homogeneity of the eff persists -
had a profound impact on our work.

These thrée constructs, namely the degree-of-freedom (d.f.), the sub-effector Wﬂd the
effector (cff), completely describe the type of motor interface upon which our search for a solution
10 the problem of ‘motor’ degrouping was bound. In particular in section 2.2.1, where two c-omrol
schemes are presented, they will be used to define the specific instances of virtual arms upon which
these sysiems operate,

It will have been noted that our dis:ussion of these components was nevertheless functionally
loaded, that it did not remain completely untainted by a preoccupation with movement conside-
rations, This is particularly evident when it is suggested that from being purely physical these

components are also called upon to.become abstract abje}:ts within control systcms. But this should
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ot be surprising: for while in vision research the supposition that individual receprors give nsc to
(the most primitive) visual objects is universally, and most often implicitly, made (but see
Lamontagne (1986) for an explicit formal statement of this assumption), in Robotics research one
of the most important considerations in arm design is the complexity of control impiied by the
complexity of movement inhererjt to the physical makeup of manipulators (cf. Brady et al. 1982;
Rooney 1984). While this was not the case for us, since we had opted from the start 1o deal with a
humanoid arm, it is r:cvcrmclé;s true that, having done so, the identification of levels, along with
their respective objects, did occur in light of the movement properties of the arm.

Having said that, the above triplet will now be augmented by ore further congWCt. namely the
LEADING SUB:EFFECTOR (henceforth “isff™). In a sense this is the most general control concept
that will be encountered here. On the other hand, as hinted at in the previous sub-section, it is not
onc which we have been s;blc so far to implement in our systems in as a powerful a way as we
believe it eventually can be,

The first important remark to make about it is that, even though it refers to a sff, the particular
sff in question can vary. In other words, Isff is a secondary characterization for control. It is a
tentative formalization of the impression, derived from movement experience, that, for instance in a
reaching. movement the hand is the ‘leader,” and that it som¢how ‘pulls’ the rest of the sffs along in
a manner dictated by its own course. Of course at the perfpheral level of execution this is quite
impossible. In fact, there the converse is true: it is the of the sffs that, dircctly or indirectly,
pull on the ‘leading’ sff. But there is no a priori nee€ssity for all features of the control system to
be apparent at the peripheral level; indeed the whole problem of movement control lies in the fact
that most (if not all) of them are not (as performance-driven and system-driven research amply
demonstrate). As a component of the command, the Isff would however no'L be a motion characteri-
2ation like the olhérs. since in general, for a given command, it would assume a single value; that
is, in the motion directive, while the rest of the command would presumably be made up of a set of
modifications of various secondary characterizations, the Isff for its part would not be. Because the
choice of a IsfT is critical with respect to what the rest of sffs will do in a particular movement, we
believe it to be rather high up in the hierarchy of command specification. Note finally that in
Robaotics, the manipulator's hand is the 1sff, and that the whole kinematics analysis of the manipu-
lntor is dictated by that choice, However with respect to robetics control it is the only possible one.

Sccondly, at the root of this nation lies the (performance) problem of equivalence, which, it
will be recalled, stems from the observation that a given movement can be produced in equivalent
w:;ys or that a give{l (presumably unique) command can be *satisfied” in a varicty of ways by an eff.
Now cquivalence is a very general cognitive feature (cf. Lashley 1951}); consequently one can easily

be tempted to believe that the key 1o motor equivalence (thal is, equivalence as manifested in the
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movement domain) is not to be 'found within the control system, but that it is rather ‘imposed’ by
superlying cognition. However hy removing equivalence into the purcly cognitive domhin. one docs ¢
not in fact remove the probfem of motor equivalence from the movcmenl‘conlrol domain, onc
merely transposes it; for consider that the kind of knowledge required for the control of the motor
periphery in equivalent ways is inherent to the control system, not to pure cognition: that is, that
in order to respond equivalently to a given goal (that could of course be provided by non-motor
cognition), the control system must be able to récognizc the uniqueness of the purpose; otherwise,
cognition would have to tell the® otar system, and in doing so of course it is no longer free from
involvement with purely molork .wlcdgc. Conversely, to the extent in which motor equivalence
partakes of pure cognition, there i:ilo problem in bringing it down to the level of cc;nuéﬂ-. the idea
is not to reduce cognition to movcn‘\cm control, merely to point out that there might be rcason to
belicve that cognition is a continuum having some extensions, if not some roots, in movement
production, -

Now what does all this have to do with an apparently simple thing like the specification of a
Isff? When one reacheefor a cup of coffee, we can say that the hand is ‘lcading’ the movement.
When one looks at cne's watch, fit is the forcarm. And when one clbows on a table, it is the upper
arm. Thus the system appareqlly has the ability 10 specify the *goal® sif, the one 10 which the
command is primarily directed the rest of the sffs being ‘led’ by whatever the 1s{f wili do. Now as
we understand it the qlﬁtion ofk;quivalcncc lies as much in deciding for a Isff as, once having done
50, in deciding the correct mor.i_p‘ﬁ for the rest of them (i.e. making sure that their movement, along
with the Isff's, will ‘am0upt"ﬁﬁ_mc ‘same’ overall movement, or satis{y the same goal); the whole
problem of motor cquivaiencc boils down to the fact that, for a given purpose, changing the Isif
implies, in general, that the correct movement for the rest of sffs will also change; or again, how
can the control system, given a goal and a Isff, decide upon the correct motion for the rest? The
problem of correctly deciding of é:oursc already exists within any one realization of the command;
however here we are faced with the fact that many satisfactory realizations are possible. Because of
this, and because we believe that’a solution 1o the problem of equivalence can onlﬁc founded upon
the system's capacity to correc¢tly compute one motion, the problem of equivalence has been, even
though it is apparently a high-level problem, considered by us to be.a fundamental factor in the
design of conirol systems: that i3, specific control structures were always searched for with a view
to ‘allowing’ for equivalence; in fact (see section 2.0) insafar as a general compuitational solution is
sought 1o the first problem, namely* the ability 10 compute one correct motion for every single
purpose or command, the second prozlcm, namely the ability 1o compute many equivalent motions
for one particular purpose or command, is inescapable. Work on the devel . ent of particular con-

trol systems has, furthermore, brought to light a more primitive level at which equivalence ariscs:
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this is simply the problem of- taking into account (for purposes of ‘nullifying" it) the va‘riation
inherent to the initial position of the eff. (Recall the discussion of Hebb's (1949) proposals in
sub-scction 2.1.0.) Thus for instance a reaching movement will be more or less ample (globally as
well as in terms of the sffs involved) depending on exactly whgrc the eff is when the movement is
initiatcd; this problem must be solved before there can be hope of tackling the more complex cases
of cquivalence, which usually additionally involve a variation in Isff.

Generally speaking, what we are proposing is that the selection of a Isff is a key functional
cIcm_an in thc_phcnomcnon of cquivalcnée. As such, and within the control system, it is a high-
level concept. Intuitively, what this means is that the selection of a Isff is a dccisic;n occurring prior
to the computation of sff motions; it is also a way for the s;ystcm to decide upon which object the”
command is to bcar So far we have spoken of d.fs, sffs, and the eff, as objects of control. From
this it could have been deduced that these were the only possible ones; howévcr that is apparently
not the case: selecting the forcarm as Isff for instance will give rise to a reduced eff, but an eff
nonctheless, involving only the upper arm and the forearm., The sffs involved are always physically
contiguous: we do not a]l‘t;w a _rcauced eff involving say the hand and the upper arm only. (The

reason for this has to do with the nature of the effector representation and the fact that it is difficuit,

“if not impossible, lo specify or ‘cxtract’ from it a subset of sffs that are not contiguous. On the

other hand, one can also point out that, with respect to a given ff, movements involving such dis-
continuous subsets OfRffs never seem to occur.) At the level of command, it would therefore only
be necessary to specify a Isff: once this is done, the system would aut.omat.ically.( understand that the
object targeted is in fact made up of the lsl"&hd all other sffs upward from it to the ‘end’ of the eff;
hence ncither is a'reduced eff involving both the forearm and the hand allowed in our sysiems.
(Incidently the above rule implics that an even higher-level decision concerning the selection c;f an
eff has been taken; but with this observation we are introducing the problem of controlling a
multiplicity of effs, an area that wi_ll not be explored further here; recall that, by default, in our
systems, the eff is always considered sclected.) The systems would then proceed to compute (i.e.

solve for) the comect motions for the sffs (and thence for d.f.s) according 1o the prescribed goal.

2.2.1 Models for production )

While in section 2.0 we had introduced and explored the problem of control and degrouping
avith respect to a visual periphery, and had formulated the basic task of a control system as that of
exploiting the imaging potcntial associated with it, in the scction and sub-sections that followed it
attention was turned towards the problcﬁl of control and degrouping with respect to the motor
periphery. This led to an understanding of movement production which could be summarized in the

following manner: movement produciion consisis of the exploitation of the movement potential as-
%
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sociated with the motor periphery. In sub-sections 2.2.0.0 and 2.2.0.1 we argued [1] that in order to
do so a system would have to be provided with a representation of the effector as a whole, (2] that

 this representation, by its very nature, would be the basis for motion computation, and [3] that this
representation would have to be constructed from the bottom up, that is from the most primitive
m?cmcnt clements of the effector up to the whole effector; this is because the (global) effector
representation is supposed (o encompass within itself not only the whole effector but the whole of
the movement potential associated with it, which itself is a dircct function of the (movement polen-
tial associated with the) constituent elements of the effector, Thus, in section 2.2.0.2, we introdu-
ced the most primitive ‘movement’ component of the effector (the d.f.), as well as an intermediary
construct (the sff}, and finally the effector itself (the eff), Now these constructs pertain to the
periphery, and they are of course all directed towards the most essential aspect of the motor
periphery with respect to the control of movement, namely its movement polcnlinl.'BuL having
done this, one does not yet have a representation of the movement potential of the effector; onc
merely has a way 1o start thinking about its possible nature in a more precise fashion, Qur own
specifie ‘reconstruction’ of the periphery was of course already guided by the need to achicve a
g ffector representation; although this is not evident at this point because these constructs can
be taken independently of the problem of providing a system with a global representation, it will
nevertheless become quite apparent when we proceed 10 define the objects to which these compo-
nents are linked up in the system. As object of control the d.f. will somechow have to *survive' into
some aspect of the sff representation, and this one will also have to remain *accessible’ at the level
of eff representation, (Note that the same terms, namely d.f., sff, eff, and Isff, will be used to refer
both 10 parts of the ‘physical’ periphery and to their representation within the system. It should
however be clear from the context which usage is in effect at any one time.)

Although it might appear self-cvident that the most important physical aspect of the motor
periphery as concems movemcent control or produclign is its movement potential, it is certainly not
the only physical propery of the periphery that is determinant in that respect. In Robotics, where
one is dealing with :ﬁoncrcw physical effector, great importance also attaches to the (mainly
hindering) effect of inertial forces and friction upon the ‘purc’ movement potential of the effector.
For us however these considerations do not enter into play, as we have chosen to deal with virtual
(i.c. simulated) effectors in which they simply do not exist; there is no need to exercise a force upon
a virtual effector in order to make it move. (But of course if one wished it so, it c0ulcf be arranged:
the practice of controlling virtual effectors patterned after real physical effectors is a current one in
modern Robotics research.) The problem of achieving a global representation of cnérgclic manifesta-
tions such as friction and inertia at work in a given effector in a manner similar (o the achicvement

of the global effector representation appears to us formidable. (But recall that in sub-section 2.1.2 it
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was suggested that the dynamics, along with the kinematics, might also form an intrinsic part of
the cffector representation al’fdrdcd in biological systems. As such, their control, or their specific
‘contributions’ o the controlled object, would occur in a similar manner to that of the pure move-
ment potential of the effector system.)

Two models for control will now be presented. The first one is quite simple, and although it is
u model of the extrinsic type of control (cf. sub-section 2.2.0.1), it will serve to introduce the more
ambitiots second model instantiating an intrinsic mode of control, It is the problems encountered in
ancmpl.i‘ng to generalize the first conirol scheme 10 a more complex effector that led to the second
model; these problems were in fact critical to the strategic shift from an extrinsic to an intrinsic
type of control scheme. There was however, beyond a complexification of its basic structure, no
fundamental change in the nature of the effector from the first to the second model. The importance
of the first model lies in the fact that, cven though it is of the extrinsic type, the control is based
upon a rather different use of geometric principles than that encountered in Robotics research; the
same kind of use of geometric principles was again sought, and found, in the development of the

intrinsic coatrol scheme,

2.2.1.0 A simple extrinsic control scheme
Consider the simple eff in Figure 1 consisting of two sffs with one d.f. each. For purposes of
control it is necessary to suppose that the shoulder is permanently attached at a fixed point within
the two dimensional surface constituting the {extrinsic) spatial environment of the effector. (This is
why it is called an ‘egyptian’ arm.) The elbow, on the other hand, is pérma.nenﬂy attached to the tip
of the upper segment, which constitutes its spatial frame of reference. Thus with respect to their
immediate frame of reference neither the shouldernor the elbow moves; but with respect to extrinsic
-space (scgment O's frame of reference) the elbow can change its position. Now these attachcments
- {or joints} arc such that they cach allow for movement of the segments about the axis that passes
through the joint and is perpendicular to the two dimensional surface in which movement occurs
(they stick out of the page). Thus taken individually both segments have equal mobility, but taken
with respect to extrinsic space segment 1 has a greater freedom of movement than segment 0. This
is because the second s%mcm‘s movement can be superimposed or added to the first’s. More for-
mally, the system has ’_wfvo d.f.s; that is, in order o specify the position of the arm two values are
needed. These can be either the two local coordinates (taken with respect to each segment's axis of
movement) or they can be the two global coordinates of the tip of the second segment (taken with .
respect 1o extrinsic space). Since ‘actions’ are described globally (e.g. “'move the tip of the arm from
point A 1o point B™) but control must ultimately be exercised locally, the problem of controlling

the arm boils down to the problem of correctly transforming globally described (or simply, global)
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goals into locally understandable (or simply, local) goals (¢.g. move segment 0 by so much and
segment 1 by so much). Such a scheme will shortly be presented for the ‘egyptian’ arm.,

1df —b
4—— fixed attachement

segment 1, length l1

<«4—— segment 0, length 1 o

Figurc 1.  The ‘egyptian’ arm: 2 d f.s, 2 sffs.

- As suggested above, the simplest type of global command consists of a directive to move the
tip of the cff-ﬁwpoim A (the current position) to point B (the goal position). The reason for this
is that all global commands can, at the global level, be decomposed into a scries of smaller tincar
translations. Thus a command to move by following a specified arc (in order for instance to avoid

an object) could be split up, or approximated, into a sequence of tangential movement commands, a

tangential movement being a linear movement following a tangent to the specified path. However '

this presupposes that the ‘smaller’ movements themselves are lincar, which unfortunately is not
true in general. This is because even though one can calculate the amplitudes of the local move-
ments (those performed at the d.f. level) necessary for the goal to be satisfied (namely, following
the execution of the local commands, that the tip of the ¢ff does indeed end up at point B), the
actual path followed by the tip of the eff in going from point A 1o point B i3 nor in general a lincar
path. Thus arises very early the problem of path control, above and beyond the problem of global

control. What is simple at the global level does not result in something equally simple when
‘directly’ transposed to the local level of execution, and conversely what is simple at the local level
of execution (e.g. that zll d.f.s move by the same amount) docs not result in simple movements in

objective space. That is, taken with respect to objective space (also serving as the global command
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reference) the inherent spatiality of the arm is complex. Ycll}rom the point of view of objective
space, and hence of global commands specificd with respect to it, there is apparently no altemative
to the fact that translations from A to B are the simplest possible movement directives.

We have not solved the problem of pam/::;;u?l for the present control model, nor in fact for
the next ong to be presented below. It is howcvér a problem about which we have a few things to
say, and to which we shall return in the next sub-section, But at this point, we would like to make

“the following preliminary remarks about it. First, we believe that a solution to the problem of path
control should only be sought once the global control problem has been solved, as indeed happens
in Robotics: path control is subordinate to the existence of a basic level of control, upon which its
solution depends (cf. Paul 1979, 1981); that is, as a more sophisticated kind of control, path control
should be built on top of ihc glbbal level of control. Secondly, it is well known that humans can
exercise quite a precise control over the deployment of particular movements; this signals the fact
that path control is indeed a basic feature of a human level of movement production. As such, it is
therefore independent of the nature of the explanatory control scheme (intrinsic or extrinsic); it is an
issuc that must be addressed in both approaches. However, having favoured an intrinsic view of
control (cf. sub-section 2.2,0.0} and having invested much more in the development of an intrinsic
control model, the question of the way in which, in that context, the problem can be formulated and
how it should be tackled, will be reserved for the next sub-section. For the moment we shall limit
oursclves 1o a short comment. As stated above, the problem was-not pursued in the context of the
first (i.c. extrinsic) control scheme.

Bricfly stated path control is the problem of imposing an overall form to movement. Recall
from above that the whole issuc of path control emerged from the recognition that it was not
cnough to simply calculate total excursions for the d.fs, and that a whole new domain of variation
was opencd as a consequence of the fact that during execution some additional directive had io be
supplicd on lh.c.particular way in which these excursions would unfold. In effect the ‘shape’ of a
movcmcr:t is directly related to the way in which, within the confines of the previously calculated
totals, the individual local movements develop. So again we encounter the same basic degrouping
problem whereby the set of different local events must be such as to ‘add up’ or give rise to some-
thing that is not apparcnt at that level. Hence, as in vision, shape is a property of a group of local
cvents, one that must be computed globally. It is of course at that Ievel that a solution must be
sought, and one furthermore that must somehow be ‘fiticd’ within the extant global control. It will
be scen for ‘insmncc. in the second model, that there is a default shape directive which states that all
calculated local motions have to occur within the same execution period (this gives rise to different
speeds) and are lincar; as a default, such a directive need not be explicitly taken into account at the

top level of command. However supposing that it were to be, then the problem becomes, again,
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one of finding the constant or invariant feature of the local execution that, for & given global
command, forces it to occur, as a whole, in a specified way (e.g. so that the tip of the eff moves in
a straight ling). Although we are mcreh; at the stage of formulating the problem, we believe that,
given a working system in which a global level of command is implemented, it is possible to start
exploring the question in a more systematic fashion. But we shall leave that question now and
return 1o our first control model,

The basic principle behind our first control medel is outlined in Figure 2. The key to the
model lies in the exploitation of the constant lengths of the sffs, Here is how it works. Suppose, as
above, that the global command takes the form of a required displacement of the tip of the eff from
point A to point B. The problem of course is to compute motions for joint 0 and joint 1 so that

following cxecution the tip of the eff, initially lying at point A, ends up lying at point B.

circle 1

circle 0

A

-~ 1‘5)
Figure 2.  Control principle for the ‘egyptian’ a

Point B is used as a reference point to draw a circle (circle 1 in Figure 2) whose radius is equal
to the length of the second segment. Another circle (circle 0 in Figure 2) is drawn, but this time by
taking the fixed attachement of joint 0 as reference point and the length of scgment 0 as #ts radius.

In general these two circles will intersect at two points. If they do not meet, then the motions can-

<
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not be computed, and the movement is not possible because it is out of the reach of the eff. If they
mect at one point, then that single point is used for calculating motions. If the two circles meet at
two points, as shown in Figure 2, then the question arises as to which one should be used to com-
pute the motions. If the second sff could rotate freely about joint 1 then that would necessitate the
introduction of a heuristic into the system for selecting the ‘best’ solution; however the problem
never arises duc to the fact gal the second segment cannot extend beyond the alignment with the
first scgment, which it would have to do if the second intersection point were in fact a possible

solution; since it cannot, there is always but one possible choice. Again, this question does not
arisc if there is a single mecting point, Having identified that point, the next step is to compute the
signed angular difference between the ‘initial” and ‘final’® positions of segment {); this difference (d1

in Figure 2) constitutes the motion commanded to the first sff. By ‘moving’ the whole eff io that
position it is then possible to compute the second difference (d2 in Figure 2), namely that between
the ‘initial" and ‘final’ second segments, which in turn will serve as commanded motion for the
second sff. Thus, starting with a global formulation c‘)ﬂf\?‘wmmand. i.c. to move the tip of the
effector from position A to position B, the system has computed the local motions necessary for its
realization,

It will have been noted that the command takes the form of the intended result of a movement
rather than the prescription of a transformation of some representation of the effector. However
since it is interpreted by the system as bearing upon the whole effector and as implying a set’of
local motions, it can be argued that the command does in fact have global status and that degrou-
ping does in fact occur in the modet. It will also have been noticed that, as a representation of the
effector, the effcctor (Figure 1) does not have global status; there is simply no need for the represen-
tation to be global in such a control scheme. Hence the globality of the command is not based upon
the globality of the representation of the effector; furthermore, the command is not stated in terms
of a transformation of that representation, although it does lead to a set of local transformations. As
argucd carlicr, the globality of the representation is inherent and implicit to the whole system's
functioning; it is best recognized here with reference to the control schcmé\it.sclf. which exploits a
constant geometric property of the effector, a geometric fact that remains true for all possible move-
ments. For the representation to be an effector representation, it would need to be a single explicit
object that somehow encompasses within itself all the components of the effector in such a way as
to répder apparent the movement potential of the whole; in the present scheme this is not the case
since it cannot be known at the top level of command whether or not a movement is possible: it
first has to be tried (;ut.

