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Abstract

This thesis examines the use of tactile sensing for robotic contact
skills. Two skills were developed which successfully tracked the contact
of a plane and a sphere in the presence of positional uncertainties and
varying applied forces. In the plane tracking skill, the normal force of the
contact as well as a rotational moment about an axis of the sensor was
tracked. In the sphere tracking skii., the normal force and positional
variations lateral to the sensor were tracked. This work is significant in
that it represents the first attempt, to the author’'s knowledge, at

implementing these skills using pure tactile sensing.
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Chapter 1 : Introduction

1.1 Purpose and Scope of Work

The international research community has identified autonomous
robotic systems as a technology whose time has come. It is well
recognised that in the not so far future, a country with an advantage in
advanced robotic systems will have a technological and economic edge
over others. Research laboratories throughout the world have been working
fervently to advance their robotic systems to the next stage of
autonomous behaviour.

Exactly what is meant by robotic autonomy is not well defined.
While it is agreed that it would be nice if there existed a robotic system
which could perform certain functions currently carried out by a human, it
is not well understood what the rudimentary sensory and reasoning
capabilities are which would allow such a system to perform effectively
and reliably. There are many schools of thought as to what the ‘real
issues” are in developing robot autonomy. There are those who believe
that a complex expert system can be built which could mimic human
behaviour so well as to react intelligently to unforeseen situations. There
are others who believe that it is unprofitable in any way to attempt to
replicate human behaviour, and that we are better off building insect-like
robots which individually exhibit no intelligence, but as a group
communally respond in an effective way.

-1-



One common understanding among all robotics researchers is the
importance of sensing in the development of any advanced robotic
systems. Imparting a machine with the ability to perceive conditions and
events in an unknown or partially unknown environment is a key step to
the development of system autonomy.

This thesis addresses the issues of robotic tactile perception, the
attempt to endow a robotic system with a capability analogous to the
human sense of touch. All of the various robotic sensing modes, which
include vision, stereo vision, force-torque, sonar range, laser range,
proximity, and others, exhibit unique issues which must be addressed
along their evoiutionary development into a useful sensory system. Tactile
sensing has proven to be one of the more problematic sensing modes, even
at the proof of concept level.

There are a number of reasons for the slowness in the development
of tactile sensing systems. The tactile data is by its nature a three
dimensional data. While recent work on laser range data has contributed
much to the understanding of 3D data processing, the field is very much in
its infancy. Also, tactile sensing is an active sensing mode, dependent
uoon the motions and repositioning of the robotic manipulator. Whereas in
vision sensing it is general to acquire a single global view and then apply
processing/recognition routines on this static image, in tactile sensing,
the image acquired is necessarily local to a small area on the sensed
object. To make any sense of this minimal data set, it is necessary to have
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a knowledge of the position of the sensor at the instance of image
acquisition (i.e. kinesthetic information), as well as the relation of the

image to other previously acquired images.

Another difficulty in tactile sensing is that it is a contact sensing.
The information from the sensor is acquired through the direct contact of
the sensor with the surface of an object, which requires a great degree of
precision and control. It is this very contact which the tactile sensing is
employed to control. The nature of this contact will affect the fidelity of
the tactile data acquired, which will in turn affect the evolution of the
contact.

Finally, a major reason for lethargy in the advancement of tactile
sensing is the unavailability of reliable tactile transducers. Some time
ago, the desired characteristics of an anthropomorphic tactile transducer
were delineated by Harmon [5,6,7]. Nevertheless, the mechanical
difficulties of developing an array of small robust pressure transducers
have proven substantial. While development work in this thesis employed a
commercially available tactile sensor (the LORD Corporation LTS210),
that device has since been removed from distribution due to problems of
robustness. Today there exist no commercially available tactile sensors.
Furthermore, although there has been a great deal of effort and creativity
in the development of sensiferous materials, there has not yet emerged a
standard transduction method for tactile sensing.

Despite these difficulties, there exists today an amount of interest
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Chapter 1 : |ntroduction

and research into robotic tactile sensing. Tactile sensing constitutes not

only a desirable, but also an indispensable aspect of future autonomous
systems.

The purpose of this thesis is to experimentally demonstrate the use
of robotic tactile sensing in contact skills. A tactile sensing test bed was
developed as an integrated system incorporating robotic motion functions
and tactile sensing capabilities. Two skills have been developed : two
degree of freedom (d.o.f.) plane tracking, and three d.o.f. sphere tracking. In
the two d.o.f. plane tracking, contact with the planar surface is
maintained, within a pressure range, in the presence of changes in the
applied force on the plane in the direction norma! to the contact, and
about an axis of the sensor. This skill is useful in a follow-the-leader

mode of control for a dual arm robotic system, and has also been solved
using force torque sensing.

In the second skill, three d.o.f. sphere tracking, a spherical object
is tracked in the direction normal to the sensor surface, as well as the
two lateral directions tangential to the sensor surface. This work
represents, to the author’'s knowledge, one of the first attempts at
impiementing these skills using tactile sensing.



1.2 Plan of Thesis

The thesis is organised as follows. In the second chapter, the field
of autonomous robotics is presented. A system definition of robotics as
presented, and the necessity for robotic sensing is discussed in terms of
the range of robotic applications.

Tactile sensing is defined and described within the robotic sensing
continuum, and the issues particular to tactile sensing are presented. The
uses of tactile sensing are examined, as are the particular difficulties
which have limited the application of tactiie sensing. At the end of the
chapter research into tactile transduction technologies are reviewed, as
well as tactile sensing for object recognition.

Chapter three presents the kinematic solution developed and
implemented for the control of the RHINO XR3 robotic manipulator. The
solution was developed to contro! the placement of the pianar tactile
sensor. As the robot was a 5 d.o.f. manipulator, to position the planar
sensor generally it was necessary to modify the mechanical linkage with
an end-effector bracket which attached the sensor at a 45 degree angle to
the wrist. This improved the reachability of the system, and aliowed the
sensor to be positioned with a full 5 d.o.f. within the robot's working
envelope. An iterative solution was developed to the inverse kinematics.
The solution searched the space of two most distal joints to minimize an
error function. Two different search phases were employed, one for a
coarse estimate, and one for a fine estimate. The resuiting solution could
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find a gross motion solution within an acceptable time limit (less than 2
seconds), or a fine motion incremental solution in a shorter time (less
than 0.25 seconds).

In chapter 4, the development of the robotic skills is presented.
Two cutaneous tactile image processing functions, a sum-of-taxels and a
center-of-mass function, were tested for their effectiveness at conveying
informaticn about the parameters of contact of the manipulator with
- objects. The sum-of-taxels was used as an estimate of the contact
pressure between the manipulator and the object. The center-of-mass
provided a measure of the distribution of the pressure over the planar
sensor surface, and was used to estimate the angle of the contact normal
in the plane tracking skill, and the lateral position of the sphere in the
sphere tracking skill. The relation between the measured values and the
contact parameters was determined empiricaplly.

Three experiments were performed using the skills. In the first,
two d.o.f. plane tracking was demonstrated. The second experiment used
plane tracking, as well as a lateral component of motion, to move a toy
automobile along an unknown, unlevel plane. In the third experiment,
sphere tracking was used to maintain contact with a sphere moving along
a level plane. Conclusions are drawn about the performance of the work,
and implications to further research are discussed.

The contribution of this work was the development and testing of
two active tactile sensing skills. These skills facilitated the tracking of
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Chapter 1 : Introduction

two contacted objects ; a plane in two d.o.f., and a sphere in three d.o.f. To
the best of the author's knowledge, the implementation of these skills
using a tactile array sensor has not been reported in the literature. As the
development of sensor based skills is a current and important research
area in robotics, it is believed that this work constitues a valid

contribution to the field.
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Chapter 2 : Tactile Sensing For Robotics

2.1 Introduction

The mention of the term ‘robot’ evokes in the minds of most people
images of giant, lumbering mechanical men culied from 1950’s science
fiction movies. Present day robotics bear little physical resemblance to
their movie star ancestors. There is, however, an important functional
similarity between the two; in both cases, robots are superior to human
beings at performing certain tasks, while inferior at others.

As the state of the technology advances, the goal is to increase the
range of tasks which robots can perform more effectively than humans.
The level of robotic technology, however, has reached a plateau. While
earlier developments followed through at a steady rate, there exist
certain fundamental issues which must now be addressed in order to
proceed to the next level of functionality. At the top of this list is the
need for better robotic sensing and perception.

This chapter examines the role of tactile sensing, and of robotic
sensing in general. It will be shown that, rather than a frill which
incrementally enhances system functionality, sensors are an integral

component of any robotic system.



2.2 Robotic Sensing

2.2.1 System Definition of Robotics
The Encyclopaedia of Robotics defines the term robot as ;

“A robot is a general purpose, programmable machine
which is capable of manipulating objects in the
environment to perform work” '

The description as general purpose distinguishes a robot from
machines such as a lathe or milling machine. There do however exist
sensorized, numerically controlled machines which are certainly general
purpose within their particular domain, in that they can be programmed to
produce a large variety of objects. Further, the programmable requirement
of the definition distinguishes the robot from other general purpose
manipulation machines which require direct human control, such as a
backhoe. There is nevertheless a large branch of robotics, called
telerobotics, which do operate under direct human control.

Another definition offered by Brady [8] gives an insight into the
philosophical imperative of the technology ;

“Robotics is the intelligent application of perception to action”



The proposed system definition describes robatic functionality by
partitioning behaviour into three constituent subsystems : mechanical,
computational, and sensory.

The most evident robotic subsystem is the mechanical system,
which allows the robot to interact with the physical world. The
mechanical system of a conventional robotic manipulator consists of the

links, motors, end-effectors, and all other physical structures associated
with the machine.

The computational system is responsible for the control of the
mechanical actuators, the synthesis of tasks, and the processing and
interpretation of sensory data. It is the set of software routines and
hardware which generate the behaviour of the robot. With the exception of

specialised neural type circuits, the computational system is based upon a
digital computer.

The third functional subsystem is the sensory system. It is the sum
of the sensory transduction devices, and their associated low level
processing, used to accumulate information about the physical condition
of the robot and its environment. Those sensory devices which gather
information about the state of the robot are labelled proprioceptors.
Common examples of proprioceptors include limit switches and joint
encoders, which measure the position of individual joints. Cameras have
also been used to this end. Sensory devices which gather information
about the state of the external environment are labelled exteroceptors,
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and include cameras, acoustic range sensors, laser range sensors, tactile
sensors, proximity sensors, efc.

Any robotic function can be classified as belonging to one or more
of the three constituent subsystems. The kinematic solution of a robotic
manipulator for example is a computational process which is integrally
dependent upon its mechanical structure. The number of joints (d.o.f.),
types of joints (prismatic or rotary), number of links, length of links, and
other mechanical considerations are all factors which must be considered
when developing the kinematic solution for a particular manipulator.
Further, the mechanical design of manipulators can greatly affect the
computational complexity of the kinematic solution.

2.2.2 The Need for Robotic Sensing

To appreciate the need for robotic sensing, consider the two types
of activities in which robots are currently engaged. The first type are
activities which are cost justified, i.e., activities‘ where current robotic
technology can perform the work cheaper than humans. Examples of these
activities are the well defined repetitive tasks encountered in large run
manufacturing. In these situations, the major expense is the large setup
cost of the robot. When amortized over the lifetime of the machine, and
compared to the high wage costs of humans, this becomes a justifiable
expense. In the majority of cases, the productivity of the robot system is
higher than that of the human system which it replaces.
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The second activity group in which robots are engaged are those
which are dangerous for humans to perform. Exarnples of these are
activities which take place in hazardous environments, such as nuclear
facilities, underwater construction and exploration, mining applications,
and space applications. In the case of space robotics, due to the large
times involved in space transport, it may be simply impossible for humans
to be present to perform the work. Another successful application of this
type is for use in bomb retrieval in bomb squads.