As for the model itself, it was only tested on paper. Had it been simulated on a computer, we
would have had to transform the procedure into the language of analytic geometry (e.g. for finding
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the _intcrsection points of éirclc 0 and circle 1), However that appeared unnecessary in view of the
simplicity of the underlying principle, and also unlikely 1o be of great import with respect to the
larﬁcr goal of achieving a model of control for a humanoid effector. In that context, attempting to
extend that _principle {0 & more compicx humanlike effector appeared to be the most promising ave-
nuc to pursue. This is the problem of gencralization. -

By introducing new d.f.s and/or new segments, the original ‘egyptian’ arm can become more
sophisticated. There arg many ways to do this, and many possible intermediaries along the road to a
full-blown humanoid effector. The most straightforward is through the addition of a third scgment
with one d.f., like the first two. Another is through the addition of two d.f.s at the shoulder, one of
them having its axis within segment ( itself while the other having its axis perpendicular to seg-
ment 0's first d.f. Finally, the third segment (or hand) can be added, one more 4.f. can be added at the
elbow, and one more at the wrist, bringing the total to seven d.f.s. Controlling this effector was the
ultimate geal; but, following our strategic argumentation, we did not tackle it directly. Rather, we
moved on to consideration of the next simplest extension after the original ‘egyptian’ design, name-

ly the effector consisting of 3 sffs with 1 d.f. each (cf. Figure 3}.

) circle 0
circle 1

Po

circle 2

segment

target orientation

/ second ........r\

third

u,mlm initial position\

-

.
Figure 3.  Problem of generalization of control scheme for the ‘egyptian' arm N
)
Suppose the extended ¢ff is in the initial position shown in Figure 3; suppose furmc;“ that
some target point (“target” in Figure 3) has been specified as the goal. As before, the Pf'oblcm

£
consists of calculating the motions for the three d.f.s so that, following execution, the tip of the

o
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third segment will coincide with the target point, Applying the control principle, one first draws a
circle (circle 2) using the target as center and the length of the third segment as radius. But having
done so a problem immediately arises concerning the center of the next circle, the one that is
supposed to have as radius the length of the second segment ... : how will its center be chosen? But
Iet us look for the moment to the possible fate of the first segment. Suppose that the third segment
is completely extended with respect 1o its neigbour, the second segment, and frozen in that position,
In effect this would transform the cxlcﬁdcd cff back into the original design. This fact allows us 1o
specif’y a range for the final position of the first segment. Here is how. If a circle {circle 1 in Figure
3) is drawn with the target as center and with a radius equal to the sum of the lengths of the second

and third segments, then in general it will intersect with circle 0 in two places (points pg and py in

Figure 3); again, if it does not, then the movement is impossible, etc. Now the final position of
the first segment cannot lic anywhere on the right side of circle 0, defined by the arc traced in a

clockwise direction from point pg to point py, since from any one of those positions the ‘second’

segment, i.c. the second and-third segments with the first being maximally extended, cannot reach
as {ar as the target; if the movement is at all possible it must therefore follow that the final
position of the first segment will lic somewhere within the complementary, or Iefiside, arc. This
range can again be cut down to approximately half by using the fact that the second segment cannot
move down below the length of the first segment, which it would have to do if the first segment's

final position fell between pq and pg (cf. Figure 3). This effectively reduces the range to the arc

P1P3.

But we are still dealing with a range; and there is no way, by applying the same kind of
consideration, in which it could be cut down further and further until a single point were found. The
simple geometric truth of the matter is that there are many possible solutions to the local move-
ment problem. (Two of them are shown in Figure 3.) Having exploited that aspect of eff geometry
1o the full, one is therefore forced to call into play another type of constraint in order 10 resolve the
indeterminacy. Again many possibilities are open for consideration. The one illustrated in Figure 3
consists of specifying within the command something called *“target orientation,” which is simply a
requircment that the third segment's final i)osition should be such as to make a specified angle in
{objective) space, (It could also take the form of a point, as shown in Figure 3.) This constraint is
sufficient to decide upon a center for the second circle (not shown in Figure 3), whose intersection
with circle 0 will provide a means to calculate the final position of the first segment. (Again, there
might be unrealizable “target orentations,” whose existence depends upon the possible non-intersec-
tion of the second circle and circle 0; they also cannot be known a priori.)

There are other altcrmatives to the above. For instance, one could scck to solve for local
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motions by demanding a minimum tota! of local movements, or in fact by imposing just about any
other similar constraint upon the set of local motions. But we have not explored any of them. The
problem with these is that some justification must be found for the selected constraint (resolving
the indeterminacy introduced as a consequence of the multiplicity of possible solutions also calling
for the introduction of a further criterion). As above, this can take the form of the optimization of a
certain relation; but such schemes can lead to complications, since other aspects of control, for ins-
tance path control, could potentially be affected by a particular choice and so must be uiken into
account in the justification process. However this is not the case for the “target orficntation”
solution.

But why does the aucmp\t to generalize the initial control scheme Icad to a problem of indeter-
minacy? One way to explain it is by pointing out the ‘insufficiency’ of the command in terms of
the number of independent picces ofinformation it allows to be extracted from it: the extengded
‘egyptian’ arm has 3 d.f.s, which means that three local values must somehow be derived from th
command: however the command (i.e. the goal point) only has two independent dimensions. Hence
the indeterminacy. This did not of course occur in the original case, where there was a unique
solution from _goal point to d.f.s, since the number of dimensions in the command was cqual to the
number of d.£s in the eff. But here one is missing. The situation can be likened to the well known
algebraic fact that it is impossible 1o solve un;lqucly .a set of two equations in three variables, In
order 1o arrive at a unique solution it is necessary to introduce a third constraint that is independent
of the other two, just as we suggested above, In fact the only requirement for that third clement or
relation is that it be independent of the other two; outside of that, it can be practically anything.
However it is clear that the particular choice of third element will directly affect the (unique)
solution derived from its association with the two other relations, a different third relation giving
rise in general to a different unique solution.

As it happens the deficit occurs on the side of the command. But the solution need not neces-
sarily be sought at that level. As in the optimization scheme, it can pertain to the execution of the
command; but the third relation can also become part of the command itself, as in the orientation
scheme. Although the former is more difficult to find and implement, it has the potential advantage
of leaving the command simple; the latter one is much easier to implement, but it requires a more
complex command. Whichever type of solutien is adopled, and for whatever reason/s, the bottom
line is that there will need 1o be embedied in the control system ar least as many independent cons-
traints (or constraint dimensions) as there are d.f.s in the eff,

In actual fact this requirement is also independent of the type of control scheme, be it cxtrinsic
as we have here, or intrinsic, as we shall sce below. [n the present model the search for a solution

¢ o the problem of indeterminacy is directed at the level of command or execulion, and not at the
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-1¢vel of the representation of the effector: this is because éiven that the extrinsic model is founded
upon a certain representation of the effector and that the soluﬁo;l is sought within the confifies of
the extrinsic model, the scarch cannot by dczl:liu'on be brought at that level. There may be other
possible representations of the effector for an extrinsic type of control model, in which case the
previous statement would no longer hold; but we know of none. (This is why the extrinsic model
and its réprcscnmtion of the effector can be used equivalently.) Hence exploring the situation at the
level of the representation of the effector entails switching to an intrinsic type of control model.

This is the subject of the next sub-section.

2.2.1.1 An intrinsic control scheme .

Our second model was also aimed at the control of an extended effector (Figure 4). Rather than
having a third segment plus an extra d.f,, it has two more d.f.s than the original, making it an eff
capable of accessing three-dimensional space. In terms of complexity it therefore liés in gn interme-
diatc position, between the previous extended ‘egyptian’ arm and the full humanoid arm having 3
scgments and 7 d.f.5. Following approximately the human proportions, the length of the second

scgment is cqual to that of the first,

17 segment 1

4— segment )

Figurc 4.  Exiension of the 'egyptian’ arm into 3-D: the two new d f.s are
indicated in bold style. One occurs abowt the Y-axis, the other abowt
the length of segment 0. The shoulder is now a ball joint, The
elbow is left unchanged from the original (cf. Figure 1).
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If, by removing t}m/d,f. occurring about segment 0, we only t;nd three d.f.5 in that cff, then it
would be possible to ‘extrinsically’ solve uniguely for the required local translations since the com-
mand would take the form of a goal point in lhrcc-din;cnsional space; the number of values in the
command anci‘ the number of values required to ;xcculc it ﬁrould be equal. (We will not go into the
details of how this copld.bc done.) Hence the problem of indeterminacy would not arise; just as it
did not arisc in the original control scheme of the previous sub-section, But the new eff has four
d.f.s, and the indéterminacy problem thereforg still exists in the present case.if it is supposed that
the command continues to take the same form, namely a goal point, or even a path, Since the
minimal humanoid arm has more than three d.f.s, and since the ultimate goal is the control of a
humanoid arm, the problem cannot simply be solved by keeping the m'lmbcr of d.f.s down (o three.

The command will not however retain that form when the mode of control becomes intrinsic;
in fact it will be such that the problem of indeterminacy no longer arises. As argued in sub-scction
2.2.0, the whole point of intrinsic contrgl is that commands are dircctly based upon the cf[cctm:
representation. The whole point of the indgterminacy problem is that the number of dimensions of
control was insufficient with respect to the number of d.f.s (or independent ‘dimensions’ of poten-
tial movement) in the eff. Since now the commands are to be based upon the effector representation
{which it is not in the extrinsic mode of control), and since that rcprqscnmtion ‘accounts for’ the
full movement potential associated with the cffector, then by definition the command cannol be
insufficient with respect to the object of control. This is the first major advantage of an intrinsic
mode of control. By doing so,.howcvcr. the explicit and immediate reference to objective space in
the command is lost; at the present stage this is the main disadvantage, but as we shall argu‘é later
the eventual reference to objective space is not as a consequence irretricvably lost.

Since in the present case the effector has 4 d.f.s, the representation of the effector will need to
provide the system with four potential dimensions of control, But that is not the whole story. In
sub-section 2.2,0.0 it was also argued that the representation should constitute a single explicit
entity. In the previous model there was no such entity; of course there was a representation of the
effector, but it was not available as such (i.c. as it is to us when we look at it) within the system:
what was present was a fixed structure of computation that reflected the structure of the effector, but
the eff itself remained implicit. Here also, insofar as the representation will dictate an unchapging
pattern of computation, it will be fixed. However, that is the invariant part of the representation, a
frozen core that nevertheless leaves room for variation; these sources of variation constitute the
basis of command, while control itself is a function of both the invariant and the variations allowed

within it.
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effector .
representation '

segment O's
‘sphere of influence’

Figure 5.  Geometrical basis of the 4 d.f.5/2 sffs effector representation. The )
second segment is projected onto the first segment’s 'sphere of
influence,” the resulting great arc is the effector representation.

Figure 5 describes li'lc geometrical principle béhind the effector representation for the 4 d.f.5/2
sffs arm. Consider segment 0 first, Its two perpendicular d.f.s (about the Y- and Z-axes) aIIow' for
the definition of what might be called its ‘sphere of influence,’ in much the same manner as in the
first model, segment O's single d.f. allowed to define its ‘circle of influence.’ Since segment O's
length is fixed, for any position of the arm the elbow will always lie on the sphere, as shown in
Figure 5. Now this virtual spherical surface is used as a projection surface, with the center of the

sphere, that is the shoulder, acting as projection point. Now segment 1 is projected onto the sphere.

This results in a “great arc” (i.e. a segment of a great circle of the sphere); that arc is the effecioF—

represeniation; it is the ‘internalized’ single object of control upon which the whole sysgem is
based.

This gcometrical entity has some interesting properties; Iet us look at some of them. First, it
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le effector (within the bounds

e -

is:n invariant; that is, whatever position is occupicd by the w

:ﬁlowcd by the d.f.s), the projection~always results in some great arc. Now suppose that some

movement occurs in the two perpendicular d.f.s at the shoulder\while the two other d.f.s do not

change: the arc will move on the surface of the sphere, but it won't change in length or orientation
(in spherical geometrical terms). Now suppose on the other hang that everything is fixed except for
the clbow d.f.: the arc won't move but its length wili v y from ‘zero’ {(when segment 1 is
completely extended) up to one quarter of the circumferengt of the sphere (when it is maximally
flexed). Finally, if only the rotational d.f. {about segment 0's axis, X' in Figure 5) is allowed to
function, then the arc will rotate about the ‘clbow’ p-oint ot the sphere,

The point of it all is that the representation is a single entity (namely an arc) that nevertheless,
through the possible variations upon its characteristics (namely position, length, and orientation on
the sphere) can be associated with the state of the whole effector at one moment. These characie-
ristics are also independent of each other, a variation in any one not implying a variation in any
other, " .

But how can this bc. of any use in a control schéme? Tt is interesting that this constant
property has been identificd, but how could it be turned into a basis for command? Quite simply, by
reversing Lﬁc process, i.e. by having the system produce these variations and compute the implied
motions. This is possible because of the permanent relation that exists between the characieristics
of the represéntation of the ¢ffector (the arc) and the components of the effector; by extension, any
variation (or motion) in one or more of the arc’s eharacteristic/s should produce a movement in the
corresponding effector component. In fact these changes will become the motion directives, i.c. the
commands, in the new control system. The system of cours)c is provided with the effector repre-
scntation, as well as a means of prescribing various combinations of modifications of the elf's
characteristics.

. -— At this point, one should casily be able to start imagining the command, and hence the move-
ment, potential opened up by such a scheme, In effect though, it is merely a starting point, since it
is not cvident, even for the individual variations, what kinds of parterns of medifications will be
meaningful; these will have 1o be uncovered by further study., However that is the price of an
intrinsic model of control, the gain in ‘global control’ power being counterbalanced by a loss in the
a priori knowledge of the objective results of the commanded motions. Yet the latter is hot beyond
recovery, it is merely not yet available at this stage of development. What will happen however is
that 2 meaningful intention will take a quite different form than it takes now in lerms of objective
space (as described for instance in Robotics). This is because the sytem defines a new basis for
spatial knowledge, a knowledge that must now be developed from the *primitive’ spatiality of the

effector representation implemented within it. This is exactly the same kind of recursive argument
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" encountered in chapter 1 conceming the basis for knowledge of visual spatiality (cf. Lamontagne &
Beausoleil 1982) provided by the ‘primitive’ analysis of line segments; and while it is conceivable

in principle, we also could not yet statc what form an ¢ventually more extended knowledge of the '

visual world would take.

S
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Command Area Movement Space

*

I*:jgurc 6. Screen display of the simulated arm and control scheme for the
second model. ‘

The control system is provided with a representation of the movement potential of the whole
effector; this is the effector representation. Control and production pertain dircct-ly 1o that object
through the specification of patterns of modifications upoen its characteristics. In order 1o study the
command and movement production potential of the system, and?ore specifically to get a better
grasp of the “patterns of modifications™ question, it is necessary to simulate the system. In effect
the system as it now stands defines a sort of ‘level zero' of control upon which further levels will
be added. The problem of control is redefined at each step; further dimensions of control can only be
directed at existing dimensions of control. This presupposes that, taken singly or collectively, the
cxis:ling dimensions of control leave room for further specification of transformations. Thus, a
simple modification along onc characterization dimension of the effector representation constitutes a
‘Ievel zero® command; however such a modification can occur in a variety of potentially interesting
ways, or according to dil'fcrcﬁl patterns. Before these are ‘implanted’ within the system however,

they have to be found out. 'Tﬁc main problem that had occupied us so far was the problem of the



' 141

) ' . - - . »

effector representation. Even though it concerns the representation of the movement potential asso-
ciated with the effector, it could be tackled Q{ntically. i.e. in the absence of movement; but now this
is no longet possible since further levels of control no longer penain to the effector but to the
control of *level zero® control. This is why simulation it necessary.,

The first step of this process consists in programming the effector. Since the arm moves in
and accesses three-dimensional space, it is necessary to use some of the techniques of computer gra-
phics (Foley & Van Dam 1982). Appendix III fully describes the implementation. Tt will be noted
that the simulated effector, having 3 scgments and 7 d.f.s, is the complete humanoid arm. However
here the effector representation, and hence the control, are limited to the first two segments and four
d.L.s; this docs not interfere in the simulation of the control scheme: the three remaining d.f.s and
the third segment are simply ‘ignomﬂ' by the system, receiving null motion directives. Lower down
we will turn bricfly to the problem of the effector representation of the full humanoid arm,

The second step of the process is the implementation of the control scheme, The only real
difficulty that this part of the simulation presents centers about the nature of the “user interface,”
i.e. the type of interaction with the system dictated by the command mode. These concems are not
critical for 1csting the model; but as argued above they can become quite impormﬁt for a further
study of its extensions. So far for instance there are no facilities in the programme for generating
patterns of modifications, as would be required for a study of the problem of path control. A sccon-
dary problem of the implementation is speed; the calculations are too lengthy to obtain rcal-time
movement: everything has to be pre-computed. This limit to the ease of use is also an important
impediment to an investigation of the full range of commands available in the system. Finally,
since it is better to see borh the command and the resulting movement simultancously, the screen is .
split in two areas; but this reduces somewhat the quality of the 3-D display.

The implementation of the gontrol scheme does not follow exactly the geomelric principle
(Figurc STﬁndcrlying it. For instance the length of the projection segment is made to correspond to
the degree of extension of the forcarm: the larger the length, the larger the extension; gcometrically,
the converse is true, Furthermore, the orientation of the projection segment is interpreted by the
system as a value for the rotational d.f., not as a position for the forearm; in actual fact these are
90° apart, But the position of the ‘lower’ tip of the projection segment is ‘correctly’ interpreted as
corresponding to the lip of scgment 0. Of course neither of the above deviations encroaches upon
the basic principle of the singleness of the object of control since, {ollowing the rule of represen-
tation, there is no a priori necessity of a strict allegiance to the ‘objective’ situation, merely that the
system's interpretation of that object (i.c. the association of its features with certain parts of the

cffector) be unchanging,



‘vertical”
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‘herizontal’ 0,
component

arm'’s initial position

Figure 7.  Example of command (on the left) and the resulting movement (on
the right).The "i" subscript indicates the initial values of the conirol
dimensions, while the “g" subscript indicates the goal values. See
text for further details.

Lct us look more closely at the implementation of the control (Figure 7). At the beginning,
the cff is in the “initial position,” the same as that indicated in Figure 6 abow.-'e. There is no special
rcason why that particular position is chosen as the initial position. The “user interface” for
commanding motion is sct up in such a way that the first specification (notificd by positioning the
pointer (the small cross at the bottom of Figure 6) and “clicking” the “mouse” (the picce of
hardware used 1o move the pointer on the screen)) will be the new position of the tip of segment 0;
this corresponds Lo the small circle in the Figure, Next, the pointer is moved to another position
and the same procedure is repeated: this time however the specification concerns the projection point
of the tip of the sccon;.i sff, represented by a small dark square in the figure. The programme then
joins the two “points” together by a straight lihc. thus completing the process of command. The
new ‘line’ consists of the goal position, while the original one is of course the initial position (see
Figure 7). At this point the programme takes over and starts to degroup, i.e. to compule the local
motions on the basis of the commanded modification of the effector representation, (The “degroup”
button shown in Figure 6 is there becausc the programme also allows for more than one transfor-
mation specification (up to twenty in fact), in which case one needs to tell the machine that the

command sequence is complete and 1o start computing. However it is not yet possible 1o edit a
-
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given command once it has been set down, Clicking the “restart” button interrupts the execution of
a con':mand sequence; it sigmﬂs the system to start afresh,) A default value of five positions,
including the initial and final positions, are computed by the progt:amme in order to show the
movement of the effector as it progresses from one to the.other; this is displayed on the right half
of the screen, but only, as mentioned before, once they have all been computed.

Here is how the sytem computes the local motions. Let us suppose, in order 1o simplify the
exposition, that it computes the complete motion, from the initial to the finul position, in just onc

step. The programme has in hand three pairs of values, namely (s;, sg}. (L, lg], {0, og}. In order
10 extract from the first pair of valucs the two motions directives for the two d.f.s at the shoulder, it

decomposes the vector S|Sg into its two independent components, one ‘vertical' component for the

‘vertical’ d.f. at the shoulder, and the other *horizontal’ component for the *horizontal” d.f. at the

shoulder. These lengths are directly interpreted as angles; cach onc will be ‘fed* as such into its
corresponding d.f, Next, it proceeds to compute the difference between lg and 1;, a diffcrence that is

again interpreted as an angle: the interface does not allow for the specification of a goal segment
whose length surpasses 180 units. This value is interpreted as the commanded increment for the

clbow d.f. Finally, the crientations of the ‘command segments' are compared, i.c. 05—0; is compu-
ted; this is the motion directive for the rotational d.f. at the shoulder. As in the previous case the
interface does not ailow for the specification of a change in oricntation beyond 180°; in fact it is
only possible to position the command, or goal,'scgmcn'l so that its orientation falls between +90°
and -90°. This reflects, as in the other cases, the physical limit of the rotation d.f,, but in this case
it also reflects the position of the d.f. in the arm's design. The decision to place it there was again
made on the basis of the human arm's structure.

In effect then, the simulation implements the three levels of the whole control scheme: [1] the
global level of the single eff, [2] the intermediate level of the two sifs, and [3] the local level of the
four d.f.s. Although-the commands themselves seem to be specified at the level of the sifs, it
should be remembered thal in fact they bear upon the characteristics, namely the position, oricnta-
tion, and length, of the global object, namely the segment: the only way in which the movement
potential of the ‘local’ components or lower objects of control, i.e. the sffs and the d.f.s, could be
represented is through {secondary or variable) characieristics of the global object of control; as for
the primary or invariant nature of that object, it is based upon the constant raaﬁouship between the
components of the eff (as described and ‘capured’ through the projection principle) which is
embodied in the immutable sequence of computations described above.

The local (d.f.) motion directives arc\qompuwd as a change in specific attributes of the global

object of control. Now the geometry of the effector projection is non-lincar. More specifically, the
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relation between the extension of the forcarm and the length of the projection segment is jon-lihear.
Nevertheless the system interprets it as a lincar function; thus, for any position of the forearm, a
given increment (or decrement) of the command segment’s length is interpreted as implying the
same displacement in the extension d.f,, while in fact it should not. (The demonstration will not be
given here.) For the purposes of command this has little consequence; but it could not be ignored in
a more systematic study of the relationship between the spatiality of the effector {(as represented in
the command area - cf. Figure 6) and the behaviour of the effect.or in objective space (as reprcscmcd
in the movement space - cf. Figure 6); this would require t.hc introduction of an inverse mercator
‘correction’ (i.c. a projection from a plane o a sphere) in the system. However cven if the relation
between the command segment’s lengthening and the implied displacement at the clbow d.f. were
cstablished correctly in the system (i.e. strictly according to the geometricat principle of projection,
in which there is a non-lincar relation between the clbow's angle and the projection scgment’s
length) the non-lincarity of the cffector tip's mov.cmcm in objective space would still persist. This
is because the non-finear rclalion{c\lwccn d.f. excursions and effectordip movement is an inescapa-

ble fuct of cffector kinematics. ™

default path

point A position

-

alternative non-linear path

Figurc 8.  Paih control. The default is a linear computation of the intended
change, leading to constani velocities for d f.s. An alternative
non-linear path is outlined; note how this can imply a reversal in the
direction of movement of a d.f. (here the vertical one). All
movements still occur within a fixed interval of time,

The crux of the problem of effector control however is not that this relation exists but that it

should be “captured’ (or represented) and exploited in such a way that, with respect to objective
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space, a given result can be commanded. In its current state the mode! allows for a very large
number of results to be achieved. However they all have the same siatus; they are undifferentiated
and unorganized. On the other hand, the control schema Ieaves a lot of room open for the introducti-
on of further constraints or additional dimensions of control needed to achicve such a differentiation,
One of the most evidcﬁt concerns the possibility of path control. ,

At this stage of development of the model the local motion directivcs are computed as simple
linear translations in time, i.c. as constant velocities. (However since in general the calculated
displacements are unequal but the time interval for the whole movement is fixed, the (constant)
local velocitics vary from one d.f. to another,) This is a default result; constant local velocities are
computed simply because there is as yet no alternative. But what would happen if they were allowed
1o change (within the confines of the fixed overall movement time)? The answer is that the system
would now have more control over what happens between the initial and the goal position.

Let us take up the case of a movement (in objective space) from point A to point B (Figure 8);
that is, let us suppose that the initial position of the effector is such that the tip of the arm is at
point A in objective space (point A position} while the tip of the arm in the goal position is at
point B in objective space (point B position). As described above, the model will compute a linear
change for each d.f. (the dotted straight lines in Figure 8; orientation diffefential not explicidy indi-
cated); it will then proceed to compute different constant speeds for cach C:Elhem. This will provoke
a certain displacement of the whole arm that will effectively bring the effector tip at point B. But
these computed changes are only one among many potential ways of ‘getting from A to B.' I is
possible for instance to travel a different (no longer linear) ‘path’ from point A position to point B
position {the dotted curves in Figure 8). What would happen if it were followed? The arm would
still end up at point B position, but it would get there by a different route; furthermore each d f.
would no longer have constant velocities. Thus is opened up the way to a study of path control.
Now let us reverse the situation. Suppose for instance, following the robotic model, that somehow
the arm is externally taken from point A position and brought 1o point B position through a linear
transiation of the tip of the effector. Suppose furthermore that at a large number of constant smaller
time intervals the arm ig projected onto the virtual sphere associated with the first sff. The resulting
series of projection segments would ‘fit’ between point A position and point B position; and it
would follow a certain non-linear pattern. If now this sequence is taken as a command sequence,
then by definition the path of the tip of the effector will (ideally) follow a lincar course in objective
space, Reverting now to the initial situation, imagine that this were done for another linear transla-
tion of the tip of the effector. A certain pattern would again emerge. And so on for any number of
trials. The question that now arises is: will there be something common 10 all members of the

resulting set of projection sequences? Is there a ‘linear command' invariant, or afe all lincar transla-
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tions indcpendent and otherwisc unrelated to each omcr?:Wc belicve that a linear invariant can ind
be found; but we have not yet identified it.

Recall that our initial task, namely the definition of the effector rcprcse;nalfon. also centered
about the problem of specifying an invariant. As global object of control, it had the property of
scizing the movement potential of the whole arm. From the point of view of production, this
meant that the representation would remain consistent with any and all movements, since it retained
its cssential or primary character across all possiblL;. positions of the effector. The problem of the
lincar command invariant can be defined in exactly those terms, except that now it concerns not the.
effector representation but the transformation of the representation (which is why it is called a
command invariant). Of course, whatever that transformation turns out to be, it will also need to be
independent of position, i.e. remain true across all possible (starting) positions of the effector. This
is where the idea of Isff (i.e, leading sff) could well enter critically into play, for the problem is
cssentially defined with respect 1o the movement of the tip of the second sff, It is true that such a
lincar translation is impossible with the first sff alone; however supposing that the eff consisted of
three sffs, as the full humanoid arm does, then the choice of which ‘end’ sff's tip, the hand or the
forcarm, would translate in a linear fashion must be made. In that sense alone, the Isff would be
called into play as a further importan? mouon characterization, This complicates even more the
problem of linear command equivalence, since the transformation will have to be applicable to both
possible instances of 1Isff.

One cluc to a possible approach to the problem of the command invariant is already present in
Figure 8. In general the linear command invariant (for instance) will involve transformations of al!
control dimensions, So far, and this is true in the simulation as well, the commands are specified
along the individual dimensions of control. Taken as a whole, these particular modifications amount
10 a certain pattern of course, but one that is not well characterized, since no explicit relationship
between the various changes is called for or imposed. In order to approach the problem of the
command invariant, we must [1] be able to specify (i.e. characterize) such collective constraints, and
[2] have a way to proceed from them to the computation of the implied local changes (ie. the
changes at the level of the individual control dimensions). In effect this means that a new level of
contrel is called for, one whose object is the more primitive level of control with which we have
dealt so far. What we want, for instance, is 2 way of describing something like the “alternative
non-lincar path” of Figure 8. As stated carlier, we are only yel at the stage of analyzing this
problem, but there is one aspect of the of the situation which already deserves to be singled out.

There is a potentiaily interesting aspect of the effector representation which we have so far not
explicitly noted, and which can be stated in the following intuitive manner; because the representa-

tion is a single ‘bound’ entity, it is possible (o ‘take a hold of” the whole object on any one of its
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dimensions (i.c. its *lower’ end-point, its _length. and its oricntation). Thus if one seizes the ‘lower’
end-point {the end-point marked with a small circle in Figures 6, 7, & 8) and ‘pulls’ on it, the
whole segment will follow; similarly for the other two (although less evidently or clearly for the
last onc). This suggests that the specification of a pattern of transformation could be *constructed
around’ oﬁe outstanding dimension of the object, whose transformation would be explicitly descri-
bed, while those of the rest would simply ‘follow,’ or assume default transformations. For instance,
one can imagine that in pulling the ‘lower’ end-point of the segment in a certain direction, the seg-
ment's orientation would antomatically align with it, while the length would remain unchanged, or ‘
also change as a function of the chosen direction of motion,

Even though this is true for all dimensions of the object of control, some of them appear to be
more interesting than others, in particular those that correspond to a sff rather than simply a d.f,,
such as the orientation. As it happens, focusing the motion directive/s on the lower end-point
amounts to selecting the first secgment as the 1sff; furthermore, that point corresponds to the tip of
the segment. Now what ‘part’ of the object would lead to selecting the second sif as 1sff? /¢ can be
neither the length nor the orientation, because even though the length of the object corresponds to
the extension d.f., which is the second scgrﬁ'cm‘s dcﬁnif{g d.f., the oricntation, cven though it
properly belongs to the first segment, has its effect upon the second segment, and none on the firss.
{Incidently, this is also the case for the rotation d.f. in the forearm, which exercises its effect upon
the hand rather than upon the forearm itself, with which, of course, it is by definition associsted.) In
order to make the second segment the Isff, it is therefore necessary that this d'f. also be taken a hold ‘
of, along with the extension d.f. The part of the representation that would make the second sff the
Isffis the upper end-point (marked with 2 small square in Figures 6, 7, & 8). This is the projection
point of the tip of the second segment.

Of course since the forearm is attached to the upper arm, the sccond segment cannot, in
general, be commanded alone, as is the case with the first segment which, in our model of the
effector is attached to none other. But this is not a problem. The main point about making the fore-
arm the 1sff is that the command can be focused on it, while the upper arm will simply ‘follow'up'
on its motion. Indeed this seems to comply with our intuition that the Isff actually 'pulls’ on the
rest of the effector, an intnition that is in apparent contradiction with the fact that, at the level of
peripheral execution, it is the Isff that is actually pulled, directly or indirectly, by the rest of the
sffs. Such an observation on the problematical difference, or apparent clash, between the nawre of a
motor intention and the nature of peripheral execution has of course been made time and again; our
model however allows reconciles them,

In the context of the full humanoid arm {(with 7 d.f.s and 3 sffs), the problem of selecting the

hand as the Isff and of ‘focusing’ the command about it will also arise. However before it can be
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tackled, the cffector representation for the humanoid arm must have been defined. Again, this is the
problem of generalization (cf. sub-section 2.2@!.0), about which, at this stage, we have only a few
preliminary remarks 1o offer,

One immediate avenue to exploit is of course the principle of projection; the idea of projecting
the rwo s{fs, namely the forcarm and the hand, upon the first segment’s ‘sphere of influence’ is a
natural extension of the earlicr situation. However this Ieads to som'e problems, chief among them
being the fact that it is no longer possible to associate quite as clearly as in the above case those
‘parts’ of the new representation with the actual eff. Consider for instance that this projection would
in general give rise to an additional projection segment connected to the ‘upper’ end-point of the
original projection segment. Now as the hand moved about, the length and oricntation of this
segment would vary. But neither the length nor the orientation of this little segment unequivocally
‘reflects’ the three d.f.s of the hand, namely the two *wrist’ d.f.s and the forearm rotation d.f.
(which, as argued carlier, although it belongs to the forecarm, is functionally associated with the
hand); that is, a change in orientation could just as well result from a movement at the wrist as
from a rotation of the whole hand; similarly for the length. (In actual fact, a change in both length
and orientation will result from the action at both the ‘wrist’ and the rotation d.f.s.) But there are
other possibilities; for example the actual connection point, having two d.f.s, could be associated
with the two ‘wrist’ d.f.s, while, as in the previous case, the orientation could be tied with the
rotation d.f.; concemning the first pairing, a problem immediately arises in that it would be impos-
sible 1o command a movement of the hand alone: this will not do. Instead, the other end-point could
be paired with the two ‘wrist” d.f.s. Even though this would probably work, it is somehow unsatis-
factory, or ‘unnatural.” For instance one of the possible problems with such a scheme is the actual
characterization of the global abject of control. Although it would be difficult to substantiat.cl,- at
this stage we tend to favour a simple representation of the effector, and to put the computational
weight of control on the command side rather than on the representation.

An allemmative way of applying the projection principle to the humanoid arm is to project the
hand onto the surface of a virtual sphere associated with the forearm, the center of that sphere being
at the elbow. However, because of the structural difference of that part of the effector with respect to
the carlier upper arm-férearm cffector, the same ambiguity as described above still exists here: that
is, motion in the ‘wrist’ d.f.s will (in general) produce a change in the orientation of the projection
segment, but a motion in the forcarm rotation d.f. will also lead to the same result. Thus, the hand

,has rwo orientations, onc being ‘ancf:ctua].' i.e. not directly commanded by the system, and
conscquent upon motion in the *wrist’ d.f.s, the Gther being ‘real,’ i.c. commanded directly by the
system, and consequent upon motion in the forearm rotation d.f,. These two will somehow have to

be dissociated in the represcntation.

—— _—-‘\
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It will be noted, finally, that the alternative scheme would apparently give rise to a partitioned
object of control; that is, contrary to the first scheme, the representation would no longer consist of
a single (gecometric) entity. But this is only apparently the case, since the second ‘part’ of the repre-
sentation is linked up with the first through the forearm, which is commeon to both ‘parts,” On the
other hand, as argued above, the unity of the representation is founded upon the embodiment in the
sysiem of a fixed sequence of computations, that sequence being dictated by the nature of the
representation, in which is assured the singlcncés. That will presumably not be different for the
cventual representation of the full humanoid arm.

With these comments, our presentation of the intrinsic control model for the extended cffector
is complete. We have redefined the gencral problem of movement pmé:fdcﬁon. placing it in a new
context in which the major ‘local’ problems have been clearly identified. First and foremost among
them is the achievement of an effector representation, since everything else depends upon it, The ef-
fector representation itself then sets the stage for amplifying and decpening control, from a straight
positional change command mode to onc where a path, i.c. a pattern of positional changes, gan be
specified. In effect each level of control constrains the implementation of the next one, We have
only hinted at the full potential of control opened up by the present intrinsic scheme. However the
problems are ¢lear, and we believe that they are worthy of further attention.

To conclude the fresent chapter we shall next take up briefly certain key points of our modcl

in the light of issues that were raised earlier in performance- and system-driven' research.

2.3 Extensions of the model

Very few objections would probably issue from performance-driven, as well as system-driven,
rescarch concerning the idea that a model of movement production should be of the intrinsic type,
even though many of the models proposed there liberally make use of the reference 1o objective
space, either will; respect to the movement itself or the result of the movement {cf. Schmidt et al.
1979; Fius 1954); the problem however lies not in the reference itself but with the nearly total
absence of concern for the functional nature of its representation, (This concem is of course al the
heart of technology-driven research, but its models, as we have seen, are of the extrinsic type, a
feature that might in part explain the apparently low level of relevance found within performance-
and system-driven research for the robotic models.) Indeed the most general problcmrin performance-
and system-driven research derives from the task of defining a theoretical context in which intrinsic
production could be conceived. This, we believe, is what the intrinsic scheme described above
attempts and achieves to a certain extent, The primitivity of the control model itself shoutd not be
seen as Jimiting; on the contrary, as stated above, it opens up clear avenues for further enhan-

cement. We are not yet at the level at which the productions of the model can equal or rival the
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critical fault is found with the present scheme, the major problem is no longer the definition of a
context for intrinsic production; rather the major problems now lie with the further development of
the model in the direction of a human level of performance. Nevertheless this is by no means a
trivial matter,

The pivotal conceptual component of the intrinsic scheme is the idea of a global effector repre-
scntation. While it grew out of a preoccupation with the construction of a wor:fa'ng {or compu'mtio-
nal) mode! of production and not out of a primary prepccupation with performance, although refe-
rence to performance played a major réle in its development, we would like to point out that this
idea of a global cffeclor representation can, in the context of mainstream performance theory, be
interpreted as constituting a hypothesis. Thus, it might be possible 10 derive testable empirical
conscquences from it. For our part, we believe that this should be based on the mode! itself, which
is an attempted, albeit incomplete, instantiation of the principlci}ut the,model is probably still too
primitive to allow for that. However this does not preclude the possibility of bypassing the particu-
lar model and dcriving-cmpiricnl consequences from the principle itself, or indeed of formulating a
different instantiation of the pririciple. '

With respect now to the principle of the instantiation, namely projection, a-stmilar statement
about possible empirical cons\;-.qucnccs could be made for system-driven rescarch. It concems anato-
my. What we are about to propose does not dcri;fc directly from the model itself; rather it is based
upon a possible application of its underlying principle, namely ;;rojection. to movement production
as defined in the context of natural systems. As above, therefore, it is an extension of the model,
rather than a strict attempt at linking the details of the model with the details of the specific
problem-context,

One of the most remarkable aspects of periphery-bound processes in natural (i.e, nervous)
systems, especially the visual and movement systems, is the fact that the whole set of local peri-
pheral components is at some stage mapped into the cortex. Although in vision some functional
- reasons to explain the nature of the retinal mapping (cf. chapter 1) and some ideas on the possible
functional exploitation of its properties have been adduced {e.g. Schwartz 1980), very few such
propositions are encountered in system-driven research about the “motor homunculus.” One does
come across the idea that the reason for which the thumb has a cortical representation as large as
that of the forcarm and upper arm put together is because the thumb is involved in more intricate
and fine movements than the two other segments, the implication being that more work, and hence
more conllical maltter, is needed to ‘compute’ these fine movements and engage in these minute ~
corrections. This could well be the case, even though little in the way of a convincing demonstra-
tion of this idea has been forthcoming.
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But-Bkre is another possibility. It is known that the retinal surface is not homogeneous with
respect to the density (as well as type) of receptors found on it, the central part, or fovea, having a
much richer colony of sensory cells than the outlying region. It therefore makes sense, since there
are more cells in the fovea, that in the retinal projéction torthe cortex the fovea should eccupy a
larger area than the outlying regions. Thus it is not necessary to conjure a functional reason to
explain why the fovea is better at fine or intricate perceptions; the anatomical argument suffices.
However the story would be different if the visual cells were homogencously laid out on the retina
and the projection of the central part still had the largest representation: in that case, some central
functional reasons would need to be put forth, ideas probably very similar to those encountered in
system rescarch about the homuncuiar mapping. However it is not clear whether or not the homun-
cular projection is in fact homogeneous.

We would simply like to suggest, contrary to the retinal case, that there might be a way (o
explain the particular distortions of the homuncuius without calling into play the non-homogeneity
of the mapping nor the classical reason of the larger functional weight neccessitated by the produc-
tion of intricate and fine movements. The idea rests upon the fact that the retina is a surface whercas
an effector (or at least the disposition of the muscles about it) is a three-dimensional structure. In
the previous sub-section we described a particular mapping of the effector ontd a virtual sphere, a
procedure that introduced some distortion in the image with respect to the original projected object.
This distortion was a function of the mapping procedure alone. Now suppose that instead of
mapping volumeless linear segments, such as the ones we used previously, we were 1o map
cylindrical linear segments; and suppose that the projection ‘lines’ had to wravel inside the cffector
componens, i.c. inside the cylinders. If the projection occurs on a flar ‘cortical’ surface then onc
can imagine that distortions will again be introduced, the exact nature of which will depend on two
things: first, the wpology of the effector and second, the projection rule. (Concerning the latter, the
fact that the projection lines occupy a certain volume is especially important.) Given this intuitive
picture of the situation, one could expect for instance that the more intricate their inherent
topology, the more distorted their projecied image will be. (Thus the topology of the hand's fingers
is more complex than that of the foot's five toes; while the toes are all parallel and joined along a
‘straight’ line, this is only the case for four of the five ﬁn‘gcrs, the thymb being displaced down-
wards.) Of course this is merely a suggestion; but it could be substantiated through a simulation.
On the other hand, it might be possible, by modifying the mapping rule/s so as 1o reproduce the
motor homunculus, to discover the nature of the corticomotoncuronal mapping.