The need for robotic sensing in this second activity group is
evident. The environments in which the robots are functioning are
unstructured. For the successful execution of robotic tasks, it is
necessary for the system to have a knowledge of the environment, which
includes the identity and location of objects in the environment, and other
factors. In some cases such as man-in-the-loop telerobotic systems, a
human is able to interpret the environmental conditions. This is
particularly true in telepresence systems, where the emphasis is on as

rich a transmission of the sensory data as possible, for human
interpretation.

In many cases, the successful transmission of adequate information
for human interpretation has not been realized. This requires a great
number of sophisticated sensors, as well as advanced control mechanisms
(e.g. high d.o.f. joysticks). In other situations, such as space applications
where a significant time delay exists between the robot and the remote

-12-



operatar, it may not be possibie for the remote operator to respond
adequately. This is true for a significant number of fine manipulator
skills. In all of these situations, the machine must have the ability to
interpret and respond to its sensory information autonomously.

Of course, the first activity involves the majority of today robotic
systems, as it includes all industrial manufacturing robots. The need for
robotic sensing in this environment is one of cost justification. A
manufacturing system is a highly structured environment, and as such
there is a great deal of knowledge on which the robots can draw without
sensing. Davey [9] succinctly identifies the cost issue of the tradeoffs
between environmental structuring and sensing as follows ;

“How will the cost of a completely determinate factory, i.e.,
one in which the position of every part and of every tool is
known at all times to the full accuracy, compare with that of a
factory utilising “second generation" robotic equipment having
vision, touch and perhaps other senses to establish the relation
between the machines and the parts they are handling ?"

Structuring of the environment is a difficult and costly process.
The use of sensing can reduce the amount of structuring, and make robotic

instaliations justifiable.



2.3 Tactile Sensing

The desire for an artificial tactile sensing system is driven by our
experientiai understanding of our own biological sense of touch. This is
known as the haptic sense, from the Greek haphe, or liver, as was then
thought to be the source of this sensory capability. Biologica! touch, like
any biological sense, is a complex process which involves many different
levels of cognition. As artificial tactile sensing is a young technology, it
is important at this stage to clearly identify the components of a tactile
sensing system, and to specify the uses for and goals of tactile sensing.

2.3.1 Tactile Sensing Terminology

There exists today a great deal of variation in the terminology of
tactile sensing. The following definitions will be used consistently
throughout the remainder of this work.

Cutaneous : having to do with the local reference frame of a
tactile transducer. For example, a cutaneous image
is an image of the contact of the surface of a
tactile sensor with an object, without any
reference to its location in space.

Kinesthetic : having to do with the position of a manipulator
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end-effector in a global reference frame.

Tactile Sensing : the continuous acquisition and processing
of cutaneous contact information over an area.

Active Tactile Sensing : tactiie sensing which includes a
kinesthetic response.

Taction : tactile perception. Tactile sensing for the purpose of
object recognition and localization. -

Taxel : a tactile element, a single discrete transduction
element of a tactile sensor, analogous to a pixel in
image processing. Tactile transducers consist of a
number of these tactile elements distributed in a
spatial arrangement, such as a planar array.
Usually, taxels are pressure transducers sensitive
over a discrete range.

Touch Sensing : similar to tactile sensing, but with just one
taxel. This is also known as simple touch.

Contact Sensing : a sensing mode where the transducer
comes into direct contact with the sensed object.
Tactile sensing is a form of contact sensing, as is
force torque sensing.
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Range Sensing : a sensing mode where the nature of the
sensed data is range or distance information.
Examples include laser range cameras and acoustic
range sensors. Note that, while some sensing
systems can extract range information, such as
structured illumination vision systems, stereo
vision, range through focus vision, and tactile
sensors, the low level data is not fundamentally
range data.

2.3.2 Prcblems of Tactile Sensing

By the above discussion, tactile sensing attempts to emulate the
functionality of the biological sense of touch, and is therefore
fundamentally anthropomorphic. Our own human sense of touch provides us
with a capability which we would like to impart upon our robotic
proteges, and also serves as a model to guide the development. The

biological sense of touch can also be said to provide an existence proof
that such a function is possible.

Of all of the robotic sensing modes, which include vision stereo
vision, acoustic range, magnetic proximity, laser range, etc., tactile
sensing has proved to be the most difficult to develop and implement.
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There are two reasons for this. First and foremost, the tactile
transduction technology has advanced very slowly. Unlike vision cameras,
which were a direct spinoff of television technology proliferated by the
entertainment industry, there has been no economic impetus for the
development of tactile transducers. With a few exceptions, such as the
LORD and Barry Wright Corporations, the development of tactile
transducers has been limited to university facilities.

The very nature of tactile transduction has aiso proved a barrier to
development. There are few materials which can naturally transduce
contact pressure over an area into an electrical signal. Two materials
which have generated interest to this end have been force sensitive
resistive polymers (FSR) and piezoelectric film ; others include magneto-
resistive, capacitive, and optoresistive devices.

The lack of materials for tactile transduction has spurred the
development of sensors which use the more complex characteristics of a
number of materials to achieve the desired sensiferous capacity. A typical
example utilises the elastic characteristics of a rubber pad to deform
under pressure and block the light reception of an array of diodes. This
scheme was used in the LORD LTS 210 tactile sensor.

Each tactile transduction system has its strengths and weaknesses,
and while some have shown more promise than others, no sensor
technology has yet surfaced as the standard for tactile transduction.



The second factor which has slowed progress is that tactile sensing
is a contact sensing, and is consequently an active sense. An active
sensing mode is one in which the location of the transducer is an intrinsic
aspect of the sensing act. Of course, no sensory information can be
interpreted independent of the location of the sensor. In the case of active
sensing, however, the successful acquisition of information can be
achieved onily through deliberate relocation of the sensor. As opposed to
passive sensing, active sensing is a deliberate exploratory act requiring a
complex combination of activities. The manipulation of the tactile sensor
to contact the environment is a difficult activity which is integral to the
act of tactile sensing.

This is true not only of artificial systems, but also of the
biological sense of touch (see Appendix A). Recently, much of (he emphasis
into research of the physiology of touch has focussed on the relationship
between the active acquisition of the tactile information and the
interpretation of this information. It has been found that the method by
which a person actively feels an object will greatly determine his ability
to identify the object. It is far more difficult for a person to identify an
object which is statically placed intc the palm of the hand or brushed
across the fingertips, than one which that person is allowed to actively
explore through a series of hand motions.



2.3.3 Tactile Sensing Applications

There are four classes of sensing functions to which taction can be
applied, as illustrated in Figure 2.1. The first class is error detection,
where the sensing system determines the presence or absence of a certain
error condition. For example, when a part is grasped, tactile feedback
could be used to determine the correctness of the hold.

The second class is contact control. The tactile sensor is fixed to
the jaws of a simple two fingered gripper, or to the fingertips of a
multifingered hand. The contact information is then used to sense and
control the grasp of a particular object. Pressure thresholds which could
deform the object, or cause slippage, can be sensed and controlled. An
example of this type of application is the use of pressure information to
guide the grasp and manipulation of an egg. Very little work has been done
on the use of tactile sensing for grasp/contact control [64], and it is
towards this end that the experimental development in this thesis is
directed.

Environment exploration is the third class of application. This
includes both object recognition and object localization. Object
recognition is the identification of an objects within an unstructured
environment. An example of this type of problem occurs in the category of
applications known as bin picking problems. Here, through sensing, a
robotic system must identify a specific, often 6ccluded object, from

-19-



Chapter 2 - Tactile Sensing For Robotics

- error detection (grasping)
programmable ——+ contact control
robotics

1
1
!
1
]
I
]
]
]
1
- environment exploration o
:
I
. Ly . ]
object recognition |
1
1

object localization --

autonomous robotics -=---

telerobotics "virtual reality”

Figure 2.1 : Applications of Tactile Sensing
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general assortment of objects. Object localization is the identity of an
object's location through sensing. This is closely related to the function
of object recognition : the techniques to perform both are closely related,
and sometimes identical [49,50].

Of the above described classes of applications, only error detection
and contact control are required in industrial robotics, or “hard
automation”. Environment exploration is further needed for autonomous
robotics.

There is one final class of sensing function to which taction can be
applied; the remote transmission of tactile data for telepresence. In this
man-in-the-loop application, a tactile sensing system is used to
transduce the tactile data to a human operator, who then interprets the
data and performs the required action. An application of this class of
problem is a telerobotic system, where data received from the sensorized
grippers is transmitted to the operator to aid in grasp control. Another
nonrobotic application is medical prosthetics. Here, the tactile data can
be transmitted to a sensitive area of skin.
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2.4 Review of Tactile Sensing Research

2.4.1 Tactile Transduction Technologies

The earliest tactile sensors were based upon mechanical transduction
principles. The deflection of a sensing peg was measured through the use
of simple binary contact switches, linear or angular potentiometers, shaft
encoders, or other means. The difficulties of constructing a miniature
array of these mechanisms while maintaining sensitivity and durability
prompted research into sensiferous materials capable of transducing
force information. Sensors constructed from conductive elastomer,
piezoresistive, piezoelectric, magnetic inductive, and other materials
have been developed. Sensors have also been developed based upon
capacitive and optoelectronic principles which still rely upon mechanical
transduction, but which use effective modulation techniques to facilitate
miniaturization.

Nicholls and Lee [10] in a recent survey have proposed a
categorization for the type of data which tactile sensors transduce :

1. simple contact : the presence or absence of contact between
sensor and stimulus.

2. magnitude of force : a numerical value transduced from each
site represents the amount of force applied by the stimulus
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at that site; note that the force sensed may be torque, shear,
force normal to sensor surface, etc.

3. three-dimensional shape : the transduction process gives
numerical values directly related to the three-dimensional
shape of an object touching the sensor; for exampie, linear
displacement of an array of probes.

4. slip : the data indicates the movement of a contacting stimulus
relative to the sensor surface. Typically, a slip sensor is
mounted on a robot gripper.

5. thermal properties :the thermal conductivity of a contacting
stimulus, as well as its absolute temperature, can be

measured through contact.

Most tactile sensors transduce data of type 2, an array of normal

force values. Some groups have aiso managed to detect some rudimentary

slip information. Thermal information can also been transduced, although

heat may serve to degrade the force sensing performance. In the case of

piezo/pyro electric materials, for example, heat and pressure information

are both transduced to a single electrical signals, which must be

decoupled. It is also not clear exactly how useful thermal information
would be in present day applications.

There has been very littie demonstration of type 3 sensors, which
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directly measure 3D surface geometry. This is attributed to the difficulty
of producing a compliant sensing surface capable of conforming to the
geometry of the sensed object. Usually, this information is inferred from
the contact pressure [3]. Additional types of tactile data include wetness,
hardness, and texture.

Based mainly on a comparison to the biological sense of touch (see

Appendix A), Harmon [5,6,7]) identified the following characteristics of an
ideal tactile transducer :

1. intertaxel resolution :the distance between taxels should be
approximately 1 mm.