Finally, we would like to briefly comment upon one aspect of the problem of representation as
it pertains to all three approaches to movement. In order to do so we shall center our discussion

around the question of path control. As was oftcn mentioned in the course of the present essay,
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given the fact that iovement is a physical phenomenon, the temptation is great to suppose that the
representation of movement (in the sense of the intemnal knowledge presumed to be necessary for its
production) is also of a 'physicnl' nature. In that respect, the relation between one {(objective)
description of the product and the supposed intemal prescription$ (i.e. the representation afforded by
the system) needed to produce the same movement is a one-to-one relation, Thus, one would seck to
un;:ovcr the nature of the representation by studying the physics of the objective product. However
this assumption of a onc-to-one relation is a very strong assumption; after decades of intensive
cffort, it has still not opened the door to the nature of the ‘higher’ levels of movement.
representation and command. But we are forgetting something crucial about representation. The
only absolute requirement for a representation is that it establish a relation, direetly or indirectly,
between its own *behaviour’ and that of whatever it represents; it is not necessary for the representa-
tion to ‘behave’ in strict accordance with a description of that which it represents nor to have a
direct access 1o all of its aspects. (cf. Craik 1943)

" It will be recalled from the above description of the second control model, how, in the default
path mode, the system produced (in general) varying speeds for cach component. However there is
no explicit ‘component speed’ directive in the system; rather, they arise as a consequence of the
structure of motion computations: the system mercly treats the space and time dimensions in such a
way that [1] speed is produced, and [2] different speeds are produced. Siated another way, ‘speed’ is
built into the sytem, but it is not explicitly available to it; nevertheless it is an important dimen-
sion of the objective description of the produced movement. (Presumably, the fact that we can obey
a ‘speed’ directive is based upon our ability to translate the requirement into the corresponding
" “constraints on execution; however the directive would issue at a high level of command, and
probably give rise to different spcéds at each component: but what is the nature of a high level “fast
movement” command, and how does the system derive from it the collective speeds of the
componenis?) If we now turmn to a higher level of path control (see Figure 8), we observe that not
only are there different component specds but that in general they would also vary; again however,
nowhere in the system would there be found an explicit acceleration directive. Yet in the same
manner as above, accelerationswill be observed in the product; only in that indirect sense can it be
argued that the system has access to acceleration.

Conceming the necuronal representation of movement, the same kind of comment could be
made. It is well known that the physics of muscular action is quite involved. Are we to believe that
the motor brain consists of an ‘implementation’ of this physics? Certainly, the brain knows some-
thing about muscles and their control, but it is probably quite different than what we know, even
though, at the level of muscular control it can masterly exploit what we otherwisc describe as its

physical potential.



Conclusion:

Grouping & Degrduping

Having rcached the end of the present essay, we will now recapitulate the thesis' central
clements by briefty reexamining the issue of the relation between grouping and dogrouping. We
shall be recalling attention to the idea of *theories' that was touched upon in chapter 0, but in the
light of the embodiments of the principles of grouping and degrouping which we have scen in the:
two preceding chapters. We shall also be discussing grouping and degrouping in the context of the
unique nature of periphery-bound knowledge processes.

Loosely speaking, our understanding of grouping and, by extension, of degrouping, is such
that their instantiation in working models scems to hinge upon one fundamental requirement,
. namely that of providing the systems with some built-in knowledge sufficient to accomplish a
given knowledge task, We have seen, in both the case of the helicoidal ring model (chapter 1) and
the second control model (sub-section 2.2.1.1), that such lcnowlcdgc.can take the form of a certain
structure {or underlying principle) along with a certain set of related operations. Once these models
are specified and shown to work, one could say about them very much the same thing as one would
say about any other machine, namely that they do but a single thing {(for instance to group selected
sets of points into lines, or to degroup a given transformation specification into a set of local
motions). Now consider the following: suppose we were to carry on from where the helicoidal ring
model left off and develop the visual machine to an extent in which it could be argued {o-constitute
a complete implementation of grouping (in the sensc of having reached a human level of visual
performance); similarly, suppose that the control model were expanded 1o the paint of Lotally
implementing degrouping. Would it s¢ill be true to say at that point that the systems accomplish
but a single task, namely to “group,” or 1o “degroup?” We believe that in fact it would. But
formulating the question in this fashion tends to overshadow a most important aspect of even the
present incomplete machines' v.;orkings: when we maintain that they do a single thing we are
characterizing the whole systems' functioning; but when we consider them locally, they actually do
many different things: for two distinct retinal lines, the helicoidal ring will give rise to two scparate
events (and yet the same grouping process is responsible for them); similarly for the second control
model, two distinct commands will provoke two dissimilar movements (and yet they are treated in
the same way by the system). However this is the whole point bel;ind the principles of grouping
and degrouping; it is the only way of capiuring within a finite structure an apparently infinite
number of products.

On the other hand, taken in the light of the fundamental achievement of any scientific theory,
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this is not at all surprising. But whﬁl can this have to do with the above proposition? Two morc
comméms are in order here, l’-"irst. achieving a full working theory of the principle of grouping or
degrouping would centainly count as a scientific theory, for armed with such a realization cne would
certainly be able to explain all of its particular instantiations, That is, following the fundamental
prerogative of any scientific lheory; it would account for a ‘universe’ of possible concrete ‘facts.’
However, and this is the second comment, these *facts’ themselves, that is the specific biological
(0; tcchnological) instantiations of the principles, have associated with them their own ‘universe’ of
fucts, wt!ich are, for instance in the case of humans, the whole diversity of visual experience, and
the whole range of possible movements, That is why they are knowledge phenomena; that is why a
niodel, of visﬁal perception or movement control, was called a ‘theory’ in chapter 0. And just as
thcl:c can be no xi priori reason why there should be a limit 10 the range of facts explained by, say, a
physical theory, there can be no a priori reason why it should be impossible to arrive at better and
better ‘approximations’ to man, and this, again, in the face of the apparently paradoxical fact that
we are finitc machines endowed with a finite number of fundamental (computational) abilities.

The filiation between the principles we advanced in chapter 2 on the production of movement
and the principles we outlined in chapter 1 on visual perception is not one which we pursued
beyond an acknowledgement of the ‘importation’ inwo the area of movement control of certain key
concépls, especially the definition of motion computation. Now the problem of movement produc-

tion does not necessarily easily lend itself to a simple transposition and inversion of the perceptual

principles. We did however (in section 2.0} introduce the concept of degrouping in the context of

such a reversal of visual perception, But when the context shifted toward the control of an effector,
this was no longer possible mainly because of what was called (in section 2.2) the non-homoge-
neity of the motor interface, whose basic property, namely that it moves, led us even farther away
from the ‘tdeal’ perceptual interface with which the discussion had been initiated.

On the face of it, there arc some (iiscrcpancics between what could have been expected to be the
naturc of the instantiation of degrouping following the argurgents in section 2.0 and that which was
actually developed in the context of movement production ( ially the second model). Again this
is due to the nature of the respective ultimate objects of control, i.c, the two different peripheries.
The basic property of the visual interface, taken as an object of control, is of course not a move-
men( potential but an imaging potential, Consequently, if we now transpose the basic tenet of our
conception of movement control to that earl'icr case, we would have to say that a model of imaging
(i.c. image production) has 10 embody & rei)rcscntz;tion of the imaging potential of the whole visual
interface. In a way ho:vcvcr, this is exactly what a visual system does: it captures that potential in
the scnse that it's ability to characterize, at any one moment, the totality of the interface’s stawe

must be a function of the system'’s capacity o characterize any interfacial state (or scq:icncc thereof,
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since time is an essential dimension of interfacial events). This is why the discrepancy is only a
function of the nature of the interface. . _

The process of degrouping has two facets, one being static or fixed, the other being variable or
changing. The fixed aspect of the process of degrouping is found in the connections between charac-
teristics of the representation of the cffector and the effector components; this was called a path of
computation in section 2.2. The representation is always ‘interpreted’ in the same way. But the
nature of the representation is such that there is room for variation, which in the control model
takes the form ‘of the specification of modifications of the variable or sccondary characteristics of the
representation. In visual perception the situation is not different: the fixed aspect of the grouping
process is found in the detection of the primary characieristic, which (in general) leaves room for the
attribution of secondary cha;'aclcristics. For example, and following the above, for the helicoidal
" ring model of chapter 1 we would say that the state of the interface is always ‘interpreted’ in the
same way by the system; the system always sceks for the existence of a lincar relationship among
sets of retinal events. However this interpretation occurs within a variety of ‘contexts’ defined by
the combinatorics of the secondary characteristics :)f line segments, Supposing one were to use the
helicoidal ring for the purposc of producing line scgments, all the variable (i.c. secondary) features
would have to be explicitly stated, while the fixed aspect, namely the constant linear relation, would
not necd o be. In the same manner, the invariant *interpretation’ of the effcctor representation never
needs to be cxpliciﬂy demanded in the command, while the modifications must always be explicitly
dictated.

Thus, even though becausc of the fundamental difference in the nature of the motor and visual
peripheries a degrouping proccs-s for a movement production system cannot be defined through the
simple inversion of a grouping process for a visval system, the same fundamental logic has been

shown to be relevant 1o both situations. It is the logic of periphery-bound knowledge processes.
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AppendixI -

Helicoidal Ring Simulation

0 Introduction

. 0.0 The helicoidal ring and its simulation

The helicoidal ring (or “pile”) is a basic computational unit, or pri-
mitive, originally developed by Lamontagne (1976) to serve in the con-
struction of a particular visual motion detection system. It has features
that allow it to be used at different computational levels and for a vari-
ety of computational purposes. Some of these were explored and illus-
trated in Lamontagne (1976) while in a further study (Lamontagne &
Beausoleil 1982) the helicoidal ring was explicitly contextualized within
the larger issue of visual spatiality (understood as part of the visual
world) by tying it, in a conjectural manner, to the visual modality, and
drawing from this rapprochement specific consequences for both aspects
of vision.

Of course all this rests on the fact that the helicoidal ring does work,
that it effectively solves the particular problems that it addressed initial-

. ly. There is however no easy way to prove this yet with the kind of

generality that would make of it a true formal primitive. The nature of
the computations involved in the ring is very simple, but the structure
of the ring, partaking intimately of its computational characteristics, is
not as simple. This makes for two fundamental difficulties, both partial-
ly allayed by simulation. First, even théugh the functional components
of the Rlle are ea.sﬂ,y’&ppréﬁé‘ﬁaé—cﬁheu simultaneous workings and
_-interdctions are not easily followed even in a particular case, let alone
for the general one. Second, there exists, to our knowledge, no ‘natural’
mathematical treatment which can be applied to such a unit (structure
& functioning) in order to convince ourselves quickly of its competen-
ce; the ring was developed with the explicit desire to avoid as much as
possible recourse to sophisticated mathematical operations (by definiti-
on, anything beyond addition and subtraction), and the attempt was
very successful in this respect. In a way, therefore, it has traded compu-
tational simplicity with structural complexity. Mathematical treatment
of the pile's structure and function is not impossible of course but the
point is that there is more appeal for a ‘direct’ demonstration of its
functioning than in a (possibly tedious) formal treatment that calls for
the mathematization of the structural elements of the ring, a procedure
which, for the sake of power, loses much intuitive appeal, or lacks
‘naturalness.’

We assume that the reader is familiar with the helicoidal ring's
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~workings, as set out intuitively in Lamontagne & Beausoleil (1982) and
chapter 1 above, and more specifically with the unit's basic four-stage
computational sequence, namely, projection, summation, inhibition,
. and reduction. The present simulation has been concerned with the first
three stages only, the fourth (reduction) being critical only with respect
to an eventual integration of the ring's outpt}lt within a larger compu-
tational scheme, and not presenting any foreseeable difficulty. The
second step (summation) being nearly trivial, most of the work consis-
ted in the implementation of projection and inhibition.

’

0.1 Specifications -

The present simulation was carried out on a Cromemco™ Z-2
microcomputer, running on a Z80 microprocessor, with 128K of RAM, a
Dual Disk Floppy Drive, and an RCA graphics monitor (model TC 1212)
driven by a Matrox card (type ALT-256AS). The programme was written
in machine language via the Cromemco CDOS Macro-Assembler, ver-
sion 2.12.

There are three parameters attached to the pile: retinal size, field
size, and orientational resolution. A consideration of the capacity of the
machine at hand led us to adopt the following values for those parame-
ters: the (square) retina holds 96x96 receptor cells, its fields were set at
3x3 receptor cells, and the rotation of any field cell layer (the actual
layers of the ring) relative to its neighbour in the downward direction is
3°, the axis of rotation being perpendicular to the layer's center. Retinal
size, field cell layer size, and orientational resolution are closely related
since for instance one does not want urientational resolution to surpass
retinal representational capacity, or conversely for retinal representati-
on to surpass orientational resolution by too much: for the first case,
consider a pile with a 1° resolution equipped with a retina that cannot
go below 5° in discrimination; and for the second, consider a retina with
a 1° capacity attached to a ring with only 5° of discrimination - the first
leading to unwarranted redundancy, the second to unwarranted paucity
of analysis. Retinal representational capacity however must exceed layer
resolution in order to implement rotational tremor. (Rough calculation
using human performance data in orientational discrimination and
Hubel & Wiesel's (1979) figures concerning the possible number of “cor-
tical units” would suggest that an ideal pile would have an orientatio-
nal resolution of 1° and a ‘retina’ of about 200x200 receptors; field size
remains unspecified in this context - but see section 3 for a further
discussion of this point.) The hypothetical nature of these calculations
however remains consistent with the nature of the pile: for not only is
1° perfectly representable on such a matrix of receptors, but 0,5 is also,
thus allowing for the operation of rotational tremor; furthermore these
figures are close to the limit, the ‘next’ step down (i.e. 0,5° resolution,

b
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with a rotational tremor of 0,25°) pushing the effect of rotational tremor
outside the retina since rotations of the retina for 1° are ‘visible’ at the
29th receptor from the middle one onward, for 0,5° at the 57th, and for
0,25°, at the 115th.

Bank O Bank 1 ) Bank 2
coos
LAYERS LAYERS
DEBUG 00-29 30-59
8000 RETINA
-—--programme--~~-
RETINA
T S~ '
L \\\‘%‘
0000 E W

Figure 1. Memory organization in computer for simulation. CDOS'is
used mainly for loading the various lookup tables (all dum-
ped into the TABLE are), while DEBUG is necessary for loa-
ding the programme, placing it at 6E00H and running it. The
higher RETINA is the original one, containing the stimulus;
the lower one is either a copy of the original or a result of the
tremor-transformation. This is the one used during the pro-
jection phase, ‘travelling’ with the programme into Banks 1 &
2. LAYERS of the ring are organized sequentially; the orienta-
tion of any particular layer is equal to three times its number.

e
.

There are -60 layers in the simulated ring. This means that characte-
rization of crientations beyond 180° are not effected directly by the pile,
but rather are computed in a manner that takes position of the layers
into account. Thus the pile will not ‘see’ a 225° angle, but two segments
that are at a ‘distance’ of either 15 or 45 layers from each other depen-
ding on which direction is searched among the layers. There is no real
advantage to be gained in terms of orientational characterization by
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‘twisting’ the ring even more (180° more to be exact) since then one line
segment would generate two complete outputs from the analysis (in the
case at hand, one pair at the first and 60th and at the other pair at the
15th and 75th layers, counting layer 0 as the first), and thus involve
further considerations at least as complicated” as those implied by a
restriction to 180°. Furthermore any extra information drawn from such
a scheme is already implicit in the uisual one. Note finally that in
Lamontagne & Beausoleil (1982), the representation shown in Figure 5
does suggest that the 360° scheme is standard, but this should not be
understood.

Memory in the microcomputer is organized in blocks of 32K. Since
one byte represented one (either retinal or field) cell, 9K were necessary
for the retina (96x96) and 1K per field cell layer (32x32); the whole pile
required 69K of RAM to start with (60 layers + retina). At any one time
memory access is limited to a maximum of 64K only, so that. we could
not have everything at our disposal simultaneously. We solved this
problem by splitting the 60 layers in-two groups of 30 and assigning each
30-layer block to the upper part of Bank 1 and Bank 2, while the block in
Bank 0 (which held the retina and the programme) could softwarewise
‘travel’ freely to Banks 1 & 2-{see Figure 1). )

1 Steps of the simulation

1.0 Projection

One of the original aspects of the present simulation with respect to
previous ones was the use of lookup tables for various purposes, chief
among them being the projection (phase I) of the retinal stimulus to
every oriented layer of the ring. The main advantage of this approach is
that time-consuming operations are replaced by the very simple
calculation of an address offset; of course the cost is space since the tables
are held in memory to minimize acggsses to the disk. But previous
experiences at simulation with high-leve] languages (POP-II, SIMULA,
LISP) made this a very attractive proposition, in view of the wish that
results should be available within reasonable delays. This is in fact what
happened: what previously was a matter of hours now took but over
twenty minutes of processing.

These tables contain 9216 pairs of coordinates (stored in separate 18K
files) arranged in an orderly fashion corresponding to a left-right/top-
bottom cell-by-cell sweep of the retina. The egordinates themselves are
those of the particular field cell of a particular layer of the ring toswhich
the given retinal cell projects (see Addendum 2 for an extract drawn
from the table for 3°). Thus there should be 60 tables in all, one for every
layer. However a very simple transformation of the coordinates for the
layer at p is used to generate the coordinates at p+90° [(X,Y) becomes
(-Y,X)], so that the number of tables is effectively reduced to 30; it could
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actually have been cut down to 15 but the required transformation being

a bit more intricate, and only extra disk space being taken up by the set
of tables (just one being ‘active’ at one.moment) we decided not to do it.
On the other hand, we found out (when tremor was implemented) that
reading each table three times (once for the nine projections at each of
the three rotational tremor positiony) did become rather time-consu-
ming.

00
|

€

| N\
00 ! 31

Py

Figure 2. Layer coordinate scheme used in projection tables.

A coordinate is a value between 00 and IF (in hexadecimal represen-
tation, or, in decimal representation, between 00 and 31) corresponding
to field cell displacement along the X- and Y-axes according to the
scheme shown in Figure 2 where the origin is at the top left. To obtain
the address of the field cell to which projects a particular retinal cell, we
needed simply to calculate 20H*Y+X and add the result to the addres
corresponding to the ‘origin’ of the particular layer with which we hap-
pened to be dealing. The value of the ‘origin’ is updated sequentially by
400H (1K bytes) starting at 8000H, to move from one layer to the next in
thnhprojection. We could of course have pre-calculated the addresses
(which also occupy 2 bytes each) and put them in the table instead of the
relative coordinate scheme that was finally adopted; this would have
had two side effects: first the location of the layers would' have been
fixed to one place in memory, and second, we would have'had to re-
write the transformation allowing mapping u+90° from the address for
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the projection at p instead of from the coordinates, as it now stands.
However the pxtra computational cost, if any, of the present setup is not
really significant enough to render it essential. As for the retina we dealt
directly with the address so that, contrary to the above proposition, and
in conformity with the existing scheme at the level of layers, it can be
anywhere:in memory, only the jnitial value (or ‘origin’) having to be
modified in case of a displacement. This address is stacked during pro-
jection.

There remain just two points with respect to the question of these
tables. First, why should one be needed for every layer? Offhand one
would think that, in principle at least, just one table is necessary for the
whole ring, that would be recursively applicable to the result of the
projection on layer u in order to generate the next one down (i.e. p+3°).
What prevents this is the field structure imposed on the retina, i.e. the
fact that retinal cells are mapped onto field cells, so that it is not true in
general that two successive field cells (relative to a 3° rotation) are map-
ped onto by the same set of retinal cells; this in turn can be seen when
one.considers the unitary or discrete nature of the process of projection;
it is cells and not points that are being mapped. In fact if one considers
only the retinal cells corresponding to the center of the field (i.e. the
middle cell) at layer 0 it is true that a single transformation table would
work and that consequently only one would be necessary; however for
the other retinal cells the mapping at n+3° can fall i one of the 8 adja-
cent field cells to the one predicted by a transformation of the field cell at
1, and this is so because even though the retinal cell is inside the area
which corresponds to the field cell at 0°, it does not remain so for every
other field cell on every other layer to which the ‘central’ retinal cell
maps. At one point it ‘jumps’ outside of it, onto a field cell next to the
one predicted by the supposed single (rotation) transformation of field
cells. There no doubt exists some systematic way in which this occurs,
and it is probably a function of layer number with respect to retinal
radial distance and field size, but we have not worked it out. Note also

_ if the field size is an even number (e.g. 4x4) there is no central cell,
so that'the argument is even more critical in those cases. - The second
point concerns the generation of the tables. This was done in BASIC (see

Addendum 1 for the listing). The retinal ‘cell’ was defined as the middle
coordinate of 1x1 squares in the cartesian plane, while the coordinate of
the field cell was obtained by rounding off the result of the transforma-
tion. This can be seen clearly in the listing (at lines 70,80).

Phase II (summation) it is a very simple matter. We chose to sum-
mate on the rows instead of the columns of the layers as a matter of
computational convenience.

vl
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1.1 Tremor
A slight multidirectional movement of the eyeball produces small
shifts in the retinal image. Therefore implementation of tremor invol-
ves shifting the stimulus around in the largest possible number of diffe-
rent directions with relatively strict limits on amplitude. Now different
_ directions are represented by related changes of position and since there
" is so little room to manoeuvre (and this not only remains physiologi-
cally plausible but also computationally effective since too large a tre-
mor endangers the identity of segments lying close to each other, the
idea being that a search for the best-fitting projection that ventures too
far away from the locality of the given segment can be confounding),
very few different directions are available: with an amplitude of one (1)
receptor, only eight (8) are possible (13% of the total number (60); see
. Figure 3a). Now the tremor component was originally added to impro-
ve projection, once the field structure was imposed, which itseli was an
aid to projection. Since the field size we chose was so small (3), we origi-
nally assumed that these projection problems would also be minimized,
" and that a tremor reduced to a 2x2 ‘field” would suffice (see Figure 3b).
' +

"
— 1
..................... 1 i
(a) (b)
Tz
7 1.
v, N
- \ ']
- & )
(c) (d)

Figure 3. (a) ‘standard’ translatory tremor: amplitude & direction
(b) ‘reduced’ tremor
(c) ‘short’ and ‘long’ tremor; extra directions
(d) tremor scheme in a previous simulation

It turns out that this is not the case at all for the very reasgn stated
above, that is, tremor has a direction and a distance-component tkat are
intimately related. By dropping the size, we effectively also dropped
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more than half the available directions, and since it is necessary by defi-
nition to wholly conserve the direction component we soon realized
that we had to revert back to what might now be called a ‘standard’
scheme of tremor (Figure 3a). Of course the reverse is also true: by
allowing for greater amplitude one can ‘visit' new directions (Figure 3c,
right arrow) and also travel farther in an ‘old’ direction (Figure 3c,
vertical arrow). It is with respect to this ‘long’ tremor that we noted
above a possible danger of confusion, for two distinct parallel retinal
projections could end up as twa identical adjacent segments on a layer,
the larger one eventually ‘replacing’ the shorter one after a ‘within
tremor’ search for maximal pro]ectmps By itself this is not necessarily
catastrophic but it defies the original assumption regarding the plles
intended output, according to which such a situation should not arise.
Therefore even though extra directions are thus opened up, an attracti-
ve' possibility in itself, we decided to abandon the long tremor and stick
with the short one.

It should be added however that following experimentation these
extra dlrecnons in fact yxelded little or nothmg new, and so did not
really improve the mapping. Why this is so is not really very clear, but
field size certainly has something to do with it, as by definition stimulus
width is equal to field width, so that for a larger one, resolution being
enhanced accordingly, what we might fall the ‘imperfection’ of the
stimulus is much less of a problem, rendering the original projection
(i.e. projection of the initial stimulus) rather good. For example in a
previous simulation, before this point was cleared up, and assuming
one considers the ‘long’ tremor and extra directions to‘have been rédun- (‘
dant, it turns out that a ‘reduced’ tremor sufficed (see Figure 3d); now in
that simulation field size was 4x4 (but orientational resolution at 5°,
possibly explaining the redundancy of the extra directions), but the
stimuli were line segments, whereas we worked on this question main-
ly with a stimulus circle, so that the argument remains more suggestive
than conclusive. Yet it is clear enough to predict that in a future simu-
lation where field size would be larger than any so far tried, say 5x5 or
6x6, the effective improvement in mapping brought about by our
1-receptor amplitude translatory tremor would be nearly negligible (in
our case the amelioration was very evident). However one®should not
conclude that at one point the necessity for translatory tremor will
vanish completely, since for a threshold set at more than half the field
‘area’ (e.g. 12 out of 16 in the case of a 4x4 field size), it will always be
possible for a stimulus segment to fall half on one field cell and half on
one of its immmediate neighbours, rendering necessary a ‘push’ in either
direction in order to jump the threshold in any one of them. Reducing
the threshold at or below 50% can of course entail considerable ‘double
detections.” All this remains consister!f with the discussion of translato-
ry tremor in Lamontagne & Beausoleil (1982). v —

{ =
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Contrary to the translatory components of tremor, which could
easily be implemented by various linear translations of a copy of the
stimulus in memory (placed in the upper RETINA of Figure 1), rotatio-
nal tremor was implemented ‘by a transformation table, previously.
computed and stored on disk along with the other tables (see Adden-
dum 3 for the programme, and Addendum 4 for an extract from the
table). The principle involved here is identical to that for the projection
tables. We computed the rotation of the retina by +1,5° and -1,5°, effec-
ted it on the stimulated retina and projected the result along with all
translatory components in turn. Theoretically, if a stimulus segment's
orientation is restricted to integer multiples of 1°, for a pile resolution
such as we have (3°) a tremor of 1° amplitude is sufficient to ‘push’ a
wayward segment in the closest template (e.g. if a segment is at 4° then
4°-1°=3°, which fits exactly, while a push of +1° fails to do so). Conse-
quently a question arises concering the extent of rotational tremor. Now
it so happens that retinal resolution does go down to 1° (in fact to 0,55,
but not to 0,25°). So on the one hand, given the above argument, a 1°
rotation is attractive, while on the other a 1,5° rotation allows for a
more marked effect: at 1,5° the effect of retinal rotation becomes ‘visible’
at a distance of 19 cells from the center of the retina (which is also the
center of rotation), while at 1° ‘visibility’ is_pushed out to 29 cells. De-
pending on the specific retinal input, one extent might be more useful
than the other. This is precisely what happened, i.e. the ‘long’ rotation
seems more appropriate for curves while the ‘short’ one appears better
suited to straight line segments (see further below for an example).

Therefore the projection phase, the longest one in terms of proces-
sing, involved three complete successive mappings on the layers, one at
rotation ‘0, one at rotation ‘1/1,5 and finally one at rotation ‘-1/-1,5.” For
every projection, at every stimulus angle and for all (9) positions, a call .
was made to a subroutine which chose the best-fitting segments betx
ween the current mapping and the result of the previous choices. [This
aspect of the analysis has no structural counterpart in the original

"model of the helicoidal ring; as it now stands it could not directly be
transposed into a wiring diagramme. Furthermore it is still incomplete,
that is, it does not generate all maximal mappings.] This was effected in
each memory Bank using the extra 2K at the bottom of the block; 3K
were involved: the layer matrix (1K) containing the current projection,
the F800H matrix (1K) containing the previous cumulative best map-
ping, and the RESULT matrix (1K, placed immediately after, at FCO0H)
in which were inscribed the results of the current analysis, this matrix
being moved to F80CH after completion for the next projection. (Again,
since addresses were identical for the y and u+90° layers, the BESFIT call
analysed the two target layers of the projection in one pass.) Once a com-
plete cycle was done (for the nine translatory positions at a given rotati-
onal position of the sitmulus) the FSOOH matrix was moved back to its
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corresponding layer, the analysis was then pursued on the rest of the

layers, after. which the ‘next’ rotation was imposed on the stimulus,

whereupon the whole process was repeated. This was strictly a program- .
ming device that saved having to read the rotation tables for every pair -
of layers mdw1dually Had enough ‘live’ room been available to either
hold three copies of the retina, or, as we had, two copies, plus the rotati-
on table, then projection cum tremor could have proceeded directly-and -
the analysis been done completely for one (in fact two) layer(s) at a time.

Contrary to translatory tremor, rotational tremor does not ‘continu-
ously’ affect all retinal cells. Geometrically speaking it does of course,
but the discretization process necessary in mapping, and the rounding
off procedure which ensures it, gives rise to a circular area in the middle
of the retina which remains unaffected by rotation. The radius of this
area is given by [(1,5%cos(n)-1)/sin(n)], where n=1°/1,5°, the ‘abcissa’ of
the first transformed cell (at y=0,5) that ‘jumps’ into thé next cell down
(or up). It is easy to see that the finer the orientational resolution of the
retina, the larger becomes this radius; intuitively it follows from the fact
that retinal resolution is a function of its size. In general therefore, just
as in the case of translatory tremor, the contribution of rotational
tremor components to mapping should tend to diminish as the pile's
resolution (orientational and retinal) increases. However, contrary to
the translatory components, their effect is non-homogeneous. [The
homogeneous effect of translatory tremor is due to the uniform distri-
bution of receptors within the retinal array; thus it is not absolutely
necessary, but peculiar to the present ‘realization’ of the pile.] Thus any
segment small enough to fit inside the ‘untouched’ area will not benefit
from rotational tremor; and in general the finer the resolution of the .
pile, the longer can be this segment. (This is interesting, as supposing
the amplitude of rotational tremor to be less than the orientational
resolution of the pile places a lower limit on this segments length for a -
given retinal size.)

What happens then inside this area, where resolution is less than
the total retinal resolution? A segment in this area is forcibly orientatio-
nally ambiguous and one cannot count on rotational tremor to push
the segment in the closest ‘slot’ since it has no effect on the stimulus; so A
it will be mapped maximally on at least two successive layers; if these
projection segments are not sufficiently different in size to destroy the
other, then the pile will ‘see’ two different segments. It is difficult to be
more precise here since the actual length of the (small) segment will
affect the mapping, the extreme case being the single point, which
would map maximally on all layers. [This is a particularly clear example
of the way in which ‘pile geometry’ deviates from pure analytical
geometry, where a line segment can be assigned.a unique orientation
independently of its non-zero length.] For a given segment falling
inside the unaffected area it is therefore hard to predict exactly where it
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# will map maximally, except the immediate area (see further down for
more details on an actual case). However when retinal size is increased,
as it is in fact in our case (with respect to the special sub-retinal field in
the center), and for a sufficiently ‘large’ stimulus,. orientational tremor
does start start to play a rdle. For instance we dealt with a circle (radius
43 retinal units), which was placed in the ‘affected’ area, and noticed that
addition of rotational. components of 1,5° ensured a maximal mapping
in 20 new layers (10 for. .each component) Yet retinal size cannot be
increased indefinitely, if one is to remain close to physiological eviden-
ce; computationally of course there is little restriction agamst it. How-
ever if one thinks of a retina involving tens of millions of receptors, a

~ 1,5° tremor builds up quite a bit at the periphery (for 100 000 000 recep-
tors, ta a sweep of 44 retinal c€lls); this can be problematical with respect

. to the search for maximal mappings since for a given field size succes-
siye layer shappings will start occuring farther and farther away from
é-orig'inal. One way of achieving ‘large’ field size while conserving
orientational resolution could be through a modification of the map-
_ping structure of the retina or its -receptor layout (from a homogeneous
‘to a non-homogeneous distribution) in such a way that this peripheral
swing is compensated for or reduced to ‘normal’ size; however for the
moment it remains a suggestion that has not been explored fully. '

1.2 Inhibition
. The inhibition phase entails, for every field cell of every layer, choo-
sing a vertical (i.e. perpendicular to the layer) linear path through the
immediate peighbouring layers. The cell values encountered there are-7%
compared tgan_mhimuon weight which is a function of the ‘distance’ of
the inhibited layer from the 1nh1b1tmg cell's and also of the ‘force’ of the
inhibiting cell. This function is simply the (discretized) cotangent of the
partlcular angle corresponding to the ‘distance’ of the inhibited layer
(See Figure 4). In the programme (see Addendum 7 for/fﬁe first page) it
is defined as a vector (COTAN, line 14) made up of the'integer values of
the cotangent from 3° to-18° at 3° intervals. (Note that these values are
not rounded off to the closest lowest integer value, -but to the closest:
largest integer value; thus, cot(3°)=19,081 is rounded off tc 20, not 19; see
section.3.) Formally speaking it should be carried through to 45°, where
the cotangent becomes 1; bt an inhibition weight of 1 is completely
~useless, since there is no p0551b111ty of a segment of length less than 1
occuring in.a layer; furthermore since segments of length 1 and 2 have
been removed after projection and summation (such short projection
segments being very difficult 0therw1se to purge out of the system
completely and also ‘uninteresting’ with respect to the ring's purpose) it
follows that the shortest segments ‘surviving’ projection being of length
3 ang more, we need only, inhibit ‘as far as’ a weight of 4. Were it the
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case that an inhibition weight could ‘kill’ a cell value that is equal (as
opposed to strictly smaller) to it, then of course we would have exten-
ded the vector one more layer. However it was decided against that
since otherwise, for example, a stimulus segment covering a length of 3

. fields becomes self-destructive, an -undesirable result; more generally,

for ‘imperfect’ detections, ones that involve multiple, and possibly

equal, detections, it seems more preferable that they should all survive’

than that they should mutually destroy each other; it is also critical for

the analysis of curves where short segments of equal length and in'close
layer proximity are called to survive.

1

L 3

x=cot ()

Figure 4. Geometry of a projection segment at layer y; because summa-
tion is done row-wise, we are interested in the length of the
abcissa, which becomes simply cot() since the ordinate is 1 by -
definition.

In line 15 of the programme we encounter another vector, called
INHVEC. This vector is tailored to individual field cells and holds the

. progression of inhibition weights for the six critical layers; it is used for

both ‘upward” and ‘downward’ inhibition since the values are identical
in both directions. It is constructed in the following manner: the current
weight of the field cell is compared successively with the values in
COTAN and assigned to INHVEC until a lesser value is encountered,
whereupon it assumes it and the rest of the values of COTAN. These
values are then used in the inhibition process.

Again for the inhibition step we used a table previously generated in
BASIC, in which were included sequentially, for every field cell of one
layer, the required twelve pairs (6 in the ‘upward’ and 6 in the ‘down-
ward’ directions) of coordinates (see Addendum 5 for the listing, and
Addendum 6 for an extract of the table). Afterward it was just a matter
of reading a field cell, generating the corresponding INHVEC and then
using the appropriate coordinates to compute the address of the curren-
tly inhibited cells. Concerning the nature and use of this table the follo-
wing important point has to be made. Since the pile is only twisted 180°,
special cases arise in the inhibition process whenever the extreme layers
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(layers 0 and 59) are encountered, that is whenever, in ‘travelling’ in the
‘downward’ direction, inhibition has to be carried from, say, layer 58 to
layer 59 and then to layer 0, layer 1, etc., or conversely, whenever in ‘tra-
velling’ in the ‘upward’ direction, inhibition has to be carried from, say,
layer 1 to layer 0 and then to layer 59, layer 58, etc. Now layer 0 is 183°
‘down’ from layer 59 (177°+183°=0°), and so the coordinates in the part
of the table for the ‘downward’ direction (the first six pairs) cannot be
used diréctly. However, using the fact that sin(180+p)=-sin(u} and that
cos(180+p)=-cos(u), and also that the table does contain the transformed
coordinates corresponding to the latter (positive) values, we can readily
compute the correct address for the particular inhibited cell in layer 0
simply by ‘negating’ the relative coordinates found in the table (by
subtracting them from 31). Thus the first half of the table is used in two
ways in the inhibition process in the positive or downward direction.
Now the second half of the table, containing the six coordinate pairs
computed for a transformation of 177°, 174°, etc. (see Addendum 5), that
is, the ‘upward’ direction part of the table, is similarly used in two
different ways: for the inhibited layers below layer 0 the ‘negation’
process is carried out using the fact that sin(-p)=-sin(180-p) and that
cos(-p)=-cos(180-u). But for an inhibition path that must travel beyond
layer 0 into layer 59 the table cocrdinates are used without modification,
since for example layer 58 is 174° ‘up’ from layer 0 (and not -6°).

In fact inhibition concerned not only this computed ‘central’ cell but
also (via the HFIELD vector, line 16) its eight immediate neighbours,
which we treated (i.e. inhibited) in the same manner. This was done as
a general palliative procedure for the cases where, for example, one Peld
- cell ‘sits’ on top of (or below) three or four corresponding field cells of
another layer although it can be made mathematically clear exactly to
which unique field cell inhibition must be carried it cannot be argued to
be sufficient with respect to the model: to make this point clearer, we
might say that inhibition of a cell plus its surround is the counterpart,
among the layers, of the mapping problems which occasioned the creati-
on of retinal fields.

Care must be taken in the implementation of the inhibition phase;
since we want every (non-null) cell to exercise an inhibitory effect, it
should not be ‘killed’ before it has had a chance to do so, a situation
which can easily arise in a straight sequential procedure. To avoid this
problem we simply marked the inhibited cells, and deleted them only
once the whole process of inhibition was completed. .

There was no need to generate an jnhibition table for every layer of
the pile since they are all organized identically with respect to each
other. We could, in fact, have reduced the table even more, at the cost of
a repetitive 3°transformation on every ‘visited’ layer, but again it see-
med simpler just to list them directly. The table of course needed to be
used just once. '
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1.3 Some stimuli and outputs ‘

By definition a legal stimulus for the helicoidal ring is one whose
width is equal to field size width. In our case they spanned 3 receptors. It
turns out, because of the digitalization process, that this value inescapa-
bly assumes the nature of an average, i.e. for a given stimulus the effec-
tive width ranges from 2 to 4 retinal cells. Now this is the source of
‘imperfections’ in the stimulus, a problem that can probably largely be
offset by increasing field size. In the case of the circle (see Figure 6) they
were pointed out by the layers on which a maximal mapping could not
be obtained after the 27 tremor-positions projection cycle had been
carried through. The reason is that the curvature of the circle is not
continuously smooth, and breaks down in certain areas; these form a
symmetrical pattern (see Figure 5) which however is not readily predic-

table from a simple examination of the stimulus (but see section 3 for a
possible explanation).

L

Figure 5. Areas of ‘imperfection” in the circle; the pattern is replicated
identically in every other quadrant. On these layers the seg-
ment length (tangents of the circle) attains only 9, whereas on
every other it reaches 10 (or 0A hex; see Figure 7); these layers
correspond to the following angles (with respect to the X-axis):
3,2730,42,4548, 60,63, and 87.

! v

/ This is expressed, zfter completion of the projection phase, by a
slight difference of length in individual pairs of tangents that never
exceeds 1 (i.e. non-maximal mappings are two tangents of length 9
instead of the maximum 10). These layer contents of course are ‘killed"
by adjacent seginents of length 10, that in fact inhibit at this strength for

;.
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the two neighbouring layers in any direction (for a total of four). So not
surprisingly no immediately neighbouring ‘lesser’ segment survives
this inhibition. It is interesting to note, in view of this result, that the
pile would ‘see’ the circle as something resembling a disjointed ‘poly-
hedron’ of curved segments of unequal length; it is even more interes-
ting to speculate that for a much smaller circle (and one that would not
benefit from rotational tremor) the pile would start seeing something
between a circle and a square, i.e. an ambiguous figure. Be that as it may,
the output from analysis of the circle was pretty close to the expected
one, a typical ‘ideal’ example being shown in Figure 7. Out of the expec-
ted 120 equal tangents, the pile generated 84, or 70%. Recalling that the
retina involves only 9216 cells (of which only 7235 (78,5%) are ‘effec-
tive’), and that field size is 3x3, this result seems remarkable. It is in fact
our best one, obtained with a 1,5° rotational tremor. At 1° of rotation the
drop in performance is considerable, only 64 segments (of length ran-
ging from 9 to 11) emerging from completed anaiysis. This quantity is
the same as that yielded by an analysis without rotational tremor, so
that at 1° of magnitude it contributed, except for a few previously unen-
countered larger segments of length 11, no overall improvement. We
linked this degradation to the imperfection of the stimulus, and assu-
med that a rotation of 1,5° by providing a more extended effect, reduced
it considerably.

The Awo line segments shown in Figure 8 differ in every respect:
positigh, orientation, and length. They are, moreover, intersecting. Last-
ly, not only does the orientation of segment B correspond exactly to a la-
yer (number 11), but its projection benefits from rotational tremor-(since
it falls partly outside ofsthe retinal area untouched by it). No real sur-
prise therefore to find i:}mpped maximally in only one layer (Figure 9);
and no further unexpectedness in watching it’clean out its ‘environ-
ment’ completely durmg inhibition. Segment A is more problematical,
and more interesting.”It is nearly completely inside the ‘untouched’ area
and its orientation is off from that of any layer. Projection (Figure 11)
with a 1,5° tremor tells us that it is mapping maximally on three layers,
and that it is ‘seen’ as clpse to layer 34 as it is to layer 35, which makes
sense.

The length of these segments is also affected by the peculiar orienta-
tion of the A segment, the expected lengths being calculated from pro-
jections at precise 3° intervals. This is the first critical observation. Next,
and most importantly, we invoke a somewhat different version of the
stimulus imperfection argument. This was not evident from the start.
Close examination of the A segment (at an angle, looking from the
bottom) reveals a certain thickening of its upper part; it turns out that
this is enough to explain the discrepancy, for the extra ‘moving space’"
allows for-a (néarly) maximal mapping in exactly the ai&ection observed
(layer 36) but not in the other. We believe this ‘distortion” to be part of a
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larger pattern inherent in the discretization of the segment and only

partially visible here. Our first idea was that this artefact would be 1

sensibly reduced (if not completely surmounted) upon lengthening of

the stimulus segment - and indeed this idea is not really di At frem_

- the previous one concerning increasing directional ambiguity with de-
creasing length, or the conclusion we finally arrived at for that matter,
the main problem having been that we thought strengthening one cha-
racteristic would be sufficient to conceal the defective other. So we tried
this, and obtained a result very similar to the first one! This was sur-
prising if only for the fact that the segment now overflowed much more
largely into the tremor region, thus discrediting somewhat the impor-
tance of our earlier argument. In fact we did more than that: we also
systematically thickened the B segment without altering either its len-
gth or orientation, and produced an ambiguous or ‘curvilinear’ output
(three maximal segments surviving inhibition). It seemed then, by eli-
mination, that stimulus imperfection must have been the cause.