2. spatial distribution : the taxels should be arranged in an array
of typically 10 X 10 elements.

3. ftlexibility :the tactile array should be flexible to conform to the
sensed surface.

4. time response :each taxel should operate in the 1 to 10 Hz range.

5. force response :each taxel should operate in the 1 to 1000 gram
range.

6. linearity :the response need not be linear, although monotonicity
is essential.
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7. hysteresis : the difference in the response during loading and

unloading must be low.

8. robustness : the sensing material must be able to survive harsh

environments.

There has yet to be a sensor developed which satisfies all of

Harmon's original characteristics. The development of flexible compliant
sensors has proven particularly difficult. With the exception of a few

fingertip shaped tactile probes, all tactile sensors are rigid and planar.

Hysteresis has also been a limitation for many sensing materials. Since

Harmon's time, a number of other characteristics of tactile transduction
have come to light :

9. overload capacity :the ability to withstand forces beyond the

10.

11,

sensing range without damaging the transducer must
be substantial.

repeatability :the number of cycles of force which the sensing
material can withstand before it begins to degrade
must be large.

scanning electronics : in the simplest case, the electronic
interface to each taxel is accomplished through 2
wires. To facilitate miniaturization, it is desirable
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to reduce the total number of wires by incorporating
scanning circuitry. For example, the total number of
lines needed to uniquely address all taxels in an N X M
array can be reduced to N + M for row/column
scanning.

12. cross talk : the signal from each taxel must be independent
from that of neighbouring taxels. Alternately, it must

be possible to decouple the effects through
processing.

13. interference :the sensiferous material and electronic circuitry
must be impervious to any environmental interference,
such as electromagnetic flux or temperature. Also, the
scanning and processing circuitry must be shieided
from any internally generated noise.

What follows is an examination of various tactile transduction
materials. The working principle underlying each technique is presented,
and the practical advantages and limitations are discussed. Successful
implementations of sensors using each transduction method are noted and,
where applicable, industrial developments.



2.4.1.1 Capacitive

The capacitive effect has been used to measure small displacements
over an array of taxels. Capacitance is a measure of the ability of a device
to store a charge over an area separated by a distance, as described by the

equation ;
(2.1] Cax=eAld [Farad]
where gis the permittivity or dielectric constant [Farad/m],

A is the effective area of the charge distribution [m?],
d is the charge separation m].

The voltage across the capacitive element changes according to ;

[2.2] V =qg/C [Volt]

where q is the stored charge [Coulombs]. If the charge is kept constant,
then a change in voltage is a measure of a change in capacitance. A change
in capacitance will result from changing any of the three parameters in
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equation 2.1. For example, in Figure 2.2 a), the distance parameter is
changed in a parallel plate capacitor by applying a force to the top plate.
In part b), a lateral force causes a change in the effective area. Part c)
introduces a dielectric between the charge, effectively changing the

constant &.

The main advantage of capacitive transduction is sensitivity. It is
possible to measure very small changes in voltage resulting from small
displacements, on the order of 10° ' mm . The circuitry is also simple and
well understood. Further, in the case of semiconductor capacitors, there is
the capability to measure tangential forces.

There are a number of disadvantages of capacitive transduction. It is
difficult to isolate the charge effects of the adjacent measurement
elements, which results in cross talk between taxels. There is also
interference from the surrounding circuitry. Harmon dismisses the use of
capacitive techniques for tactile transduction for this reason [5). Since
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Figure 2.2 : Changes in Capacitance Due To Applied Force F
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his time advances have been made in electromagnetic shielding, but in
certain hazardous environments, such as space, there may exist
electromagnetic flux. Furthermcre, the measurable capacitance decreases
with physical size, which limits the degree of miniaturization.

A successful capacitive sensor was constructed by Boie [16]. The
sensor consisted of 2 sets of 8 conductive strips orientated orthogonally
and separated by an elastic dielectric. Applying pressure to the top layer
deforms the intermediate dielectric and resuits in a measurable change in
capacitance. The intertaxel distance of his device was 2.5 mm, and each
taxel could measure up to 5 kPa of pressure.

Other designs based on this principle are described in [17]. A sensor
based on the principle of a moving dielectric was constructed by Jayamant

et. al. {18]. Fan [19] has produced a sensor using semiconductor capacitors
which has the ability to measure both normal and shear forces.

2.4.1.2 Inductive

Complimentary to the capacitive effect is induction. induction is a
statement of the interdependence between electrical and magnetic fields.
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According to Amperes Law ;

[2.3] ! =§H-dl
where | = electrical current enclosed by path [Ampere}
H = magnetic filed about closed path [Henry]

The above relationship states that an electric current generates a
magnetic field and, conversely, a magnetic field will induce an electric
current. As an example, a current flowing through a wire generates a
magnetic field perpendicular to the direction of the current, in circles
surrounding the wire.

The effect of mutual induction is utilized in tactile transduction. A
current flowing through a primary coil generates a magnetic field. A
secondary coil within the proximity of the primary coil wiil be enveloped
in the magnetic filed, and thus a current will be induced in the secondary
coil. The strength of the current in the secondary coils is dependent upon 3
factors : the strength of the current in the primary coil, the geometric
arrangement and proximity of the coils, and the magnetic permeance of
volume containing the magnetic field.

There are two ways that mutual induction has been used to transduce
pressure information. The first is through purely mechanical methods. The
pressure changes the geometric proximity of the two coils, or advances a
material between them which changes the permeance of the magnetic
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filed volume. An example of a transducer which alters the proximity of the
coils was the pressductor, constructed by Pewa [20]. Here, the coils were
wound in a deformable rubber bracket. Applied pressure would advance the
proximity of the two coils and increase the inductive coupling between
the coils, thereby increasing the current in the secondary coil proportional
to the pressure, as illustrated in Figure 2.3.

A successful sensor which used the technique of changing the
magnetic permeance was demonstrated by Sato et.. al. [21]. The primary
and secondary coil were magnetically coupled by a metal peg. When the peg
advanced, the permeance of the magnetic field increased, as illustrated in

Figure 2.3. 64 of these pegs were arranged in a 8X8 array, and deflections
on the order of 1-2 mm where detectable.

The second method of inductive pressure transduction makes use of
the phenomenon of magnetoelasticity exhibited by certain materials.
Magnetoelastic materials experience a change in internal magnetic field
properties when subjected to an applied pressure. Magnetoelastic
materials are manufactured in the form of amorphous ribbons
(Fe7900¢ gBag) and tefernol rods ( Th, ,Dy; gFe,).

An example of the working principle of a magnetoelastic pressure
sensor is illustrated in Figure 2.4. In part a), no force is applied and the
internal magnetic properties are regular. The magnetic field generated
from the primary coil has negligible effect on the secondary coil. When a
force is applied, as in part b), the internal magnetic field changes and the
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secondary coil is immersed in the generated magnetic field.

Vranish [22] implemented a 16X16 taxel sensor with 2.5 mm
intertaxel spacing based on the principle of magnetoelsticity. The
material used was VITROVAC 4040, an amorphous magnetoelastic
material based upon Fe and Ni. This substance is extremely sensitive and
the resulting sensor had a dynamic range of 30 - 300 Pa with 8 bit/taxel
resolution. The scanning rate of the sensor was particularly outstanding,

able to capture and digitize successful tactile images with a frequency of
1 kHz.

The first type of inductive sensc; is reliant upon mechanical
transduction, and is restricted by all of the previously mentioned
difficulties. The magnetoelastic sensors have the distinct advantage of
not having any moving parts. This results in sensors with excellent
durability, particularly in their tolerance to overload. As the working
principle of inductive sensors depends upon the reception of magnetic
fields, they are susceptible to external electromagnetic noise. Also, as is
the case with capacitive sensors, they lose sensitivity as the size is
decreased.
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Figure 2.5 : Magnetoelastic Pressure Sensor
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2.4.1.3 Conductive Elastomers

A highly rugged form of pressure transducer is fabricated through the
implantation of metal powders or fibres into elastomers (elastic
polymers). The resulting material not only retains its elasticity, but is
also electrically conductive.

The working principle of a single pressure sensitive taxel is
illustrated in Figure 2.6. Applying pressure to the taxel increases the area
of contact between the electrodes, which decreases the contact
resistance.

The main advantages of conductive elastomer transducers are their
general ruggedness, tolerance to force overload, durability, and
temperature insensitivity. The sensors are mechanically simple and can be
easily miniaturized, and the transduction is measured by standard
resistance techniques.

The disadvantages are the hysteresis and creep inherent in the
material. The response is also highly nonlinear. Choosing the proper mix of
elastomer and metal particle can reduce these effects, but the elastomer
must be optimized simultaneously for mechanical and electrical
properties. There is generally a great deal of industrial interest in
elastomers, so it is likely that these issues will be addressed at the

material level and that this transduction technology will continue to
advance.
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A successful implementation of a conductive elastomer tactile
transducer was developed by Hillis [23]. The sensor had a 16 by 16 array of
taxels on a 1 cm? area, and was sensitive over a range of 1-100 g. The
elastomer used was anisotropically conductive silicon rubber (ACS) which
has the additional property of being conductive in only one direction along
the plane. This allowed the scanning circuit to be vastly simplified and
easily miniaturized, with only 32 wires for a 256 taxel sensor. The ACS is

commercially available and is fabricated by alternating 250 K thick

sheets of nonconductive Si with conductive Si. A resolution of up to 50
lines/cm can be achieved, with a conductivity of 100 ohms/cm.

The sensor consisted of a dielectric separator sandwiched between
the ACS and a PCB with fine etched lines of conductivity. The separator
used was a nylon stocking sprayed with nonconductive paint. This allowed
contact between the ACS and the circuit and the subsequent transmission

of electricity when pressure was applied, while functioning as a separator
when pressure was released.

Other successful sensors based on conductive elastomer materials are
those of Prubrick [24] and Raibert [25]. Prubrick’s design used a grid of
carbon doped foam rods. The cross section of each rod was D-shaped, and
so the taxel junctions behaved as in Figure 2.6. This design was eventually
commercialized as the Barry Wright Corporation Sensoflex. The oniy other

company mass producing tactile sensors, the LORD Corportation, also has a
sensor based on conductive elastomer materials.
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2.4.1.4 Carbon Fibre

Carbon fibre sensors are similar in principle to the conductive
elastomer type, with the exception that the change in resistance is
measured internally through the thickness of the material, rather than at
a contact junction. Thin strands of conductive carbon microfibrils, ranging
in diameter from 7 to 30 pm, are woven into either ropes or felt-like
pads. When pressure is applied to the pad, the humber of carbon filaments
which are in contact, as well as the total area of contact, increases. This
serves to decrease the resistance through the thickness of the material.

There are a number of advantages of carbon fibre sensors. The
material is very strong and can be subjected to high pressures of up to 1.5
to 2.5 GPa over many cycles before experiencing mechanical breakdown.
Robertson and Walkdon [26] subjected a carbon felt pad to a 0 to 3 bar

cycle for 2 X 108 cycles and observed only a 5 percent degradation.

Carbon fibre pads are fiexible and can be construed into odd shapes.
The hysteresis is low, and the thermal stability is the highest of any
pressure transduction material, able to withstand temperatures above
500°C.

On the negative side, carbon fibres may be susceptible to contact
noise at the scanning junctions. Several techniques have been suggested to
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reduce this noise [27]. Further, while the material is durable in the
transverse or thickness direction, it suffers mechanical break down when
subjected to iateral forces.