A mistake in our initial calculations had led us to believe that a 1,5°
rotation was the best we could do, and although it turned out that our
argument concering the appeal &f a 1° tremor was vindicated, as we sha-
1l see presently, we would probably otherwise have missed the ‘extent
argument’ and not realized immeédiately that the analysis of the circle
could thus be largely improved\ Unfortunately, as noted above, the
argument does not carry over to the circle and we are left at this point
with the somewhat disagreeable segregation of straight lines and curves:
it is in this context that stimulus imperfection appears to weigh more
and more heavily, for it seems the most promising path to ultimate
reunification.

Figure 10 shows the final projection segments on layers 34-36 with a
1° rotational tremor. As can be seen, layer 35 is selected as the one
corresponding best to the stimulus segment's orientation: no doubt this
is because, through a 1° shift in the stimulus we ‘attained’ 105° (the
orientation of layer 35), while no other layer was likewise perfectly ‘met’
(104-1=103). Of course the inhibition weights generated in layer 35 are

sufficient to kill both neighbouring projection segments, so that the de-
" sired result is achieved: only one segment survives analysis.

This result is coherent with the above justification, for it appears
that an imperfection of the second kind (i.e. in terms of stimulus width)
was indeed concealed here by a more restricted rotation of the retina,
allowing us to suppose, a posteriori, that imperfect width alone was not
responsible for the ambiguity of detection, the extra push contributed by
a too large tremor also being required.

There is one more surprise in stock. First note that, as concerns
segment B, the expected outcome was generated irrespective of the size
of rotational tremor: this is not surprising in view of the fact that
segment B has a ‘perfect’ orientation. So it is quite tempting to genera-

1
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lize this to all such straight line segments. Yet it would be incorrect to
do so, and the one counterexample we know of is the most unexpected,
because among the most ‘perfect’ stimuli of all: the horizontal line! This
stimulus is triply detected by the pile: a maxjmal segment (length 32)
survives on layers 0, 1, and 59 irregpective of the size of rotational
tremor. So again the segregation we talRed about is not as complete or as
simple as we thought. This result in fact brings us back down to the
fundamental issue df the nature of the retinal array, for the peculiarity
of this perfect stimulus is that it lies along one of the axes of symmetry
of the retina. Stran ely enough, it’is as if the pile had reversed the
staircase problem! Could it be 2, simply that the real’ retina has no axes of
. symmetry?

This concludes the present section. We have not so far carried out
any more systematic investigation of the pile's behaviour in terms of a
(/—arger portion of the class of straight line segments and circles, or attem-
pted the study of the pile's competence in new ones. There is much
interest in doing so, especially in the area of ‘small’ stimuli, as it could

possibly lead to further critical predictions.

—
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2 Wrapping up

Although the present simulation is far from achieving a general

proof of effectiveness for the pile, it has not only demonstrated the wor-
kability of a particular realization, but also indicated and clarified certain
general aspects of the structure, which to date had not been stated expli-

citly: the two most important have to do [1] with the extent for tremor.

(translational and rotational), and [2] with the values and interrelation-
ship between retinal size, field size, and orientational resolution. Since
biological relevance for this abstract structure is only to be found within
a certain range of the possible conjunctions of parameters, it is impor-
tant to work out more precisely the optimum values required for one
parameter given constraints on one or two of the others: this is the
subject of the next section. However- as concerns the size of the retina
there is an immediate split between the biological data (especially pri-
mate) and the ideal requirements of the helicoidal ring: Hubel & Wiesel
have gotten us used to the idea of a ‘partitionned’ retina, while of
course the pile only has one, and insofar as it shows some affinity with
the “cortical units” then its retina has to correspond to Hubel & Wie-
sel's retinal field. This in no way endangers the pile's relevance; it me-
rely puts it clearly in context and points a possible way into yet deeper
levels of visual processing: the pile could contribute to the forging of a
path into them.

3 Retinal size, field size, and orientational resolution

The problem is the following: given that one wants to construct a
pile with a resolution of (say) 1°, what are the minimal requirements
for retinal size and field size?

The first observation to make is trivial. It is that the layers, whatever
their size, will have to be displaced (i.e. rotated) in 1° steps form 0° to
179°, so that the pile will have 180 of them. —

The second point is more important. If the pile is to discriminate 1°
differences of orientation on the retina these differences must be repre-

‘sentable on it: this means it must have enough cells so that a stimulus

that is rotated by 1° will not again activate the same set of receptors;

otherwise it is clear that no mapping difference will ensue (of course
this cannot be guaranteed for all stimuli; however as a rule we consider
the minimal requirements for a large ‘central’ stimulus). One can rea-
dily calculate the range in number of retinal cells necessary for the task:
for 1° it means a retina between 56x56 and 114x114. However more than
that is required in order to implement rotational tremor. In the case of a
1°-pile 0,5° must also be representable on the retina, and this can only be
achieved by enlarging it. Again, there is no clear-cut way to calculate
this enlargement, for, just as in the above case, 0,5° is more or less well
representable on the retina; now to help us decide what is the ‘best’ size,

—
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we might adduce a criterion of the following sort: that retinal size
should be enlarged sufficiently for 0,5° to be very well representable but
not 0,25°, the ‘next’ step down; that is, within this restriction, we choose
the maximum dimension allowed. In actual fact this means a retinal
grid of 228x228 since 0,25° is only ‘visible’ at the 115th receptor from the
middle, implying a retina of at least 229x229 to achieve rhinimally the
next resolution level. This number is extremely interesting for it corres-
" ponds rather closely (within 14%) to a similar vdlue of 200 obtained
quite independently (see 0.1 above). Now it might be asked why 0,5° has
to be possible on the retina: to answer this question one must imagine a
case where rotational tremor is absolutely needed. As an example one
can think of a full horizontal line placed in the middle of the retina but
with a short piece of one of its extremities ‘bent’ in a step: this corres-
ponds to a segment whose orientation is somewhere between 0° and
0,5% it follows that rotational tremor is needed to maximize the map-
ping.

This basically settles the matter of minimal retinal size. The rest of
the present discussion will therefore assume that it is fixed.

We now move on to the next, and much more involved, question
of field size and layer size. Given a retinal size each automatically deter-
mines the other.

Again the first consideration is rather trivial. What we want the pile
to achieve ideally is a non-ambiguous mapping of a straight line stimu-
lus on the layers so that, through inhibition, only one projection seg-
ment will survive. Now we will see shortly that this kind of behaviour
cannot be ensured for all lengths of straight line stimuli: segments
whose length falls below that minimum will be at least doubly detected.
This is inescapable because the cotangent drop (see below) is discretized;
the best we can do is choose the range of length which suits us. For
example in' our simulation the minimum length is 4 (i.e. 4*3=12 retinal
cells); in principle any segment of length less than that will map
maximally on at least two successive layers at its length before starting
to decrease slowly and with much repetition of identical values, the
more so the farther (in either the ‘upward’ or ‘downward’ direction) its
mapping from the best-fitting layer: for example when it reaches length
2 it stays there for four or five successive layers before dropping finally
to 1. (This is why projection segments of length 1, 2, and 3 can be
discarded: since no stimulus segment below 4 is allowed, such mapping
results become irrelevent (except possibly for the analysis of curves, but
again they are not part of the stimulus) whenever they appear.) We say
in principle since those calculations are done with ‘central’ stimulus
segments, i.e. segments crossifig, or lying very close to, the center of the
retina. There may be an ‘off center’ correction to add for the general case,
but it would be a reduction factor.

If only one segment is to survive, it means that we have at least to -
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obtain different mapping lengths on successive layers. Now the least
permissible difference is 1, but this is very easy to obtain because the
drop of the cotangent is quite rapid, even across 1° {for p=1° t¢*18°,
cot(y) = 58, 29, 20, 15, 12, 10,9, 8, 7, 6, 6, 5, 5, 5, 4, 4, 4, 4). To be more
precise here, the actual drop in the pile is a constant times the cotan-
gent, and for a fixed threshold, the larger the field size’the smaller will
become this constant. In general the threshold is rather high (66% for
3x3 fields, and 75% for 4x4 fields); the effect of heightening the threshold
is similar to that of enlarging field size: it reduces the constant and thus
the projection lengths.

Here is a more rigourous demonstration of these properties. We wi-
sh to calculate the various projection segments’ sizes across the basic
orientational resolution increment of the pile. To obtain these values
we first use the basic transformation equation giving the new ordinate
Y' = -X*sin{u)+Y*cos()t), where | is the increment; in our case it will be
1°. To find the desired value oné has to ‘travel’ along a line delimiting
the threshold of the field until this line crosses over the zero into
negative values in the new coordinate system, the one corresponding to
the particular layer of projection. Suppose the threshold is such that this
line is at y=1,5: it is sufficient to seek the fate of this ‘mid-line’ since the
cell's ordinate is represented in olir calculations by this middle value, so
that if all retinal cells forming our hypothetical stimulus are supposed
active then it is exactly at the computed point (the zero-crossing) that
threshold fails- to be reached, and this is what we want, for the ‘length’
(further corrected for field size and symmetry, as we shall see presently)
can then simply be calculated (see Figure 12). Solving for Y'=p(=1°) at
y=1,5 gives x=1,5*cot(1°). Two further corrections are then made. The
first one is to multiply the result by 2 to take care of the symmetry of our
segment about the ‘origin,” while the second is a division by “p” (field
size), in order to transform the obtained value “x” into a layer length
H'L‘.H \

Putting these considerations into the equation we obtain:

L %*cot(u) (1)

For a more general formulation, suppose the threshold is such that
the ‘travelling’ line is at y=t (t will be an integer value +0,5). Then

L = 2 % % * cot(p) (2)

It is now easy to see that as the threshold increases, for a fixed field
size, L decreases since t decreases, and that as field size (p) is increased,
for a fixed threshold, L also decreases. Now the whole point of this
discussion is that one does not want the L's to be too small, and so will
choose t and p accordingly. [It so happens, because t=1,5 in the two cases,
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that (1) works both for 4x4 fields with threshold at 75% and for 3x3 fields

with threshold at 66%, but not for example for 6x6 fields with threshold
at 66%.] We will get back to this further down.

The generated value, L, will be a decimal which neéds to be rounded -

off, since it will become a component of the ideal .inhibition vector:
given that one is sure to encounter such a projection length for a suffici-
ently large stimulus and that inhibition has to be strong enough to ‘kill’
it, it is a good idea to round off to the largest closest integer value.

Using equation (2) with p=4, Au=1° and t=1,5 (threshold 75%) one
calculates the following values for L as p is incremented: 43, 22, 15, 11, 9,
8,7,6,5 5,4, 4,4, 4 As one can see ambiguity sets in at L=5, while if field
size were at 3, it would set in earlier at 6 (compare with previous list);
this loss issminimal however as one also observes that the range of
‘lengths’ is much more restricted in the present case.

With this last item we are now ready to bring all the pieces together.
For, now we have a natural constraint allowing to discuss ‘interesting’
criteria for the selection of layer size. We had indirectly touched upon it
with equation (2). There we saw that if field size is much increased then
L will decrease - in fact we had known this intuitively from the start.
Now given that retinal size is fixed, increasing field size will necessarily
reduce layer size (and so L). This is exactly where the argument can be
brought to play. For consider that nothing can stop one from drawing
up a 1°-pile with a ‘proper’ retina (say 200x200) having large fields (say
10x10), except that length discrimination in the pile will be much
reduced - in fact to ‘lengths’ ranging from (say) 4 to 20 only. Now just as
one is interested in a good range of orientational discrimination, one
can equally be interested in a good range of length discrimination (and
hence ‘positional’ discrimination): this is the business of layer size, for
characterization is only as good as a layer can provide (through summa-
tion). Although a range such as 4 to 20 might appear sufficient, there is
reason to believe that much higher precision than that can easily be
allowed. .

In the earlier sections we have alluded now and then to the idea of
stimulus imperfection and that it was a function of field size, the bigger
the field the less the imperfection. Intuitively it corresponds to the idea
that a ‘smoother’ representation of the stimulus can be obtained throu-
gh larger fields. To understand this fully we have to tie it to the original
problem which brough about the implementation of fields. This was the
problem of deciding to which layer cell a given retinal cell mapped
when the retina was conceived as structurally identical to a layer. The
solution consisted in ‘replacing’ every retinal cell by a group of retinal
cells, thus increasing considerably retinal size, and setting a threshold of
activation on the layer cells. In fact this solution is nothing other than a
digitalization (or approximation) procedure for a decision that is deci-
mal. In other words it had to be done that way since calculation with

ey
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decimals was not allowed in the pile. Now the question of field size,
viewed in this light, amounts to the question of how much one has to
’subdivide’ every retinal cell in order to get a good mapping decision: a
degree of success might be defined formally as the percentage of ‘dis-
crete’ mappings which correspond to the ‘mathematical’ mappings, i.e.
ones based on the calculation of arez and a decision based on a thres-

“hold also expressed in terms of area and not in terms of number of
receptors. It should be clear intuitively that if the threshold is set at 75%,
then it does not gnatter very much, overall, in terms of correct mappmg
decisions, that ﬁTd size should be set at 10 or 20 or 50, the difference in
terms of error of these various schemes amounting to very little. [If one
imagines field size to ‘grow’ infinitely then at the limit mathematical
precision would be reached.]

So indeed we can start to see on these grounds that field size should
ideally, again, be in the lowest end possible, but not too low - we believe
that 3 is too low, i.e. that at that value we are begmmng to flirt danger-
ously closely with and picking up some of the mapping problems which
the field structure originally tried to torrect. To this can immediately be
linked the idea of ‘smoothness’ of retinal representation: what it am-
ounts to basically is the fact that if field size is ‘large’ there are not only
more units involved in a given stimulus (the stimulus having, by defi-
nition, field width) but more importantly that this fact allows for better
mapping decisions. Now in the case of straight line segments this might
not seem very important but if we wish to enlarge the stimulus domain
into' a wider variety of curved segments then it does indeed become
important - remember the circle. Again one could calculate exactly, say
for a certain (non-zero) layer, the percentage of successes and choose to
‘correct’ field size accordingly. [It is possible, for a given field size, for the
degree of success in mapping to vary from layer to layer: this would
explain Figure 5.] We have not done this, but it seems a good bet that
past a field size of 5 the increment in success rate will be negligible for
unary increases of field size. So although from the point of view of
mapping or projection field size should be increased, the cost in terms of
length discrimination -cag get too high; on the other hand, decreasing

—field size allows for a finer-tuned metric, but endangers the quality of
projection itself: an optimum balance has to be sought amidst these in-
terrelationships.

To conclude, let us draw a tentative picture of the ‘ideal’ 1°-pile: a
retina of width 228 receptors, a field size of 4 (and possibly 5) and conse-
quently a layer size of 57/45. As for threshold, S6mewhere between 66%
and 75%.
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Figure 12.Geometrical demonstration for the calculation of L with 8=3°, p=3, threshold
66%. Shown superimposed is the transformed coordinate system corresponding

to the layer of projection at 6=3°. Transformation involves a rotation to which
is applied a reduction factor associated with field-size, in this case 3. Since
threshold is set at 66%, the ‘travelling’ line (dashed) occurs at Y=15, the .
threshold line, since the points (or cells) on this line, whenever they and the
cells ‘above’ them within a given field, all map onto the same layer-cell,
ensure that threshold will be reached by that target cell. The reason for
considering the cells ‘above’ them is simply because rotation accurs in that
direction, and generality is maintained by the fact that projection lengths are
sure to reach a value of 1 at or before 45 ° of rotation. For another stimulus
segment the particular projection layer shown would no longer be the 3 °-layer
but the first layer below the best-fitting template, the one corresponding o
the stimulus’ orientation. Thus, supposing ALL retinal cells shown are active,
one can see that threshold will be reached in all layer-cells up to the 9th since
the six cells delimited, inside gvery corresponding retinal field, by the
‘travelling” line will all ‘fall’ within the particular layer-cell, whereas this
fails to happen past the 3th. To calculate precisely the coordinate of this
point one solves the transformation equation for x at y=1,5 when y'=0, that is,
where the ‘travelling’ line crosses the zero-line in the new coordinate system.
Since the reduction factor is lost in this calculation it has to be reintroduced as
a correction. For the present case, the solution is x=15%cot(3°)= 28,627;
reintroducing the correction factor yields x=1/3(28,627)=9,542. Now a last
correction has to be made. For convenience we have shown jusihalf the picture,
with the center of rotation as reference point or ‘origin; clearly an identical
situakion is present on the left side of the ‘origin.’ Therefore fo obtain the
LENGTH (and no longer the coordinate, which in the simplified case are one
and the same thing) of the projection segment we must compute L=2"x, which
amounts to 19,08. Note that in the context of OUR simulation the complete
adjustments to the cotangent yield a value of 1, i.e. the ideal projection lengths
- are just the cotangent values. This is not the case in general however. So
although Figure 4 happens to be correct, it should be understood as a .
demonstration of the cotangential nature of projection lengths rather than as
an algorithm for their computation: And finally we wish fo indicate that this
is a (mathematical) IDEAL, and that a particular stimulus may have to be
‘helped along’ by tremor to reach if. Nevertheless these are the values used
for inhibition.

~
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Addendum1 BASIC programme to generate projection tables 00-2A.
. (Tables 2D-57 generated by editing this programme.
Lines 62,63 & 70,80 were introduced to correct a bug in
our version of BASIC. Normally INT is sufficient.)

DEG: INTEGER M,E, X2,Y2
DIM F$(29),A$(10) : M=0: A=0
A$="TABLEQ0.CRD"
F$="000306090C0F1215181B1E2124272A"
X=-475:Y=47.5

11 AS$(5,6)=F$(M,M+1)

12 PRINT"File ";A%;" is now being generated ..."

20 CREATE A$

30 OPEN\MINAS

40 C=COS(A) : S=SIN(A)

50 X1=(X*C+Y*S)/3

60 Y1=(-X*S+Y*C)/3

61 I=16:]=15

62 IF X1<0 THEN I=15

63 IF Y1<0 THEN J=16

70 X2=I+SGN(X1)*INT(ABS(X1))
.80 Y2=]-5GN(Y1)*INT(ABS(Y1))

81 IF X2>=0 AND X2<=31 THEN 83

82 E=-1:GOTO 100

83 IF Y2>=0 AND Y2<=31 THEN 90

84 E=-1:GOTO 100

90 E=(256*X2)+Y2
100 PUT\I\E

e
O o W N

110 X=X+1

120  IF X=48.5 THEN 140
130 GOTO 50 '

140  -X=-47.5

150  Y=Y-1

160  IF Y=-48.8 THEN 180
170  GOTO 50

180  CLOSE\1\

190  A=A+3:M+M+2: IF M=30 THEN 210
200 GOTO 10

210 END
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Addendum 2  Extract from the TABLE03.CRD file, the projection table
for layer 1 for the first line of the retina; the value
“ff” indicates a mapping falling outside of the layer
matrix. First pair of coordinates (X,Y) is italicized.

-

£f £ff ff f£ff £f £f £f £ff £f ff £f ff ff ff £f £f
ff £f £f £f fr f£f £f ff £f £f ff £f ff ff ff ff
£f £ff ff £f £f £ff £f ff ff £ff°ff £f £f ff ff ff

(\‘_—#// £f ff ff £ff £f £ff £ff ff ff ff ff ff £f ff ff ff

£tf £ff £f £f £f f£f £f £f £f ££f 00 0d 00 0d 00 0d
00 O0e 00 Oe OO0 Ce 00 Of 00 Of 00 Of 00 10 00 10
00 10 00 11 00 11 00 11 00 12 0O 12 00 12 00 13
00 13 00 13 00 14 00 14 00 14 00 15 00 15 00 15
00 16 00 16 00 16 00 17 00 17 00 17 00 18 00 18
00 18 00 19 00 19 00 19 00 1a 00 1la 00 la 00 1b
00 1b 00 1b 00 1c 00 1c 00 1lc 00 1d 00 1d 00 1d
00 le 00 1le 00 1le 00 1f 00 1f 00 1f £f ff f£f f£f
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Addendum3 BASIC programme to generate the rotation (tremor)

10
60
70
80
120
130
140
150
160
170
180

190

200
210
220
230
240
250
260
270
280
290
300
310
320
330
340

table of the retina. (A corsesponding table, TREM2.CRD,
is obtained for rotation in the reverse direction.)
4
DEG : INTEGER E,; X2,Y2
CREATE'TREM1.CRD": OPEN\I\"TREMI1.CRD" .
A=1! " N
X=-47.5:Y=47.5
C=COS(A) : 5=5IN(A)
X1=X*C+Y*S
Y1=-X*S+Y*C
1=48 : J=47 B
IF X1<0 THEN I=47
IF Y1<0 THEN =48
X2=I+SGN(XT)*INT(ABS(X1))
Y2=]-SGN(Y1)*INT(ABS(Y1))
IF X2>=0 AND X2<=95 THEN 220
E=-1:GOTO 250 -
IF Y2>=0 AND Y2<=95 THEN 240
E=-1:TGOTO 250
E=(256*X2)+Y2

. PUT\IN\E

X=X+1
IF X=48.5 THEN 290
GOTO 130
X=-47.5
Y=Y-1
IF Y=-48.5 THEN 330
GOTO 130
_" CLOSE\ 1A
END

—~



Addenduin 4

.