Robertson and Walkden {26] constructed a 16 X 16 element tactile
sensor with a scanning rate of 1 MHz/taxel. The sensor consisted of a
carbon fibre felt pad sandwiched between a PCB base and a top layer of
flexible electrodes. The top layer was fabricated from 16 strips of silicon
doped rubber arranged parallel on an insulating rubber. The PCB had 16
paraliel lines and were oriented perpendicular to the top layer. The PCB
was also flexible, aliowing the sensor to be moulded into non-planar
shapes, one of the few sensors which demonstrates this capability.

2.4.1.5 Strain Gauge

The most common device for transducing force is the meta! strain
gauge, which measures the piezoresistive effect inherent in metals.
Piezoresistance is the characteristic of any material which exhibits a

change in resistance due to some applied pressure, and is described for a
metal wire by the equation ;

[2.4] R=pL/A [ohm]

where p = resistivity [ohm m],
L = length [m],

A = cross sectional area [m2].
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The resistivity is a function of the particular metal, as well as
environmental factors such as temperature, and can be considered
constant. The strain gauges are constructed so that an applied force in a
preferred direction will induce a strain in the wire, which will effect a
change in the length and/or area of the wire. This is measured by the
resultant change in resistance.

The gauges are fabricated from thin metal foils which are bonded to
the rigid surface subjected to the strain. Strain gages are industrially
available and very accurate. They have well known responses, little
hysteresis, good repeatability and overload capability, and the processing
circuitry is well deveioped.

All commercially available force-torque sensors use strain gauge
transduction. Their application in tactile transducers has been limited,
however, due to the size restrictions. The strain gauges are not only
difficult to handle (they must be bonded accurately) but they also become
less sensitive 25 they become smaller. Further, a current is passed
through the wire in order to measure the resistance, which generates heat.
In isoiation, the heat generated is small and it's effect on the measuring
accuracy can be accounted for. When there are a large number of sirain

gauges in a small area, such as in a tactile array, the heat generated may
be substantial.

Another form of commercially available strain gage is the
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semiconductor type. Semiconductors also exhibit the piezoresistive effect
and are much more sensitive to pressure changes than are metal strain
gages. The gage factor is a measure used to describe the sansitivity of the
piezoresistivity of materials, defined as ;

[2.5] Gage Factor = change in resistance/tota! resistance

change in length/total length

= _dR/R
dL/L

Metal strain gages have a gage factor of around 2, while
semiconductor strain gages have a gage factor of 200 or more.

Semiconductor strain gages have an exponential response, low
hysteresis, good repeatability, and are industrially available. They are
consiructed using the same techniques as other semiconductors, so there
is an impetus towards miniaturization. It is conceivable that future
semiconductor strain gages will have signal processing functions built
into the same wafer as the pressure transducers.

On the negative side, silicon is inherently brittle, so there is not
much tolerance to overload. Also, the stain gages are subject to the same
environmental hazards as all semiconductors : temperature, humidity,
photoelectric sensitivity, EMI, and fatigue all affect the response.
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2.4.1.6 Optoelectronic

Advances in fibre optics and optoelectronics over the last few years
have generateid a number of transmission/receiving devices which can be
used effectively to measuie mechanical deflection. In optoelectronic
tactile sensors the contact pressure modulates the intensity of a light
source, which is then measured.

There are two categories of optoelectronic tactile sensors : external
reflectance, and internal reflectance. In external reflectance devices, the
light escapes from the carrier (usually a fibre optic cable), is modulated
through mechanical means, and is received and measured. There are a
number of methods by which the light i3 modulated. In the LORD LTS210
sensor, pressure on a sensing pad advances a peg into a cavity containing a
photoeimtter/receiver pair, illustrated in Figure 2.7. The greater the
pressure, the further the peg is advanced into the cavity and the more
light is blocked. in other schemes, a reflective surface advances towards
the transmitter/receiver pair, increasing the intensity with greater
pressure [28], as illustrated in Figure 2.8. Reflective elastomers have
similarly been used to simplify the mechanics.

The LORD LTS100/200 sensor was the most successful commercially
available tactile sensor. 160 photoemitter/receiver pairs were arrangec
over a 10X16 array at 1.8 mm intertaxe! spacing, as illustrated in Figura
2.9. The contact surface was an elastic rubber pad which was ciliated on
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its inner surface. For each taxel there was a 5 mm long peg which
extended through a guide mask and into a light chamber. The sensor was
capable of detecting 0.001 in depressions in the rubber pad, corresponding
to force increments of 0.01 Ibs. The response was highly linear,
repeatable, and showed little hysteresis. Unfortunately, the sensor was
rather delicate, and the pegs had a tendency to pull through the guide mask
and disabling the sensing site.

In contrast, internal reflectance sensors do not allow the light source
to escape the carrier. The pressure is applied directly to the carrier and
alters the intensity ¢i iight reflected over an area. The simplest of these
devices is constructed from a sheet of plexiglass covered with a textured
flexible foam sheet, as illustrated in Figure 2.10. Light is beamed
laterally through the edge of the plexiglass. Contact with the foam sheet
impresses a pattern onto the surface of the plexiglass which will reflect
the path of the light and project a dark spot on the bottom surface of the

plexiglass. The image on the bottom surface is then captured by a video
camera. '

One of the great advantages of internal reflectance sensors is that
the image is received by standard video equipment. The resolution of the
sensor is therefore not limited by the mechanical iayout of the taxels, but
rather by the resolution of the video camera. Further, by acquiring and

transmitting the image through fibre optic cables, non planar sensors can
be constructed.
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Figure 2.10 : Total Internal Reflectance Pressure Sensor
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Begej [29] has developed a table top sensor based on the principie of
internal reflectance. This sensor had the startling resolution of 1500
taxels/cm2. In another design, the image is not read directly by video
camera, but rather is diverted through a bundle of fibre optic cables. This
resulted in a more compact version of the sensor, with the acceptable
resolution of 54 taxels/cm2,

The use of optoelectronics solves a number of problems in tactile
transduction. Light is not subject to EMI, temperature, or other conditions
which limit other sensors. Also, photodetection technology is mature and

miniature and fibre optic cables provide a medium for the transmission of
signals.

2.4.1.7 Piezoresistive (FSR)

The most promising material industrially available is a piezoresistive
substance manufactured by Interlink Electronics, Inc. Piezoresistance is a
change of electrical resistivity under applied force. Commonly known as a
force sensitive resistor (FSR), this proprietary thick film polymer
exhibits a decreasing resistance under applied pressure.

A number of samples were acquired from Interlink Electronics, Inc.,
and the change in resistance of the material under applied pressure was
measured. The results are displayed in Graph 2.1. The initial unloaded
resistance was approximately 575 kohms, and decreased nonlinearly but
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monotonically to a value of 100 kohms under a loading of 2.2 N. Following
the direction of the arrows between data points, notice that the response
upon unloading was biased slightly lower than that upon loading. This was
the effect of the hysteresis inherent in the material.

The Interlink FSR has been utilized in a number of tactile sensing
arrays. It has the qualities of large dynamic range, great tolerance to
overload (we were not able to damage the substance with any amount of
normal force), and the response is low in noise and easy to measure. The
polymer itself can be deposited on a variety of different surfaces, and is

currently marketed as a 16X16 array on a 1 in? area.

2.4.1.8 Piezoelectric (PVDF)

Piezoelectric materials generate an electrical charge when subjected
to appiied pressure. Piezoelectric materials include natural substances
with a preferred pélarization at the molecular ievel, such as quartz and
other crystals, and some biological tissues, such as wood.

Piezoelectrics can also be manufactured as a ceramic or a thin film.
The ceramics are produced by heating the nonpolar material to a suitable
temperature (the Curie temperature) at which point they become fluid. The
fluid is subjected to a strong magnetic field and cooled. The magnetic
field aligns the dipoles and when the ceramic solidifies, it exhibits
piezoelectric properties. The film Polyvinylidene Flouride (PVDF or PVF,)
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is produced in a similar manner and is manufactured in large sheets which
resemble plastic wrapping paper. The film can be made as thin as 10 i and
has the advantage of being flexible.

As a force sensing material, peizoelectrics have had limited success
[30,31,32). They have a great sensitivity, and have been used as the
sensing elements for acoustic and underwater microphones. The problem
with the material for force sensing is that the response is dynamic. The
electrical charge produces a spike when contacted, and quickly dissipates.
This means that the signals must be integrated to interpret the static
response, a process which has not been successfully impiemented.

Another disadvantage is that all piezoelectric materials are also
strongly pyroelectric, meaning that a change in heat is transduced as an
electrical signal. In order to interpret the force information, the signal
must be decoupled into its temperature and force components [32].

We performed an experiment to illustrate the transient nature of the
force transduction of piezoelectrics, the result of which is charted in
Graph 2.2. A periodic force was applied across a piece of 16 W thick PVDF
film, and the generated voltage was measured. The force was applied at a
frequency of 10 Hz, which corresponds to the peaks at the 50, 150, and
250 ms. All other peaks are caused by line noise. The sharp negative peaks
at -2000 mV are followed by a sharp positive peak of the same magnitude.
This was the characteristic response to an applied constant force, and
demonstrates the transient response of piezoelectric materials.
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2.4.1.9 Other Materials

Other material properties which have been used in tactile
transduction include :

optoresistance and photoelasticity : the optical properties change
with applied pressure,

optical phase modulation : the applied pressure is used to modulate
the phase of the light frequency, rather than the

intensity,

Hail effect : applied pressure is used to induce the Hall effect in
transistors,

ultrasonic : similar to optical techniques, except that the carrier is
sound rather than light waves.
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2.4.2 Object Recognition Systems

The first comprehensive survey of the state of the art, and the
natura! starting place for any study into tactile sensing, was presented by
Harmon[5,6,7). He reported on developments in transduction technology,
analysis of the tactile data, and also relevant aspects of the physiology of
human touch.

Subscribing to the anthropomorphic view of design, Harmon
proposed a set of 5 criterion for the performance of an ideal tactile
transducer. These criterion were based on experiments into the physiology
of human taction, and are commonly used today as an outline for the
development of transducers.

Less well known is Harmon's proposal for the development of a
tactile language. Motivated by the observation that there is no adequate
terminology to describe the intricate hand movements of human taction,
he proposes the 'development of language which could he used to
decompose taction into its primitive activities. He proposed a syntax
consisting of 3 constructs ; elements, object condition, and operation.

The elements are the primitive features of tactile information,
which describe the physical properties and conditions necessary to
characterise an object. The elements consist of both intrinsic properties,
such as shape, texture, and hardness, and extrinsic properties, such as
force, moment, and displacement. The object condition is a statement
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constructed from the elements, which describes an object and its status
at a given time. The operations implement algorithms for active sensing,

pattern recognition, and hierarchical controi in order to accomplish a
given task.

While the early work on tactile sensing was concerned with the
development of tactile transduction technology, it was often accompanied
by some attention to the analysis of tactile data. This was presented in
the context of demonstrating the transducer function, and as such was
restricted to analysis of the cutaneous component of the data. The tactile
image was treated analogously to a visual image, for which there exist a
plethora of processing techniques. The application of the data analysis
routines was limited to the recognition of objects which were smaller
than or roughly the same size as the transducer, and the kinesthetic and
local aspect of the data was ignored. Examples of the treatment of purely
cutaneous tactile images include [21,42,43).