-

00
00
00
00
01
01
01
01
01
02
02
02

01
09
11
19
21
29
31
39
41
49
51
59

;

\

*

Extract from the rotation table: mapping of second line
of retina. First pair of coordinates (X,Y) is italicized.

00
(¢4

02
Oa

0012

OOJ.a

01
01
01
01
01
02
02
02

2a
32
3a
42
4a
52
5a

00
00
00
00
01
01
01
01
02
02
02
02

03
Ob
13
1b
23
2b
33
3b
43
4b
53
5b

00
00
00
00
01
01
01
01
02
02
02

02

04
Oc
14
1c
24
2c
34
3c
44
ic
54
S5¢

00
00
00
01
01
01
01
01
02
02
02
02

0d
15
id
£5
2d
35
3d
45
4d
55
5d

00
00
00
01
01
01
01
01
02
02
02
02

Qe
16
le
26
2e
36
3e
46
e
56
S5e

00
00
01
01

01,7

01
01
02
02
02
02

07
Of
17
1f
27
f
37

3f

47
4f
57
5¢f

00
00
00

01

01
01
01
01
02
02
02
ff

08
10
18
20
28
30
38
40
48
50
58
£f

-\
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Addendum 5 BASIC progrémrne generating the inhibition table,

10 DEG:INTEGER EM,X2,Y2
20 ~ A=3:M=0
30 X=-465:Y=46.5
40  CREATE'INHTAB.LYR":OPEN\1\"INHTAB.LYR",
50  C=COS(A):S=SIN(A)
60  X1=(X*C+Y*S)/3
70 YI=(-X*S+Y*C)/3
80 I=16:]=15
90  IF X1<0 THEN I=15
100  IFY1<0 THEN J=16
110 X2=I+SGN(X1)*INT(ABS({X1))
120 Y2=]-SGN(YI*INT(ABS(Y1))
130 IF xz:@@? X2<=31 THEN 150
140  E=-1:GOTO 180
150 IFY2>=0 AND Y2<=31 THEN 170
160  E=-1:GOTO 180
170  E=(256*X2)+Y2
180  PUT\I\E
185  IF M=1 THEN 220
190  A=A+3:IF A>18 THEN 210
200 GOTO50
210 M=1:A=180
220  A=A-3:IF A<162 THEN 240
230 GOTO50
240  A=3:M=0: X=X+3: IF X=49.5 THEN 260
250 GOTO50 : '
260 X=-46.5:Y=Y-3:IF Y=-49.5 THEN 280
270  GOTO 50
280 CLOSE\1\
290 END
Addendum 6 Extract from the inhibition table: these are the twelve

coordinate pairs (Y,X) specifying the inhibition path

of a layer cell at (00,0c).

00 0d 00 0Oe 00 Oe 00 Of 00 10
1f 14 1f 15 1le 15 1le 16 1le 17

¥

(‘downward’)
(‘upward’)

o
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Addendum 7 QEirst page of helicoidal ring simulation programme

—

DS 5E00H ;100H-48FFH holds TABLE** (18K)
" - ;4900H-6CFF is RETINA (9K)
;8000-A3FF is storing space
;100H-60FFH holds INHTAB (24K)
BUFFER EQU 0A4COH ;housckeeping buffer
FLNAME DB 'B:TABLE
TABNUM DB ‘'00.CRD/’
ROTTRM DB 'B:TREMO0.CRD' ;rotational tremor table
INHFIL DB 'B:INHTABL.LYR' ;inhibition table
STIM DB 'B.CIRCLE.SEC' ;circle table
;approximate (integer) values of
;cotangent form 3 to 18 degrees
) ;at 3 degree intervals
COTAN DB 20,10,7,544
INHVEC - DS 6 ;adjusted cotangent/inhibition vector
HFIELD Dw -33,1,1,1EH,2,1EH,1,1,7 :
;inhibition ‘field’ vecto
TRMVEC DW -20H,1,20H,20H,-1,6
TREM DB 0,1,2,60H,62H,0C0H,0C1H,0C2H,8 !
; ‘standard’ tremor vector
HPOINT DW 0 ;pointer to next 24-vector in INHTAB
BANK DB 2 ;eurrent bank of inhibited layer
LYRST DW 8000H ;head of inhibited layer
COUNT DW OFFH
LYRMEM DW 8000H ;head of inhibiting cell layer
BKMEM DB 02 ;bank of inhibiting cell layer
FCB ~DS 33
BUFCUR DW 100H ;initial value of write buffer
TABADD DW 100H scurrent address in TABLE**
LAYER DW 7C00H ;layer starting address
LAYRNO DB -3 ;(address of curr scan pos is stacked)
CTR DB 00 i'switched’ analysis counter (BESFIT)
START LD HL,0E8H ;100H-18H (24)
LD (HPOINT)HL ;initialize pointer
CALL CLRET ;clear retina
LD HL,STIM ;loading CIRCLE.SEC



Appendix 11

Note on the ‘hexconv’ Function

A retina, made up of discrete units called cells arranged in an order-
ly two-dimensional manner, can easily be simulated in a computer
through the use of arrays. Simulating an activated retina, Bn the othér
hand, requires a description of the stimulus compatible with this repre-
sentation. Thus it requires the transformation of a (mathematically) .
continuous description of the stimulus into a discrete one: we, call this
partitioning, and it is achieved by sampling some points along the
stimulus and calculating the corresponding cell (or array) coordinates.
Usually, but not necessarily, the borders of these idealizs;zl retinal cells
are associated with the integral values on the axes of the gartesian plane
(0,1,2,3, ...). These values are then used as {ndices in the retinal array in
the computer; thus RET[x,y]. So whenevelS a cell at (X,Y) is activated,
RET[X,Y]=1, where X is the rounded value of x, and similarly for Y, (x,y)
specifying a point on the stimulus; otherwise RET[X,Y]=0. This works
well for what might be called a ‘cartesian retina.” The transformation
from continuous values of the stimulus to the discrete values of the as-
sociated cells will involve a first discretization of the continuous stimu- -
lus (in the x-axis for example): the rule is simply to cut up or partition
the axis in pieces that will preserve continuity in the cells, assuming it
exists in the stimulus of course. Thus we would not sample the conti-
nuous stimulus at every x+2th value since then the sampled points
could ‘jump over’ some cells, leaving undesired wholes in the array; on
the other hand sampling must occur below a width of 1 to ensure that
two successive sampling points will fall either within the same cell or
two adjacent ones (an adjacent cell being defined as any member of the
eight surrounding cell); in practice, this implies that some redundancy
is bound to result from the conversion, but it can be minimized by
selecting a sampling width that is close to 1. Usually also, as indicated
above, one will start with a first appf@ximation on the x-axis, generate
the corresponding y-values, and discretize both; in some cases (e.g. with
asymptotic curves in the y-axis, if the case ever presents itself) the rever-
se order would be advised: the first approximation would then be done
along the y-axis, then the corresponding x-value generated, etc.

' Most graphics cards work with a (discrete) cartesian grid. Thus a
‘cartesian retina’, corresponding to this sort of grid, seems very natural
since it simplifies the interface to tlie computer programme. Needless to
point out that arrays are equally ‘cartesian.’ This was typically the case in
the simulation of the helicoidal ring (see Appendix I), that, incidently,
was first conceived with a cartesian retina. However the natural struc-
ture of a retina of receptors is much closer to a hexagonal grid than to a
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cartesian grid, a hexagonal arrangement arising when one packs equal-
sized chips or pennies or receptors on a plane. This would be interesting
but of little value were it not for the critical fact that the neighbourhood
relations are much less ambiguous in a hexagonal arrangement than in
a cartesian one, where the problem of corner cells arises: in the hexago-
nal pattern, each cell has six neighbours with equal (geometrically) clear
status: each;shares one of the center cell's sides.

It is of course a trivial matter to map a hexago:igrid. into a two-
dimensional array in the computer, once the hexagonal coordinates are
known. As for neighbourhood relations, much as in the cartesian case,
they can easily be represented by a simple formula involving the charac-
ter of the row-value (oddness or evenness), etc., allowing for access to
adjacent cells within a programme. It is also possible to transform a car-
tesian display (on a graphics monitor) into a hexagonal one: this invol-
ves a reduction in resolution however since many points are needed to
represent one (hexagonatl) cell.

The ‘hexconv’ function, written in C, takes as input an ordinary car-
tesian coordinate (x,y) and finds the hexagonal cell (hx,hy) into which it
falls. This is achieved in five steps. {

The basic feature of the algorithm, the thing that renders it a compa-
ratively simple matter, is the positioning of the cartesian axes onto the
hexagonal grid (see Figure 1): it can be seen that the cartesian unit points
(0,1,2, ...) are placed such that they fall, on the x-axis direction, on the
middle point of a (unit length) hexagon, whereas in the y-axis direction
the ‘unit’ marker is set down directly in the hexagonal mode, the
geometry of axis superimposition placing the first marker;at ¥3/2, the
second at V3, etc. The algorithm, contrary to the cartesian-grid method,
does not proceed directly to compute, by simple rounding, the coordina-
tes of the cell into which a particular point falls. Two intermediate steps
are needed to achieve these final values. The first consists in confining
the x-value inside a unitary integral interval, defined by the boundaries
and the middle of the x-axis hexagon, which happen to occur at
multiples of 1/2. Thus if for example, x=1,4, the upper boundary will be
3 (since 1,4<3*(1/2)) while the lower boundary will be 2 (since
1,4>2*(1/2)); a similar procedure is carried out for the y-value, but this
time of course the units are no longer of length 1/2 but ¥3/2. This com-
putation for y only cuts the possibilities down to two; for the x-value
there is a similar but less obvious ambiguity, stemming from the fact
that in the y-axis direction the hexagonal cells are not aligned but
‘crooked.” More on this ‘side effect’ below. The second intermediate step
resolves both of these ambiguities, according to a rule based on the
observation of a simple pattern among these intermediate pairs as they
relate to actual hexagonal cell coordinates: they ‘go together’ according
to oddness and evenness, and since every pair, being made up of two
successive integral values, must have one of each kind, it is easy to
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couple them by ‘type’ (odd with odd, even with even), thus defining two %
adjacept cells as most likely candidates for inclusion of the given point
(follgwing the previous example, and Figure 2, the two pairs are [2,4]
and [3,3]). Thex it is simply a matter of reverting back to the cartesian
coordinates of those cells' center and of choosing the cell whose center
is closest to the point.

The first step (cf. programme below), by rounding, computes the
intermediate ‘hexagonal’ x-values; x1 is always the lower value: this
works because, for example, x is declared type double whereas x1 is de-
clared type integer so the assignement itself forces the conversion. Then
the y-value is also rounded up and down to the first approximation.
Next, the first true hexagonal x, hx, is calculated, using the fact that it
will be 1/2 of the intermediate unit x falling on the center of the cell (x1
is either odd or even, and must be tested). Thirdly, the pairs of x's (x1,x2)
and y's (y1,y2) are coupled into center coordinates so that the values are
matched according to oddness or evenness: this is done because the
centers of the hexagbns are characterized, in terms of their {x,hx) coordi-
nates, by such combinations (see Figure 2). There are four cases to consi-
der in all and step three simply switches the x's, if need be, or exchange
the y's. Testing for oddness/evenness involves doing a bitwise AND on
the values with 1. Having trapped the point (x,y) within the area defi- ~—
ned by the two centers, we still have to decide which is closest. This is
done in step four, where it should be noted that the y-values are correc-
ted for the scaling factor of ¥3/2, and the x-value for 1/2, because the
context reverts back to a cartesian one. Finally step five adjusts hx, if
necessary, according to whether hy AND (logical this time) the least x
(anciently x1, but since it might have been switched around with x2 we
had to remember it in xImem) are odd: this correction is necessary
because although our first approximation to hx was correct in itself, be-
cause of the nonjlinear arrangement of hexagonal cells one sometimes
has to start counting hy(=0) at the left-side cell of the chosen hx. We
should make it clear that starting at the baseline (hy=0) one moves in
the hY axis first to the right, then to the left, then again to the right, and
50 on. This is indicated in the right of Figure 2.

Although as shown here this function works for just one point (x,y)
it can be modified to accept a pointer to an array of such coordinates,
whereupon the function will transform all, of them.

. (x,y) can also range over the entire cartesian plane; hexconv(x,y) will
work correctly for negative values as well as for positive ones, as illus-
trated here. It has been used however in a context where the input coor-
dinates were already discretized. It turns out that transforming a set of
such values will cause the appearance of wholes in the hexagonal grid,
i.e. discontinuities in the stimulus. This is taken care of by a further
function that tests for it and produces a filling-in cell in the hexagonal
transcription. This function is not reproduced here.
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The hexagonal grid, like the cartesian one, places the origin at the
top left corner. This means not only that only positive coordinate va- .
lues are used to access it, but also that the direction along the y-axis is
reversed: increments in y involve a downward displacement along the
axis. Again the function described here does not take care of this further
transformation; it is up to the programme using it to do so.

A
~
13
'I C(U,E)
I
213 |,
i )
13 1
243 (1,0)
-0 7 ! >

Figure 1. Geometry of cartesian coordinate system superimposed on a
hexagonal grid; choosing OA=1/2 we obtain OB=0D=1/v3 and
BC=AD=1/2v3. Thus OC=0B+0D=1/V3+1/2V3 = 3/2, i.e. Yag=1
is at (0,v3/2).
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Figure 2. Superimposition of cartesian coordinate system over hexago-
nal grid. Both ‘X’ and hX units are indicated, while only hy is
marked. On the left is shown an example of a point P boxed-in
by the ‘X’ and hY coordinates. Once the two closest centers are
identified (A & B) it is a matter of choosing the closest one to
P, and, if necessary, to apply a correction to hx - this would not
be the case for P, whose hexagonal coordinates are 1,3 (circled).

Here is the function listing.

haexconv(x, y)
double =,y |
int x1,xlmem, x2,yl, w2, hx, hy,temp;
double c=1.7320508075688773; [* N3 #y
x1=2.0%x; x2=x1+1; /* round x down and up wrt 1/2-units */
yle2.0*y/c; y2wyl+l; /* same for y, but wrt hY */
xlmem=x1; /* remember least x */
1€(x1 ¢ 1) hx=x2/2.0;
else hx=x1/2.0;
L1E(y2 & 1) ({1f(1(x2 & 1)) {tempw=x2; x2=xl; xi=temp;}} /* switch x's */
olse Lf(x2 & 1) {temp=y2; y2=yl; yl=temp;} /* switch y's */
L {({aqri{x-0.5*x1) +sqri{y-ylvc*0.5))<{sqr(x=0.5"x2)+sqr(y-y2*c*0.5)))
hy=yl;
else hy=y2;
it{thy & 1) && (xlmem & 1)} --hx; /* adjust for ‘side effact’ */
}



Appendix III

The Simulated Arm
I: Logic of Implementation

In the first part of this third Appendix we provide a detailed techni-
cal account of the computer implementation of our “particular case of
control,” namely, a virtual anthropomorphic arm with seven (7) de-
grees of freedom (d.f.s). The second part (see below) consists of a listing
of the programme. The programme is based upon some elementary
geometrical principles that are instantiated in the context of the specific
requirements of the implementation. These requirements can be
recalled briefly. We wanted a visible, dynamic, human-like, effector
with seven d.f.s that could easily be driven at that level, and that could
eventually be hooked up to a control structure; moreover the output
had to be as realistic as possible. This was achieved through a 3-D gra-
phic display of the precomputed successive positions of the arm's seg-
ments. These intermediary positions were separately calculated in a ser-
ies of four steps.

The arm consists of three segments: the upper arm, the forearm, and
the hand, with an associated 3-2-2 scheme of d.f.s, starting with the
shoulder (Figure 1). That is, much like the¢ human arm, each sggment
being taken singly, the upper arm's motion occurs in three independent
axes while that of the forearm and hand do so in two. Segments are
elongated rectangles whose lengthwise proportion is in the ratio of 2:2:1,
again approximating human anatomy.

Degrees of freedom differ in the axes with respect to which they can
be expressed, and hence must be computed. However all of them invol-
ve rotations, either about an axis in an adjoining segment or about the
axis of the considered segment itself (cf. Figure 1). The hand's d.f.s can
be associated with a yz-coordinate system affixed to the forearm's
extremity (the wrist), the forearm's axis being the x-axis: thus rotations
occur, and are computed, about both the y- and z-axes for the hand.
Movement of the forearm occurs with respect to its own axis as well as
about the z-axis of the upper arm's coordinate system. Finally the upper
segment is driven by rotations about three axes, one of which, again the
x-axis, is the segment's own, while the yz-coordinate system, as opposed
to all others, belongs outside the effector system: it corresponds to the
screen's frame of reference, with the z-axis perpendicular to the viewing
surface.

Driving the arm is accomplished through the specification of three
sets of values: [1] a single parameter, N, the total number of steps to be
calculated and displayed, (2] a set of seven values for each d.f., defining
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the effector's.initial position, IP= [1p lj=1,..,7}, and [3] a correspondmg set
of seven amplitudes of ?:ll“placement or extents, for d.f.s; correspondmg
elements from these two groups are paired. Thus the programme is cal-
led in the following manner:

arm N ip; 8*ext; ip, 8*ext, ... ip; 3*ext,

Initial positions range from -89° to +89°, while extents, also being signed
(6=11), and allowed within the [0°,179°] interval, provide for the speci-
fication of direction. N is limited to a maximum of 89 and a minimum
of 0. Overflowing, or the computation of a d.f. motion (sum of current
position and specific increment) leading to a/position beyond the allow-
ed boundaries, is checked for at each step:|whenever it occurs further
increments are inhibited there, that is, the d.f. remains stationary at the
extremum while the rest of the d.f.s proceed through their preordained
paths.

e
e N
o\

Figure 1.  The simulated arm (dark). From right to left, the three
segments are drawn (hand, forearm, upper arm) along with
three additional pieces of information: (i) the axes of
rotation for the d.f.s (x,y,z); (ii) the order of computation of
movements (numbers); (iii) the angle names used in
calculations (greek letters). The order of prescription within
the command (see above) is 2,1,3,4,5,7,6.

We have argued in section 2.2 that a basic characteristic of biological
movement, namely its naturalness, also derives from a nearly synchro-
nic activity in sffs, giving rise to unequal speeds at the various d.fs
involved. In the programme this i lemented quite simply in the
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. . I
following manner. Since the whole movement must occur withint

- specified number of steps, N, each extent is first divided by N, i.e<broken

up into N parts; given that in general these values differ from one d.f.
to another, it follows that the computed fractionary motions oxinter-_
mediate steps of the movement will vary in amplitude also; hence the
different speeds.

All movements are computed through rotations operated on the 12
(x,y,2) points deﬁmnﬁ the segments that, initially, are pxled’ on top of .
each other on the x-axis. Simulating rigid-body motion is then achieved

‘by transforming groups of points making up either one, two, or three

segments (the whole effector). To construct and preserve the links
between the"l segments throughout these various transformations, we
proceeded in four stages, each of which comprises three operations. In
the first stage, the group of four points constituting the hand is
transformed according to the second through the fifth parameters pairs
provided on calling the programme; second, the hand is translated up
the x-axis just beyond the forearm; finally, the four new points are sto- -
red back in the temporary matrix SegM[12][3]. These procedures are then
repeated for the transformation of the eight points of the hand-forearm,
with a further translation of this pair just beyond the upper arm, the
update occuring now on these two segments' new positions. The third
and fourth passes split up the management of the remaining three d.f.s,
which affect the whole effector now, in a 1-2 sequence, the first invol-
ving only the rotation at the shoulder, the second taking care of the
remaining pair of d.f.s. Note that since the function init_tr() expects two
angles, the second one must be 0.0 in the third call.