Harmon was highly critical of the analysis of the purely cutaneous
component of tactile data ;

“It would seem that passive, static taction in automata would
offer little potency and, in fact, probably draw attention away
from the important problems.”

As the limitations of purely cutaneous analysis became apparent,
research began to focus on the coupling of tactile sensing ‘with visual
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image processing [44-48). In an attempt to emphasise the strengths of
both sensing modalities, visual data was processed to provide a rough
global view of the environment, while taction was used to resolve
ambiguities in the scene through active exploration.

An ambitious project along this theme was that of S.A. Stanfield
[48]. Stanfield's experimental setup consisted of a LORD tactile sensor
mounted on the end effecter of a 6 d.o.f. PUMA 560 manipulator, and a pair
of CCD cameras. The purpose of this work was what Stanfield called the
"apprehension” of unmodelled objects, i.e., the determination of the object
features and their relationships.

The 3D vision system provides sparse, moderately inaccurate range
information. These clues to the global structure of the object were then
used by the tactile system to guide an exhaustive exploration of the local
regions. The system was reported to have successfully searched and
described a number of common kitchen items.

A particularly interesting aspect of this work was that the system
structure was based on theories by Marr, Lederman, Klatsky, about the
structure of the human perception system (see Appendix A). The tactile
information was divided into 7 low level primitives and 9 features, based
on observations made by Lederman about the human tactile system. Once
the information from each exploratory procedure had been acquired, it was
slotted into a frame database.
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Another successful attempt at integrating tactile sensing and
vision was that of Allen [44-46]). Allen’s setup differed from that of
Stansfield in that the sensor used was a finger shaped tactile probe,
which had 133 sensitive sites distributed over 12 faces. The data derived
from this sensor was point data, or simple touch, rather than true tactile
data. This point data was used to build surface models of objects based on
Coons splines, which require 4 knot points for each surface patch. Again,

the visual information was used as a global reference to guide the tactile
sensing.

While the integration of tactile and vision systems advanced the
emphasis of the kinesthetic aspect of the data, the difficult nature of the
taction problem became more apparent as the sensed objects were
modelled three dimensionally. As tactile sensing is a local sensing,
acquiring data from only a small fraction of the sensed object, it was
necessary to consider all components, including the kinesthetic
component, of the information to achieve adequate recognition.

The most illuminating work in the area of object recognition using
geometric models was performed by Lozano-Perez and Gaston [49] for the
two dimensional case, and Grimson [50] for the three dimensional case.
The problem was formulated as follows : given a small number of sparsely
sensed data points, and a database of object models, how can the data be
tested against the model database to identify potential matches and
poses?

The most straightforward method of testing the data against the
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database was a generate-and-test technique. This method is prohibitively
computationally expensive, however, as it is exponential in the number of
palyhedral model faces. The developed solution compiied very simple
features, such as distance ranges across faces, and normal ranges, about
each model in the database. The features were also calculated over the
sensed data, and this reduced set of information was used to search
through the database. By further organizing the data as a tree structure,
the infeasible solutions could be efficiently pruned.

It is interesting to note that a very similar approach was proposed
at roughly the same time by Browse [51]. Browse again identified
geometric features about the object models, and compared them to the
measured data. Browse tested his system with a hand held video camera
which was successively positioned over local areas of an image.

A unique approach to three dimensional object recognition v-as
developed by Allen [45]. A number of common shapes were modelled as
superquadrics, a form of three dimensional surface function. A
superquadric function can take on a number of geometric shapes, while it
is dependent upon only 11 parameters. By grasping a number of objects,
and recording the grasp positions of the contacting surfaces, the shapes of
the objects were closely reproduced as superquadrics. Of course, not all
objects can be modelled as superquadrics, and the model is best
reproduced if the object is sensed at a number of disparate locations, such
as in grasping.
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2.5 Conclusions

tn this chapter, sensing has been presented as not only a desirable but
a necessary component of a robotic systam. In cases where the
environment is unstructured, sensing provides a mechanism for a greater
degree of system autonomy. In cases were the environment is very

structured, such as a factory, sensing is needed to reduce the cost of
automation.

There is a clear cost tradeoff between the degree of environmental
structuring and the degree of advanced sensing in a robotic system. As
sensing technologies advance and are proven, the cost of implementing
these systems will decrease making sensing a preferabie alternative to
environmental structuring. Successes in the development of sensing

systems will also advance. robotic technology into more unstructured
environments.

Tactile sensing has been presented as an emergent sensing
technology, and a number of difficuities particular to this sensing mode
were identified. One difficulty is that tactile sensing is an active sensing
mode, which requires fine control of the kinematics of the manipulator.
Another problem is that the transduction of tactile information is
inherently difficult. A number of tactile transduction technologies were
presented, but none has emerged as a standard. No tactile sensor has yet
been developed which satisfies all of Harmon's ideal characteristics.
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The final difficulty with tactile sensing is its use for object
recognition. A number of representative developments were surveyed
which attempt to use tactile information to identified objects. Early
taction systems considered only static cutaneous images, and treated the
data analogously to visual image processing. Later developments
incorporated static kinesthetic information, which utilized the three
dimensional component of the data.

The main conclusion of this chapter is that effective tactile sensing
capabilities will develop only when the active component of the sensing
process is taken into consideration. The transition has been made from the
treatment of tactile data as static cutaneous images, to the inclusion of
the kinesthetic component of the data. The next advancement in tactiie
sensing will be a treatment of the active component of the data
acquisition.
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Chapter 3 : Manipulator Kinematic Solutivp

3.1 Introduction

Robotic manipulators are controlled at the simplest level through the
transmission of angular values from a host computer directly to the robot
joint controller. This is known as joint space or configuration space
control. A manipulator location is identified by the joint values, and no
reference is made to the Cartesian position of the end-effector.

As the location of objects and sensors in the robot's workspace are
specified by their Cartesian coordinates, the end-effector locations are

much more naturally expressed in the world Cartesian coordinate system
rather than joint space.

The kinematic solution provides the mapping between the two spaces.
It is partitioned into two parts : the forward kinematic solution (FKS), and
the inverse kinematic solution (IKS). Given the manipulator joint values,
the FKS is used to calculate the Cartesian position and orientation of any
point on the manipulator, usually the end-effector. Conversely, given and
specified Cartesian location, the IKS returns the set of joint vaiues which
will position the end-effector at that location.

To clarify the concept of the kinematic solution, consider the two link
planar manipulator illustrated in Figure 3.1. The links lie on the x-y plane,
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and are controlled by the values of the two revolute joints ©, and ©,,
where ©, is the angle between the x-axis and link L1, and ©, is the angle
between link L1 and link LZ.

The FKS is the function which returns the location of a point
P= [xp,yp] defined at the end of the second link ;

[3.1] | FKS(84,85) = [xp.¥p]

Inverting the FKS provides an expression for the IKS. The IKS returns
the joint values [©,,0,] which position the end-effector at the desired
location P ;

3.2] IKS(x [©,.85]

p’ yP) =

A simple geometric derivation reveals the expressions for the functions ;

Xp = L1c0s(8q) - Lpcos(®,+6,)

[3.3] FKS(0,.0,) =
Yp = L1sin{By) - Lsin(®;+8,)
O = tan 1(ypl Xp)
+ sin L2 sin(@p) / (2 + y,2)1/3)
[3.4] IKS(xp,yp) =
O, =cos” (L2 + 12 - %2 yp2)2u4Ly)
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To solve the kinematics for a mechanical linkage, it is necessary to
describe the system mathematically. A matrix notation for the
mathematical description of robotic manipulators was first proposed by
Denavit-Hartenberg [62]. It provides a systematic convention for
establishing a coordinate system for each manipuiator link.

Each link is fixed within its own coordinate system. A link coordinate
system is defined with respect to the previous link, and so the successive
multiplication of each sequential transformation results in a relationship
between the end-effector coordinate frame and the reference coordinate
frame. The end-effector location can therefore be described in base or
world coordinates, which is exactly the goal of the FKS.

The notation specifies rules for generating a 4X4 homogeneous matrix
for each link coordinate frame. The matrix describes the retationship
between a link coordinate frame and that of its most proximal neighbour.
As each link frame is connected to the previous frame through exactly one
joint, the transformation matrix can expressed in terms of the joint angle
and a number of geometric constants.

Each homogeneous matrix is composed of four submatrices, as
illustrated in Figure 3.3. The rotational submatrix is an expression of the
rotational offset between neighbouring coordinate frames. If the joint is
revolute, this submatrix will be a function of the joint value. The
positional submatrix describes the translational offset between the two
frames. If the joint is prismatic, the joint value will have an effect on
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this submatrix. The scaling and perspective submatrices complete the
general transformation, and are used in computer graphics applications. In
robotics, the scaling factor is conventionally set to 1, and the perspective
matrix is zero. The rotational submatrix defines a relationship between
the orthogonal bases of the two coordinate frames. The components of the
[i.j,k] vectors in the transformed frame are the rows of the matrix,
expressed in the reference frame.

Denavit-Hartenberg proposed a convention for generating the
transformation matrices for a given manipulator geometry. The coordinate

frame corresponding to the ith joint value is described by the following 4

quantities
6; = angle from x; 4 axis to x; axis about the 2;_¢ axis. In a revolute
system, this is exactly the angle corresponding to a rotation of

the ithjoint. In a prismatic system, this value is constant.

d = the distance, along the z;_, axis, from the origin of the i-ith
coordinate frame to the intersection of the z _; and x; axis.

a; = the offset between the intersection of the z;_, axis with the x

axis to the origin of the ith frame.

o; = the offset between the z;  and z; axis. In a revolute system,
this value is constant. In a prismatic system, this value
corresponds to the extension of the joint.
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From the above quantities, each coordinate frame can be identified
according to the following rules ;

¥

1. The z; axis is the axis of rotation for the i+1ihjoint,
2. The x; axis is normal to the z;_, axis,

3. The y; axis completes the right handed coordinate system.

C.S.G. Lee [63] has proposed an 11 step algorithm for generating the
link coordinate parameters of any robotic manipulator. Following these

steps for the RHINO XR3 generates the manipulator coordinate frames
described in Figure 3.5.

One of the oldest problems in robotics, there is still today much
research into the development of effective kinematic solutions for robotic
manipulators. The FKS is direct : given a set of joint values, there exists a
single closed form solution to the 6 d.o.f. end-effector position and
orientation. The IKS however is equivalent to the solution of a set of non

linear, possibly underconstrained, equations, and therefore poses a more
difficult problem.

There are two main forms of IKS : geometric and iterative. The
geometric method expresses the system equations in closed form,
allowing for a direct solution. The iterative method successively iterates
an error expression involving the joint values until it eventually
converges upon a solution.
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The most computationally efficient method is the geomstric [65]. In
the cases where there exist closed form geometric solutions, the
calculation is a set of trigonometric transforms as derived through the
homogeneous matrix transformations. Any configuration decisions due to
link redundancy can be resolved through heuristics which relate directly
to the mechanical configuration, such as elbow up/down, shoulder
left/right, etc. Note that a geometric solution exists for 6 d.o.f.

articulated manipulators with a coaxial 3 d.o.f. spherical wrist, such as
the PUMA line.

There are manipulators where the mechanical linkage does not permit
a closed form geometric solution. In redundant manipulators there may be
sets of configurations which locate the end-effector equivalently. An
obvious heuristic for resolving ambiguities is not always clear, and it may
be necessary to resort to other considerations, such as angle
minimisation. In non-redundant manipulators there may also exist
degeneracies in the linkage, which must be dealt with equivalently.