Once the final position of the arm is computed for one step we
proceed to a final transformation for purposes of 3-D display. This in-
volves the well-known projection equations {(cf. Foley & Van Dam 1982)
that map the 3-D arm, i.e. its twelve (x',y’,2') points in SegM[12][3], into a
projection plane selected according to the available screen size and in
such a way that no (undesirable) clipping is necessary. These viewing
coordinates are stored in a new matrix, PM[N][2]. Whereupon the loop
repeats for a next step until all N steps have been run through. Note
that each step restarts at what is called “position 0,” the internal initial
position which we described above (not to be confused with IP, the one
provided by the caller). This leads to two consequences, one of minor,
the other of major, 1mportance First, the “if(j)” conditional, which
ensures execution of the increment operation on every step except the
first, allows for a smooth integration of the calculation of IP within this
framework of movement computations: the arm is simply moved from
the internal initial position to IP. Secondly, by ‘reinitializing’ the arm’s
position each time, and calculating its next position from there instead
of from the previous one, we greatly simplified the required® transfor-
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mation matrices: in view of the fact that such matrices are already much
more involved for the case of a single rigid body, the computational
gain can be appreciated even more here given the fact that we are dea-
ling with a composite one. Of course nothing of this “internal business”
shows in the final product. But even with this simplification, the relati-
vely large weight of the computations prohibited ‘real-time’ display of
the intermediate positions; this is why they were all pre-calculated and
stored beforehand. Thus the final programme segment simply reads off
sets of 12 ‘step’ coordinates, calls the routines to draw the connecting li-
nes, erases the previous output and displays the new one.

If we define R(¢,z) to mean the rotation transformation about the

z-axis, and similarly R(6,y) to mean the rotation about the y-axis, then

-not only is it not true in general that their conjugate, namely
R(¢,2)*R(6,y), is not commutative, but much more importantly for us,

~--~geither is it true that after the second transformation, viz: R(¢,z), a

given resultant vector (x',y',z') will have maintained, with respect to
the xz-plane, the angular relation that was specified in the first transfor-
mation, viz. R(8,y), although of course the relation to the xy-plane will
be the desired one. For our purposes this will clearly not do; d.f.s are
independent from each other; and so a displacement directive about a
given axis should not be ‘contaminated’ upon execution by its coupled
directive, which, happening to be computed in second place, will there-
fore be satisfied. This introduces an unwarranted dissymmetry in the
system which undermines the true independence of d.f.s. There is how-
ever a way out.

By modifying ¢ slightly, one can arrange for this bias to disappear; a

- simple trigonometric function of ¢ and 6, namely arctan[cos 8 * tan ¢],
provides a new angle v, which, when substituted for ¢ in the compound
transformation above will correct for the error and produce the desired
independence: vy effectively ‘anticipates’ upon the disturbing effect of the
second transformation and nullifies it. This function was integrated wi-
thin init_tr().

However an inescapable dlssymmeky which arises as a consequen-
ce of the layout of the d.f.s on the effe¢tor, does enter the picture. The
axes of rotation of the hand, for example, are both orthogonal to the axis
of its reference sff, the forearm, butthis breaks down in the latter's case:
the forearm also revolves about its own axis. This again happens at the
shoulder joint. A closer look at the layout reveals that for handling cou-
ples of d.f.s only two different conjugate matrices are needed to do the

job, viz. R(y,2)*R(8,y) and R(8,x)*R(¢,2). The first is used for movements

at the two hand d.f.s and the two ‘orthogonal’ shoulder d.f.s, which

need the correction, while the second is used for the two intermediate
pairs, which do not need the correction; for the last of this intermediate



—_ 206

pair, as mentioned above, ¢=0. Note that ¢ and 6 are reversed in the two
expressions; this is because rotations about a sff axis arey always effected-
first; since “position 0” (i.e. the internal initial position) is used, the first
rotation occurs about the x-axis for these cases, while in the others the
first rotation is about the z-axis instead.

If one writes down the proper equations and develops the products,
an interesting fact stands out: both matrices are identical except for the’
disposition of their elements; this enabled-us to shorten somewhat the
programme. Here are the transformation matrices:

1 0 0 cos § sin 6 0
R(B,x) =0 cos 8 sin 8, R(B,z) = -5in & cos 0O CE
0 -sin B8 cos O 0 0 1
cos O 0 -sin O
R(erY) = 0 1 0 M
sin 0 0, cos O
wherefore
cos Y * cos O sin ¥y ~cos Y * sin 6
R(Y,2)*R(0,y) = =-sin Yy * cos 6 cos Y sin ¥ * sin 8
sin 6 0 - cos O
etc. :

"This is the logic behind the implementation of the arm. It was first
programmed in the way described in order to make certain that the
simulated arm indeed behaved the way it was supposed to. Once this
was ascertained, the ¢ode segments that accepted and prepared the input
parameters and fed them into the four subsequent steps of computation
were replaced by the code segments that implemented the (second) con-
trol model described and discussed in sub-section 2.2.1.1. These new co-
de segments (especially the “fetch()” function) appear in the listing pro-
vided below. Their function is equlvalent to the one described above in
which all the parameter values were individually provided upon cal-
ling the programme; this time however they were specified according to
the control model, and. then degrouped into the local values for each -
d.f.; this occurs in the “main()” loop.

The virtual humanoid arm described here was originally develop-

.ped in C on a Cromemco™ microcomputer, from which it was ported
to a Macintosh™, on which the control model was then simuilated.
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II: The Programme

tipcludo <qu£pkdraw.h>
#include <ovent, h>
#include <osutil.h>
finclude <math.h>
#include <memecry.h>
#lnclude <toolutil.h>
#include <inits.h>

fdefino GrRPtr & (thePort-»>portRect) /* GrafPort Rectangle Pointer +/
fdefine PI 3,13159265

#defino RAD P1/1680.0

#dofine DEG 1BD.0/P1

#dofine PIby2 PI/2.9

fdofine PIby3 PI/3.0

fdofine HOR 1341.0 /* horizontal adjustment */
#define VER 171.0 /* vertlcal adjustment */

#define L1 44.8 -/* segment 3 lenqgth */

‘fdefine L2 2.8*L1 /* segments 1 & 2 length */
#define WD 5.@ /* width of segments */

fdefine JP LZ /* push for transformations */

#defino NaMOMENTS 4

#define PLANE 70@.0 /* projectlon plane distance */
define PDIﬁI 22@.@ /* distanca of arm from PLANE */

/* global variables =*/

int  scrIP(12)[2]=(4@2,143,482,136,400,123,429,129,4€7,174,4028,167,
102,136,402,143,341,174,341,167,428,167,497,174);
int k3(9]|=({2,0,2,1,1,1,2,2,2},13{9]1={0,1,2,2,1,2,0,1,2};
int k4{%9]=(1,0,2,1,9,2,1,9,2},14[9]={1,1,1,0.,9,2.2,2,2}:
float segMm[12}({31={D,0,-WD,0,0,WD,Ll,o,WD, L1, &, -WD,2,8,-WD,a,d, WD,
-~ L2,0,WD,L2,0,-WD,0,2,~-WD,2,0,WD,L2,0,WD,L2,0,-WD);
/* 3-D coordinates of inltlal position of three segments */

main () .

0 o ) .

int  ii,37,p:

Rect armrect,ctrlrect,exB; /* arm's area & control area */
long parms{l®l); /* input quintuplets: global values */
float 'armparms[15]; /* arm parameters: local values */ .
long Gx1,Gyl,Gx2,Gy2, oGx,0GY;

tloat Rot®,DirG; /* current rotation, direction of G-vector */
long Xp,¥p: /* commands for sffl +/

ticat «clrecled,circlel; /* current extension, new extension */
ficat RotlInc,ExtInc; /* rotation & extension increments */

toolbxinlts{); /*set up toolbox & get new GrafPort */

SetRect (kctrlrect,@,36,272,306); /* control area - 2/3 of mplle's */
SotReoct (farmrect,271,@,512,342); /* prepare arm's_dlasplay reglon */
while (1) {



p=2; /* screen & data initializations */

B
E
B
E
E

ackPat (black});
rasoRact (GrRPtr);
ackPat (white)}
raseRect {(fctrilract);
raseilect {(karmrect) ; N

PenPat(gray);

MoveTo {135, 36}y LinaTo(135, 305) ¢
PanPat {(black};

MoveTo (®,171);
SetRect (¢ox0,133,169,138,174);

Pensize(3,3); MoveTo{l6R,229); LineTo(168,229);

PenNormal (};
for (1i=@;

c
R
o
a

MovaTo (169, 230);

11<32; 1i+=4)¢{

MoveTo (scrIP[L1+3]1 (@], scrIP(il+31(1));

for (§i=@; Ji<d: ++3id
LineTo(scrIP[ii+3j] (@], sceIB[1i+531(1]) ;)

LinaTo{135,171);

ircle@=PIby2: /* initial ‘'circle' */
ot@=-PIbyld; /* Inltlal rotation position =/
Gx=0; oGy=0;

rmparms (@] =NoMOMENTS; /* temporary default */
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LinaTo(269,171);
FrameOval {&ox@) ;

A

for(li=1; 11<15; ++1ii} armparms(il]=8.@8; /* intializing */

a
a

t

rmparms [7]=PIby2;
rmparms [9] =RotB;

etch(parms, fctrlrect);
1t (*parms==-1}
if(*parmg==-2)

/* get some paramcters */

continue; /* RESTART */

{BackPat (white); EraseRect (GrRPLr}; break:}

/* adjustment on forearm rotatlon */
/* adiustment on upper arm rotation */

/* QUIT */

++*parms; /* in case of zero - for the whlle loop */

while (--*parms) {

Clos

Gxl=parms[++pl:; /* transferring values *y
Gyleparms[++p};

Gx2=parms[++p]);

GyZ-parm£(++p];

DirG=atan ({double} (Gy2-Gyl)/ (Gx2-Gx1});
Xp=Gxl-0oGx; Yp=Gyl-oGy;
clirclel=2.@*parms [++p) *RAD;
ExtInc=clircled-circlel;

RctInc-DirGiﬂoto;

on-le;/cG? Gyl; cirecle@~circlel; Rot@=DLlrG; /*
armparms(S]-E tInc; /* initializavions for arm()
armparms {1 =F tinc; /* already In radlans */
armparms [12]=Xp*RAD;
armparms|[14]=Yp*RAD;
arm{parms,armparms) ;}

/* ond of degroupling

}
ePorc (thePort}) ;

DisposPtrithePort);

}

fetch{par, rp}

long
Rect
{
int
char
char
char
char

* par:
* rp;

/* paremeter list:
/*pointer to control area rectangle */

/* degrouplng loop */

update */
~/

first byte is number of triplets */

1,4,tin ed, evx, evy,mevx, mevy;
* ed(2Y; /* holds pointers to followlng 2 strings */

* okstring="\Pdegroup";
* rtstring="\Pcommand"”;
* rastring="\Prestart";
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char * gqtstring="\Pquit";
long x,y,tx,ty,clr;
EvontRecord ctrl;
Point mous; /* rouse position */
Rect croct; /*‘rectangle ln which to draw selected circle */
Ract okr,fat.qut: /* command & degroup, restart and qult rects +/
Curaflandle curshdl;
/* initlalizations */
cd[ﬁ]-okgf;lnq;
cd|1l]=rtatring;
FlushEvents [ovaryEveant, @) ;
curnhdl-GdtCursor(crossCursor): /* handle to cross curgor, ~/
moessrect (&rst,189,5,266,31, rsstring): /* restart button */
moasrect (6qut,5,5,608,31,gtstring); /* qult button */
messrect (Gokr, 5, 311, 68,337, cd[@));
finishod=0; ‘
j-0;
while{!finlshed) /* passes maximum 2@ commands */
for{i=@; 1<2; ++1){ /* get two parameters */
messrect (&okr, 5,311, 68,337, ed(1));
while{!GotNextEvent (mDownMask, sctrl)){ /* wait for cvent */
GctMouse(&mous)?

Lf(PtInRect(pass(mous)Drp)) SetCursor (*curshdl};
clse InitCursor{);)
{f{PrInRect (pass( ‘where), Lpkr) & 1)
Backpqt(black)ﬁ. raseRoundRect (§éokr,12,12); BackPat (white):
finishgd=l; break;} /* flag the while & quit far-loop %/

clse 1f¥PtInRect (pass(ctrl.where),squt)} {finlshed=-1; break;}
. else {f(PtInRect (pass(ctrl.where},trst)} {finlshed=-2; break:}
else 1f{PtInRect(pass{ctri.where},rp)){
} ovx=ctrl.where.h; ’

ovy=ctrl.where.v;
x~ovx-135; /* transform coordinates */
y=171l-evy;
Cif{i==@) (SysBeep(2); /* signal OK */
mevi=evx; mevy=evy; A+ remember */
SetRect (screct,evx-2,evy=2,evx+2,evy+2) ;
FrameOval {(&crect); *

“++par=x*@.666666; '++par;y*ﬂ.666666:] /* flrst parameter */

else{tx=x-*(par-1} /O, 666666;
cy-y—‘par/@.6666§6:
ifticir=p.666666*s5qrt {{double) {Lx*tx+ty~ry)}})>=

' 92 || evx<mevx)

{1=@; continue;} /* get another value */
elsc¢{SysBeep(2); /* signal OK */
MoveTo(evx-l,evy—l):

209

»
PenSize(3,3); LineTolevx-l,evy-1): PénNormal();

MoveTo (evx, evy);
LineTe (mevx, mevy) ;}
T+ipar=x*0.666666; *++par=y*@.666666;
*++par=clr; /* second parameter */
{f{++4>=208) (InitCurser(); finished=1; break;}
/* quintuplet counter =*/

else l-=1;}

ifi{finished!=1) *{par-j*5-1+3)=finishod; /* flag central loop */
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else '(par—j*S)-j: /* store length */ <
}

meserect (rtp,l,t,r,b,mss)

Rect * rip;

int 1,t,r,b;

char * masd;

{

SetRect {rtp,l,t,r,b}; . !

EraseRoundRect {rtp,12,12); ™
MoveTo (rtp~>left+{({unsigned)rtp->right-rtp->lett-6*strlen{mss))>>1), rtp->top+ 1%}
DrawString (mss); .

-

} -t

arm(prmtrs, thphd)

long * prmtrs;

float * thphd;

{

float tr([3)(3]; /* composite rotatlon matrix */

float segM[12}(3); /* mowed arm - segment positlons ln 3-D +/

EvthRecord stev;

Point pt; /* pen locatlon */

Rect lrect,rstrect,gtrect; /* looping & stop, restart and qult rectangles, */
char Jjstr[4); /* ascli-convertad j */ :

Jine L d.omn,palr, r.onum;

float z;
reglster int (*PM)[2); /* heaped projection coordinates */
char *PMp; /* new polinter */
char * lpstring="\Ploop.= b
char * ctstring="\Pcontinue";
long endt,offgpb—%f;

~

—~—

num=thphd (2] ; \ T

SetRect (érstrect, 189,5,266,31);

SetRect (Lgtrect, 5,5, 68,31);

BackPat (black); EraseRoundRect (fgtrect,12,12); BackPat{white);

for(i-2} 1¢=14; 1+=2) thphd[i}=thphd[i]/num; /* step sizes */

1£(! (PM=PMp=NewPtr ({long) 48« {num+l)}})} /* space for positions */
{SysBeep(5); exit();}

jstr(@)=2; /* string j iIn pascal format */

messrect {klrect, 189,311, 266,337, lpstring); /* message area */

GetPen{&pt); /* current pen location */

pt.h==14; /* backup to print 2 numbers */

TextMode (sreXor);: /* trace-erase loop counter */ ‘

for ({=0; j<=num; ++3j){ /* head of posltions generation loop */
FlushEvents (everyEvent, 8} ;

/* TRANSFORMATION */

ftoa{(double) j, jstr+l,®,1); /* convert j to ascil */
MoveTo{pt.h,pt.v}; /* relocate the pen */
Drawstring({jstr); /= print it ~/
fori(m=@; m<l2; ++m) for{n=@; n<3; ++n} segM(m)[n]=~segMm[m]|(n];

[* restart at position @ */
1f{(j) /* compute IP for display */
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{thphd[7}~«PIby2; /* check for limit of motlon in d,.f.s */
thphd (9] +=PIby3;
tor{i=1; i<=13; l+=2}{
thphd(ij+wthphd[i+1];
if(thphdli])-?IbyZ) thphd[1l])=PIby2-2.0174533;
if (thphd(1)<=-PIby2) thphd[i}=~-PIby2+@.8174533;}
thphd[7]+=Plby2; '  ~
thphd{%]-=PIby3;}

» /* tranaformation calle */
trangf{thphd[1l]),thphd(3],k3,13,tr); mulﬁt3.1,tr,segM); /* hapnd */
trnnsf(thphd[S],thphd[fl.kq,ld,tr); mult(7,l,tr, segM);/* forearm rot & ext */

stranaf{thphd(98],0:d,k4, 14, tr}: mult(ll,d,cr,segM}; /* upper arm rot */
Lransf(thphd(11},thphd[13),%k3,13,tr); mult{ll,@, tr,segM); /* upper arm */

MovaTo(pt.h,pt.v); /% crase procedure */
Lt{j!=num) Drawstring(jstr);

/* PROJECTION & STORAGE */

for(m-q; m<l2; ++m) |
ze=~segM[m] [2]+PLANE+PDIST;
PM|m] [@)=segM[m] |@)*PLANE/ z+HOR;
PM[m]) [1)=-s5egM[m]) [1] *PLANE/Z+VER; }
PM+=offset; /* point to next coordinates block */
. } /* end of positlons generation loop */

/* QUTPUT */

messrect (6lrect, 189,311,266, 337,ctstring); /* stop button */
offset~12*num;
FlushEvents {everyEvent,@);
while{l){ .
PM=PMp; /* reset PM to point to beginning */
1f{GetNextEvent (mDownMask, &stev))
if(PtInRect {pass{stav.where),slrect)} {
Lf(*prmtrs==1) i=1; -
else i=-1;
BackPat (black); EraseRoundRect{&lrect,12,12);
BackPat {white}; break;}
else if(PtInRect{pass{stev.where),irstrect))
{*prmtrs=1; l=-1; break;}
for{i=@; l<=nffset; 1+m12}{
1£{i} PenMode (patXor):
ff({i==offaet §& *prmtrsm=1) PenMode {patCopyl+
for(r=0; r<2;: ++xv){
/* ON-OFF except for first position and last of last =/
for{m=@; m<12; mt=q}{
. MoveTo (PM[~+3} (@], PMIm+3) [1));
\ for(palr=@; palr<d4; ++pair)
LineTo(PM(m+pair]) (@], BM{m+palr){i]) ;)
if{!r) Delay{{long)4,déendr);} /* do not erase flrst position */
PenMode (patCopy) ;
MoveTo (PM{2] [(2],PM{2])[1})); /* retrace hand extremlty */
LineTo{(PM[3] (@], PM(3)[1]);
PM+=12;]

[y
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/* END */
1f(itm=-1)
while(l){ /* wait for restart signal */ L
while{!GetNextEvent (mDownMask, istev));
if(PtInRect {pass{stev.where),irstrect)) broak;}
PenMode {patCopy) \
DisposPtr{PMp}; /* free the block */

! )

transef(th,ph,k, 1, Tr)

fleat th,ph;

int  *k,*l;

float Tr(3)[3];

{

fleat thcos,thsin,phcos,phsain,qg:

thcos=cos ( (double)th); thsid=sin{(double)th);

phcos=cos { (double)ph); phsin=sin{(double}ph);

Tegi=k) {
g=atan ( (double) thcos*phsin/phcos); /* compute gamma */
phcos=cos ( (doublelg}; /* & recompute values */
phsinwsin((doublalg);}

Trik[?]][1[@]]|=thcos*phcos;

Tr (@) [1)=phsin;

Tr(k12)]1[1{2)]==-phcos*thsin;

Tr(l) [@]=-phsin*thcos;

Tr(k(4]1]1([1[4]])=phcos;

Tr[k{5]1111(8))=thsin*phsin;

Tr(k[6)][L[6]]=thsin;

Te(k[7]1[1(7])=0.0;

Tr(2] (2)=thcos;

]

mult {(id, shft, mx, sgM)
int 1id, shft;
float mx[3)([3],sgM[12](3];
{
int m,n; .
flocat row(3],adj; /* row product of (sgM=)segM| ] with (mx=jvr| | */
for (m=@; m<=1d; ++m}{
for {n=@; n<3; ++n){
adj={!n 6& shft)*Jp;
row(n]=sgM(m] (@] *mx[@] [n]+sgM[m] [1]*mx{1][n;+3gM[m] {2]*mx[2][n]+tad];}
for (n=@; n<3; ++n} sgM(m}l(n)=row(n]; /* copy row back for next pass */
}

toolbxinits ()
{ /* ef 11:27 */
GrafPtr gp;

InitGraf (¢thePort);
InitFonts{);
InitWindows {);
InltMenus(});

TEInlt (};
InitDialogs (8L) ;
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InitCursori);

FlushEvents {everyEvent, @)

gp~NewPtr{{long)sizeof (GrafPorti}; /* room for new GrafPort */
OpanPort (go;

TextFont (4); /* Monacc font */ }
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