An example of two redundant configurations is illustrated in Figure
3.2. The end-effector, point P, is positioned at the same Cartesian
coordinate [xp,yp] in both the configurations in part a) and b). Note that
while the position of the end-effector is equivalent its orientation, i.e.,
the angle with which L2 is positioned in the reference frame, has
changed. Adding one more link to the planar manipulator allows redundancy
in both the position and the orientation of the system.
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The iterative technique is widely employed in cases where there is no
closed form geometric solution. Given a desired location, and an initial
estimate of the joint configuration, the iterative technique will
repeatedly vary the joint values according to some error metric.
Eventually, the FKS of the joint configuration will converge to the desired
end-effector location. Although less computationally efficient than the
geometric method, the iterative technique is applicable to redundant and
degenerate linkages. An example of a general iterative solution which can
be applied to any mechanical linkage is presented in [66].

The solution developed here combines aspects of both the iterative
and geometric methods. The manipulator is partitioned at the wrist, and
only the two most proximal joints are solved iteratively. The remaining
three joints are then solved in closed form through a set of geometric
expressions. it is a computationally efficient solution : the error function
is a single computational expression derived from an analysis of the
manipulator forward kinematics, and represents a measure of the 3D
Cartesian distance between the end-effector location of the intermediate
iterative configuration and the desired final value.
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3.2 RHINO XR3 Manipulator

Both the FKS and IKS are dependent upon the geometry of the
manipulator. Prior to proceeding to the details of the kinematics, it is
necessary to identify the geometric linkage of the RHINO XR3.

Following the method presented by C.S.G.Lee, the Denvit-Hartenberg
coordinate frames for the Rhino XR3 were developed, as illustrated in
Figure 3.5.

The Denavit-Hartenberg convention provides a standard mechanism for
the identification of manipulator geometries. In general, the joint
coordinate frames can be defined in any convenient manner, with the
rotations/translations occurring about any of the coordinate axes. In the
development of the kinematic solution, an alternate coordinate frame
composition will be introduced.

3.2.1 Location Vector

The goal of the kinematic solution is the control of the location of a
point on the end-effector. The location is defined in the reference
coordinate frame, and in general consists of 6 parameters : 3 position and
3 orientation values. The positional parameters describe the [x,y.z] offset
of the end-effector in the reference frame. The orientational parameters
describe the attitude of the end-effector; the roll, pitch, and yaw. The
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combination of all 8 parameters is termed a location vector.

It is not always possible to locate a manipulator generally. If the
manipulator has fewer than 6 d.o.f. (i.e. 6 joints), it will not be possible to
specify all 6 location parameters. As a rule of thumb, it is necessary to
have at least as many d.o.f. as there are location vector parameters. Even
with 6 d.o.f., however, there may exist certain locations, or sets of
locations, which are unattainable, due to' coupling or redundancies in the
linkage. The union of all of the attainable location vectors is termed the
reachability or working envelope of the manipulator.

As the RHINO is a 5 d.o.f manipulator, it is not possible to fully
control the location of the end effector. There will always remain one
degree of freedom which is arbitrarily set by the solution. The goal,
however, is to control the placement of a planar sensor, and as the
position of a plane can be described in space by only 5 parameters, a five
d.o.f. manipulator is acceptable.

Let the location vector be defined by the parameters
[xp,yp,zp.ap,ﬁp,yp], where [xp,yp,zp] are the positional and [ap,Bp,-yp] the
orientational components in the respective i, j, and k directions, as
illustrated in Figure 3.4.

The positional components are straightforward : they are the
Cartesian coordinates of the end-effector in the reference frame. The
orientation parameters describe the normal direction of the plane in unit
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vector coordinates. An equivalent representation quantifies the
orientation with 2 parameters in spherical coordinates.

In the following kinematic solution, the location vector will describe

a point P at the center of the planar end-effector bracket, known as the
point-of-control.

3.2.2 End-Effector Bracket

There was a sacrifice of one locational degree of freedom imposed by
the geometry of the manipulator. Not all 5 d.o.f. are equivalent, however,
and to achieve the desired reachability, it was necessary to modify the

mechanical system by mounting an end-effector bracket, offset at an
angle to the joint B.

To appreciate this point, consider the consequences of mounting the
bracket flush with the joint B, as illustrated in Figure 3.6 a). A rotation cf
joint B is equivalent to a rotation around the plane normal, and does not
affect the i and j components of the orientation. This restricts the
orientation vector to lie concentric with the center of the manipulator
base, as illustrated in Figure 3.6 b).

Alternately, by defining the end-effecior coordinate frame to be
offset from joint B at 459 as in Figure 3.6 c), the possible orientation

vectors associated with each point is expanded to the hemisphere
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around the radial direction, as illustrated in Figure 3.6 d). iIn effect, the
rotational d.o.f. normal to the point of contro! has been forfeited for two
general orientational components. There still therefore exists one
uncontrollable d.o.f., but this rotation is not necessary for the successful
mating of the sensor with a planar surface.

Any offset angle would suffice to improve the controllability of the

planar end effector. The value of 45°was believed to provide the greatest
reachability from the resulting mechanical system,

3.3 Forward Kinematic Solution X

Having described the manipulator according to the Denavit-Hartenberg
frames, we will now depart from that convention and solve the FKS using
an alternate frame system and vector algebra. The reason for this
departure is that joints C, D, and E are mechanically coupled, such that a

change in the value of a proximal joint is compensated for in the
remaining distal joints.

This mechanical coupling is illustrated in Figure 3.7. In part a) the
manipulator is in the home position. Part b) illustrates a change in
configuration due to a change in the joint E value without mechanical
coupling. The attitude of the moare distal links changes in the world
reference frame. In part ¢), the same change to joint E is encountered, this
time with mechanical coupling. The successive links remain parallel to fig
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their attitude in the home position, and the orientation of the end-
effector remains the same.

The effect of this mechanical coupling in the kinematic solution is to
allow the orientational and positional aspects of the FKS to be derived
separately, which simplifies the solution of the IKS.

The following notational conventions will be used through the FKS and
IKS solutions ;

]

(X0 Yoy 200 O By location vector, the position and
pYp Zp%p:Pp Y,

orientation of the point-of-contro! in the

worid reference frame,

[©g,8¢ 8, O, O] = joint location, the values of the 5
manipulator joints,

AU =  reference frame A, A E [W,F,E,D,C,B,P]

AT, = homogeneous transformation from ZU to AU,

-76-



o 3 - Manipulator Ki ic Solut

The coordinate frame system is illustrated in Figure 3.8. The goal is
to express the bases of the point-of-control frame PU in the world

reference frame WU. This is accomplished through developing the
transformations in the foilowing kinematic chain

(3.5] WTp = WTe FTg BT PT OTg BT

From the geometric relationships in Figure 3.8, the following
homogeneous transformation matrices are generated;

— m
(3.6] WTe=1 1 0 0 0
0 1 0 0
0 0 L
0 0 0 1
[3.7] FTE= [ c0s@f -sin®¢ 0 0 |
0 0 1 L
L0 0 0 1 _
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[3.8]

[3.9]

[3.10]

[3.11]

B'rp__=

Qo O o -

|OOO-‘

—
cos(90-6¢)

0

-sin(80-8y)

0

—
-1/2
2 oosGB

-1/24;
2" 1'%5inBg
. 2-1/2

0

—

0 LposO |
0 0 |
1 Lgpsin® |
0 1 |

0 meseo

0 0

1 LmSlﬂQD

0 1 |
0 sin(90-8g LegoosBc
1 0 0
0 c0s(90-6) Legsin®g
0 0 i ]
-sinBg 2'”200393 0_]
c0sB 2-1/2in@y 0
0 2‘ 1 f2 0
0 0 L
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Figure 3.8 : RHINO XR3 Kinematic Coordinate Frames
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Multiplying the transformations through gives the result :

ool 4inG . coa® . o8 i & c0s [ Lpos8g
1 i e O 5in B 1 _ (-
- #n8; ainBy [ . = | .sn®_ un @ B | | 8
q2 [. a8 08, j - sinGy coaBy ] B [NBFF ﬂlez ] L ::BZ

| MR |

I e“'mecﬂelj [linepnn [ ¥ ei 1 [""B"j" OBy i LepoouBe
| +coeB By e o~ | +°u6: sin 8, in 8 ‘LT.!: 8
ve—[_.h&mec +cosk): cony ¥ Ay 'mee:::

| A |

B2 T,

4|-mun9|:

+ me-ec

J‘?' [m-:nceo::oi _‘;=[.i,.e,] V_;“_ [ m:gf;:e"] e :Lg,Lfn%]

The third column of this matrix is the z axis of the PU frame
expressed in world coordinates, and the fourth column is the position of
the origin of the PU frame. Referring back to Figure 3.8, these vectors are
the orientation and position vectors respectively. We therefore have
derived an explicit expression for the FKS.

-80-



3.4 Inverse Kinematic Solution

The FKS models the manipulator system as set of 6 nonlinear
equations in 5 variables. A cursory examination reveals that there is no
simple method to invert the system and soive the IKS in closed form. The
solution will therefore depend upon numerical approximation methods. The
approach taken here was to iterate through a reduced joint space, soiving
that subsystem for the orientational parameters. A geometric analysis of
the remaining systems reveals a solution for the paositional parameters.

There are a few observations about the system which explicates the
choice of numerica! approximation method. First, the value of 8 can be

determined directly from the positional parameters ;
[3.13) 8 = tan” 1(ypl Xp)

Next, note that the orientational parameters depend only upon the 3
joint angles [6g,8,6¢], whereas the offset parameters are dependent upon
the 4 joint angles [8n 8,8 0p. Assuming that no further simplifications
are possible, the numerical solution would solve for all free variables in
each subset of equations. Based on this assumption, it is desirabie to first
solve for the 2 free variables [6g,84d in the orientational subsystem, and
then apply these values to the translational subsystem and solve for
[8p.8gl. An analysis of the system geometry will reveal that a closed form

solution for [8p,8g exists once the other angles have been solved,
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relieving the need for a second numerical approximation.

A psuedocode algorithm for solving the IKS is as follows :

Given [Xp,¥p,2p, 0, Bp,‘rp] {

Given [xp,yp],

use closed form expression to solve [Op]

Given [eF' apr Bpr Yp] ’

use iterative approx. to solve [GB,GC]

Given [eF'eB, ecl '

use closed form expression to solve (©p, O]

This algorithm is illustrated diagrammatically in Figure 3.9.
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Figure 3.9 : Diagram of IKS
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3.4.1 Numerical Approximation for [65.8¢)

A suitable error expression will return a measure of the distance
between the desired orientational parameters [ap,ﬁp,yp], and an estimate

of these parameters [gp,ﬁp,xp]. Let € be the absolute error from the
estimated to the actual orientational parameter values

[3-14] e=|'{’~p" ﬁpl +pr' B—pl"‘l"l'p' 3p|
Given the value for O solved from the positional parameters [xp, yp].

and given an initial estimate of the joint angles [@5. 84 . an estimate of
the orientational parameters can be calculated from the FKS as follows;

&y = 212 (oSO sin@; 00s@g - sinG sin@p + cosO cosB)

[3.15] B_p = 212 (sin@p $in@¢ cosBg + cosOf sinfg + sinO cos@)

1p=2"’2(-oos_acmsﬁa+sinﬂd
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The solution proceeds in 2 phases. In the first phase, an initial rough
estimate of the 2 joint parameter values [8g. 84 is obtained by searching
through the entire 2 dimensional joint space at a given coarse discrete
granularity. The error at cach point in the search space is determined and
the point which minimizes the error is returned as the initial estimate.
The time performance of this step is directly proportional to the number
of points in the space which are tested, which is in turn inversely
proportional to the granularity of the discrete quantization.

There were two considerations in choosing a discrete quantization
value. It was important to select a value which was large enough to
provide decent time performance of the algorithm, whereas too large a
value could result in the return of local minima, which wouid lead to
unreachable states. The experimentally chosen value for the increment
was 10 degrees for both joint parameters, which resulted in a search
space of 360/10 X 360/10 = 1296 iterations.
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A pseudocode repiesentation of the coarse iteration phase is as

follows ;

error = LARGE NUMBER ;

ABg = coarse O increment ;

ABn = coarse 8. increment ;

for (B = 0; Oy < 360; Oy = Oy + A6p) |

for (Bc= 0; O < 360; B, = 6, + AB) |

this_erxror = error_function(©g,8:,0p,8p,1p)
if (this_error < exror} ({

Oy

Oc ;

error = this_error ;

Bp_coarse

O, _coarse

The second phase of the algorithm uses a method of bisection to
converge upon the solution. Given an initial estimate, and an interval size
equal initially to the value of the coarse quantization, the error function
was evaluated at 5 values of the joint parameters [8g,84 in the
neighbourhood of the initial estimate, as illustrated in Figure 3.10. The
parameter pair which minimised the error function was used as the new
estimate : the interval size was halved, and the procedure was repeated. A

solution was returned when the error function was below some small
value.
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Figure 3.10 : Search Space Around Initial Estimate [ep,.© ¢,!
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A pseudocode representation for the fine iteration algorithm is as

follows ;

3 = coarse 6 increment ;

O fine = O coarse ;

O, _fine = B _coarse ;

error = LARGE_NUMBER ; N

do {
for (all points [Bp_test, © - test] in neighbourhood of
[y fine, 6 finel) {
this_error =
error_function(8 g test,8 . test,orientation};
if (this_error < error} {
eB_fine = eB__teSt H
B, fine = O, test ;
error = this_error ;

}
8= 8/ 2;
}
} while ((error > ACCEPTABLE_ERROR)

and (8 > FINE_GRANULARITY)) ;
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3.4.2 Closed Form Expression of 6p,8¢

A geometric analysis of the mechanical system reveals a closed form

expression for [8,8g. We first define the following values illustrated in
Figure 3.11 ;

Bve == a vector to the end of link Ly (i.e. the origin of the
coordinate frame Ug)

EBvd == the length of Ev,

Y == the bisecting angle between link Legp and link L

v} == the angle between the world horizontal and EV

B == the angle between EViand the link Lg,

e == the angle between link Lp; and the horizontal

p == the angle betwean EV.and the vertical
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The following geometric relationships hold ;

[3.16] Bvd = (Exc2+EZCZ)1I2
(3.17] K=Llg=Lmy

[3.18] K/sin 90° = BLgn/2 sin vy
[3.19] BV /sin 90° = EXo/sin p
[3.20] B=900- v

[3.21] e =90°- (B +p)

[3.22] a=90° - p

Combining [3.18] and [3.20] gives ;
[3.23] B= 90°- sin” 1(FLgs/2K)
and from [3.19], [3.21], and [3.22] ;

[3.24] 8 =90 (B +sin (Fxs/FLg))

(3.25] @ = 90°- sin” (FXs/ Fip)
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Figure 3.11 : Geometric Decomposition of Manipulator
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Relating the above values to the world coordinate frame ;

[3.26] FZc=25- Lepsin 8¢~ Lig

[3.27] Exg= (xp2 + ¥p2) 12+ Lep cos B¢
[3.28] Og=a+p=900-p-p

[3.29] 8p=0=90%-p+P

which solves [Bp, B¢] in closed form.

3.4.3 Incremental Motion : The Incremental IKS

The most time consuming step of the above algorithm was the initial
exhaustive search through the quantized space of [6g,8 to derive an
initial coarse estimate. In the case where the motion is known to be
incremental, the present configuration can be used as an initial estimate,
reducing the overall solution time significantly. This solution for
incremental motions, the incremental IKS, is used extensively in the
development of tactile sensing skiills. A block diagram for the Incremental
IKS algorithm is presented below in Figure 3.12.
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Figure 3.12: Diagram of Incremental IKS
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3.5 Conclusions

Some commercially available robotic manipulators are supplied with
the software solutions to the FKS and IKS problems. These machines are
also capable of interfacing directly with a host computer to drive the
joint values explicitly. Dependent upon the application, situations will
occur where the factory supplied kinematic solution falls short of the
performance requirements, whereby the engineer is required to modify or
redesign the kinematic control [34]. In any case, it is difficult to perform
any significant robot programming task without a good knowledge of the
kinematic mechanism.

The above development outlines the kinematic solution implemented
for use in the foliowing set of experiments. In this particular case, it was
necessary to refit the end-effector with an angled bracket in order to
achieve the desired reachability, i.e. the general contact of a planar
sensor with a surface. The factory supplied kinematic software was
insufficient for this task.

There are three ways in which this solution can be improved and
enhanced. During the coarse and fine iterative solution steps, the process
loops repeatedly until the evaluated error function falls below some value.
The size of this value is significant only in as much as it effects the
accuracy of the numerical solution. Presently, a value of 10" 3 ensures
that the accuracy of the solution is well below the positioning error of
the manipulator, about 5 mm.
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A value which is significant to both the success and the time
efficiency of the solution is the incremental step values which are used
for the initial coarse iterative approximation. The entire range of ©g and
@C values is stepped through at this discrete value, so too small a value
will cause a slow down in execution. Alternately, if the value is too large,
a local minima may be settled upon in place of the global minima, which in

turn couid result in the erroneous conclusion of an unreachable state in
the fine iterative stage.

The currently implemented incremental value of 10 degrees was
determined experimentally to be satisfactory. A more thorough analysis of
the 2 dimensional space formed from the derivatives of ©p and GC would
reveal the minimum distance between local minima, which couid then be
used as a lower limit to the quantization coarseness.

In the case of gross motions, the solution arbitrarily determines
between redundant configurations. It would be simple to add the capability
to specify which redundant alternative should be chosen in a given
situation. Note that in the incremental IKS, the redundant alternative will
be chosen to be consistent with the current arm configuration, which is
clearly a desirable feature.

A preliminary attempt was made to solve for straight line and other
functional trajectories through inverting the Jacobian of the FKS. This

line of development was very successful, and is recommended for future
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research. The present implementation of incrementai movement was fast
enough to generate straight line trajectories dynamically through
successive recalculations of the Incremental IKS.
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Chapter 4 : Active Tactile Sensing Skills

4.1 Introduction

This section documents the development of two robotic skills which
make use of tactile sensing. The experimental setup used to develop these
skills is illustrated in Figure 4.1. It consisted of a LORD LTS210 tactile
sensor mounted to the wrist of a RHINO 5 d.o.f. robotic manipulator. Both
of these devices were connected through serial communication links to a
PC with 8088 CPU and math coprocessor.

The first skill is two d.o.f. plane tracking, in which the contact of the
sensor with a planar surface is maintained throughout repositioning and
reorientation of the plane. This skill has traditionally been implemented
using force-torque -sensing methods, but to the author's knowledge has
never been attempted using pure taction.

The second skill is three d.o.f. sphere tracking and cannot be
implemented without the use of taction. A cutaneous feature, in this case

the impression made throuyh contact with a sphere, is tracked in three
dimensions.
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PC 8088 with coprocessor

LORD LTS210 tactile sensor

03
RHINO controller . ———

Rhino 5 d.o.f. manipulator

Figure 4.1 : Experimental Setup
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The execution of both skills follow the general structure illustrated
in Figure 4.2. A tactile image is acquired from the contact of a surface
with the planar sensor. This image is processed to determine information
about certain contact parameters. The manipulator is then relocated in an

attempt to maintain the values of the contact parameters within certain
ranges.

The success of the tracking skilis is defendant upon a number of
factors : the ability to process the cutaneous tactile image and estimate
the contact parameters; the control method; and the communication rates
and response frequencies. The system has been developed utilising a basic
point-to~-point kinematic control mechanism, described in Chapter 3, and a
single multichannel uniprocessor personal computer. Rather than high
performance, the intent is to demonstrate the applicability of the sense of
touch in the performance of robotic skills. The emphasis is on the
interpretation of the incoming sensory data to derive useful information
for the desired function. Any enhancements in the low level control and

real time processihg capabilities of the system would improve system
perivimance in a well understood way.
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$ine-

(" Data Acquisition )

tactile image

(" cutaneous Processing )

estimate of contact parameters

( Kinesthetic Response )

manipulator motion

Figure 4.2 : Structure of Tactile Skills
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Figure 4.3 . Decision Function Calibration
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4.2 Contact Parameters

The goal of the skills is to respond to relative changes between the
end-effector and the contacted surface in order to maintain the contact
parameters. Cutaneous data processing of the acquired tactile image and
provides an estimate of the contact parameters.

Figure 4.4 illustrates the contact parameters for the plane tracking
skill. The contact is described by the magnitude of the force F which the
plane exerts on the sensor in the normal direction, as well as the angle &

which resolves the Yp component of F.

In plane tracking, we wish to keep the planar surface in flush contact
with the sensor throughout repositioning. This is equivalent to
maintaining F and ® centered around some values. As the responses to
these parameters will result in two motions in the PU frame ( a
translation and a rotation about xp), this skill is a two d.o.f. skill.

Unlike the case of contact with a planar surface, contact with a
nonplanar surface reveals a discernible cutaneous pattern on the planar
array sensor. The sphere tracking contact parameters measure the lateral
position of the contact in the Xp" Yp directions. Figure 4.5 illustrates the
contact parameters for a spherical feature. If the desired contact position
of the sphere is the center of the sensor, then the contact parameters

[Axp,Ayp] measure the distance of the contact from the desired position.
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Figure 4.4 : Contact Parameters For Plane Tracking

sphere. Yp
F
A \/p‘ —
I
i
I
1 X p
Axp
a) force applied to , b) lateral offset in
nonplanar surface end-effector Frame

Figure 4.5 : Contact Parameters For Sphere Tracking
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Including the magnitude parameters of the normal contact force F (as

defined in plane tracking) there are three contact parameters [Axp,Ayp,F]
for sphere tracking.

4.3 Cutaneous Data Processing

Two cutanecus processing functions were implemented to estimate
the contact parameters. The sensor used was a LORD LTS 210
optoelectronic tactile sensor, which had a rectangular array of 10X16
taxels with 1.8mm intertaxel spacing. Each taxe! measured the
displacement of the covering rubber skin over a range of [0,30], where
each unit represents a defiection of 0.001 in., or equivalently an applied
force of 0.01 Ib. For all practical purposes, the value at each taxel can be
interpreted as a measure of the normal pressure applied at that location.

For completeness, it should be remarked that the sensor was also
outfitted with a 6 d.o.f. force-torque sensing capability. Although not used
in this work, an interesting further study would be to examine the added
capability which this imparts to the development of sensor based skills.

-103-



4.3.1 Sum-0Of-Taxels Function

The value at each taxel can be considered a measure of the normal
force applied. The sum of these normai forces is therefore a measure of
the magnitude of F. This function takes on a numerical value of [0,4800]. If
the cutaneous image is stored as a 10 X 16 array of integers named
taxel[row]{col], then the sum-of-taxels function is calculated as :

16 10
[4.1] sum-of-taxels = Z Z taxel[row][col]

row=1 col=1

4.3.2 Center-Of-Mass Function

While the sum-of-taxels value gave an estimate of the pressure on
the sensor surface, in order to track rotational motions about an axis of
the sensor it was necessary to have some information about the spatial
displacement of the cutaneous image. An effective function for estimating
the angie of a contacted plane with respect to the sensor surface was the
centre of mass function. The function is calculated as follows :
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16 10

E E row x taxel{row][col]
mow=1 col=1
[4.2) row canter_of_mass = 18
taxeljrow][col]
row=1

1 1
Z , col x taxel[row][coi]
colm1
6

Z taxel[row][col]
mw=1 Col=

[4.3] col center_of_mass =

4.4 Kinesthetic Response

The kinesthetic response is determined by a decision function. A
decision function must be determined for each of the contact parameters
for each skill. There are two methods for determining the decision
functions. The first is through an analysis of the manipulator dynamics
[64]. This gives a moc:l of the force response of the manipulator joints,
which can be inverted to respond to the measured applied force. While the

analysis is fairly complex, this method is necessary for any high
performance system.
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The second method used in this implementation derives the force
respor;se empirically through direct calibration. The system dynamics are
considered as a black box, and the cutaneous response to a kinesthetic
motion is measured directly. The relationship is then inverted, with the
cutaneous response as input and the kinesthetic motion as output. Figure
4.3. illustrates the process of inverting the measured function.

4.4.1 Two d.o.f. Plane Tracking

The calibration of the response of the sum-of-taxels function in plane
tracking was executed by advancing the kinesthetic position of the end-
effector in the normal direction towards a fixed planar surface, as
illustrated in Figure 4.6. Note that after contact was made, the
incremental advancement of the end-effector was absorbed by the
inherent compliance of the manipulator. The result was not a
displacement, but rather an increase in the contact force. At each
incremental advance, a tactile image was acquired and the sum-of-taxels
value was calculated.

The decision function was determined through the relationship
between the kinesthetic motion and the output of the cutaneous
processing. The average of thirty samples are plotted in Graph 4.1. A
linear regression of the data reveals the relationship ;.
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[4.4] approach = 0.02 mm/sum_of_taxeis [mm]

The calibration of the rotational response proceeded analogously, as
illustrated in Figure 4.7. Contact was made between the sensor and the
fixed planar surface with a bias contact force Fp, and the orientation of

the end-effector was altered by discrete rotations around the sensor y-
axis.

The response to this calibration procedure averaged over 30 samples
is charted in Graph 4.2, and the resulting decision function was
determined as ;

[4.5] ¢ = 0.007 degrees/(row center_of_mass) [degrees]

Note that saturation occurred when the sensor had rotated to the
point where there was very little contact with the surface, as indicated in
the plateau region of the Graph.

4.4.2. Three d.o.f. Feature Tracking

In plane tracking, the row center-of-mass function was used to
estimate the rotation of the force of contact around the end-effector y-
axis. In feature tracking, the center-of-mass functions gave an estimate
of the position of the feature in the end-effector x-y plane.
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end-effector
advances
towards
contact

Figure 4.6 : Calibration of Sum-0f-Taxels Decision Function

end-effector
rotates around
contact

Figure 4.7 : Calibration of Center-Of-Mass Decision Function
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The kinesthetic response was to translate the end-effector the
estimated distance towards the desired center-of-mass. The direction of
translation must be expressed in the world coordinate frame by converting
the Xp and yp axes to their components in the WU system. The expressions
for the Xp and Yp axes is taken from the FKS, equation [3.12).

1 o8 B sin 8, coeBy| 1 [ ¥nSpain® ooebyg ; 08 BOnco
- . i — - coos Ep
[4.6] xp = ¥z [-:“gl;gg ] + ﬁ‘[f::g:::: I + ﬁ- -sn©, ]k
- CO8EX: 8in B 2inB .5in &.gin G2inG, 1
[4.7) Yp = [-amep ] i 4+ l;:(;: c !E'l + v?,-[-.;ine,:]k
1 | *6rLnB oty 1 [8in Bysin B,.coeBg . B
Z = — L) i +  — + — Cc
o e [ EE [ - # )

As in the case with two d.o.f. plane tracking, the estimate of the normal
force is responded to with a motion in the end-effector z-direction. The
area cnvered by the spherical feature will necessarily be less than that of
the planar contact, which results in a smaller bias force. The response
from this bias force is a motion which is orthogonal to the lateral
response from the center-of-mass decision function. The sum of these
two motions will therefore preserve the response in each component.
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4.5. Performance Considerations

In this section, the performance of the tracking skills is evaluated
with respect to two criterion. The first is the response rate, the
frequency with which the reaction cycle is executed. The response rate for
each cycle is composed of five sequential actions, which are either data
processing or data communication routines. The second performance
criterion is the manipulator motion speed, the speed with which the joint
motors can reposition the manipulator.

It will be shown that the most time consuming aspect of the response
cycle is the data communication and manipulator motion processes.

4.5.1 Response Rate

The current implementation was executed on an IBM PC 8088 personal
computer with numeric coprocessor, and therefore the system
performance was limited by the minimal computing power. An anaiysis of

the time performance of the processing stages reveals the computational
and communication overhead of the system.

The system response period was approximately 0.5 seconds, which
was the total of the response periods of the following stages ;
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1. data input : the LORD LTS 210 sensor was scanned by a call to
the function lord_scan. This function would initiate the data
input process by transmitting 5 bytes to the sensor over a
serial communication line. It would then receive 160
consecutive bytes representing the taxel values. As the
transmission time was set to 9600 baud, the total time for
this transaction was calculated to be approximately 165/960
= 0.17 seconds. Through direct measurement via the
computer's internal clock, this time was found to be 0.26
seconds. Note that there is also a certain amount of
processing and synchronisation which transpires internal to
the sensor, which could account for the difference between
the calculated and the measured times.

2. data processing : the sum-of-taxels and center-of-mass
metrics were designed as fast single pass functions. Both of
these functions were programmed into a single subroutine.
The execution time was measured at 0.04 seconds.

3. decision function : a very simple linear function was used to
approximate the control function, which was programmed as
basically a single multiplicative operation. Its processing
time can be considered negligible.

4. inverse kinematics : the function rhino_move_increment
executed the inverse kinematic process. Its execution time
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can be analysed by dividing the function into 2 stages. First,
there was the serial communication between the computer
and the robot controlier. As the motion was incremental, it
can be assumed that the change in joint position were
transmitted through a single numerical value (large
increments required transmission through a series of smaller
values). The communication overhead was approximately 8
bytes per joint : 3 bytes for ensuring that the joint had
completed any previous motions (e.g. C?<CR>) and 5 bytes to
transmit the new motion (e.g. B+40<CR>). With 6 joints and a
transmission rate of 9600 baud, the communication overhead

was calculated as 8X6/960 = 0.05 seconds, which is
negligible.

The second stage to consider when evaluating the time
performance of the inverse kinematic solution was the
iterative search through the joint space. Once again, as the
motion was incremental, there was no need to perform the
costly coarse iteration : only the incremental IKS was solved.
It is difficult to estimate exactly how much time this
process would take. It completed when a certain error value
was minimised and, depending upon the goodness of the
initial approximation (the smallness of the incremental
move} the convergence time would vary. A typical execution
time for the incremental IKS, including the serial data
communication, was measured to be 0.14 seconds.
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5. robot motion : Once the joint motion commands had been
transmitted to the robot, each joint must have completed its
motion before another command could be sent. The computer-
to-robot interface function was designed such that a joint
was repeatedly polled until it was ready to accept another
command. If the motion was sufficiently large as to consume
more time than the data acquisition and processing of the
next step, the system would wait until the previous motion
command was completed. Empirically, it seems unlikely that
this delay played any role in the current system, as the
motions were small enough to be completed before any new
motion was calculated.

Graphically, the time contribution of each section of the cycle is
illustrated in Figure 4.8. Only the software implemented stages (data
processing and inverse kinematics) could be optimised to improve the
response time. As ihey were designed with time performance in mind, it is
unlikely that any substantial decrease in execution time wouid result
from any further optimisation. Of course, upgrading the processing
hardware to an 80286 or 80386 based machine would improve the
response time, but it is clear that the communication overhead and, of
course, the frequency limitations imposed by the robot controller would
prove to be an upper limit. Thus, even with negligible processing speeds,
using the current sensor and robot hardware, the maximum response
frequency would be around 2.5 Hz .
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Figure 4.8 : Processing and Communication Timing For Single Cycle
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4.5.2 Manipuiator Motion Speed

In plane tracking it was assumed that a minimal pressure must be
maintained to ensure contact. The noise level of the taxels was 2 ;
therefore, letting the sum-of-taxelis minimal threshold which would
ensure contact be a value of 3 units/taxel by 160 taxels = 480. This was
found experimentally to be a reasonable if conservative value.

The normal displacement per unit sum-of-taxel value was determined
to be 1/68.69 = 0.15 mmijtaxel unit. To identify the maximum speed at
which the system could respond, it was assumed that the sum-of-taxels
metric was initially at a maximum contact value of 30 X 160 = 4800, i.e,
the contact was held with the maximum force measurable. An impuise
retraction of (4800-480) X 0.15 mm must occur within 0.5 seconds to
maintain contact, resulting in a speed of 1296 mm/second.

This is of course a very fast speed for a standard manipulator, even in
direct joint control mode. The maximum speed of the RHINO was
approximately 100 mm/sec in point-to-point mode. The response of the
joint motors were therefore the main limiting factor to the speed of the
manipulator motions.
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4.6 Experimental Results

The skills were implemented, and a series of three experimental tests
were conducted to gauge the success of the tracking skills. As the system
was not developed with high performance as a goal, it was sufficient to
qualitatively judge the capability of the manipulator at detecting and
responding to trends in the applied contact. Note that a fairly
sophisticated setup would be required to measure the time response of the
systom. To qualitatively judge the tracking capabilities, a video tape was
made showing the following set of experiments. The figures presented
below are frames of the taped experiments.

The first experiment utilized the straightforward plane tracking skill.
A planar surface was pressed against the end-effector, and the contact

parameters were altered by manually applying varying degrees of force.
This is illustrated in Figure 4.9.

The second eiperiment, shown in Figure 4.10, combined the plane
tracking skili with a lateral motion. The end-effector was contacted to
the surface of a wheeled toy truck, and a bias force was applied. A motion
strategy advanced the manipulator a certain incremental distance along
the Xp axis, which in turn advanced the truck. Changes in the elevation of
the surface along which the truck travelled were transmitted as changes
in the normal force of contact, and the end-effector responded by
rearienting the  applied contact.
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In the third experiment, shown in Figure 4.11, sphere tracking was
used to track the motions of a sphere. A small rigid sphere was
sandwiched between the end-effector and a planar surface. Lateral
motions of the planar surface served to translate the sphere along the
face of the sensar, which in turn caused the manipulator to respond in an
effort to center the sphere. Changes in the normal forces were also

tracked.
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b) kinesthetic response to rotational force

Figure 4.9: Plane Tracking Experiment
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Figure 4.10 : Plane Tracking With Lateral Motion Experiment
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Figure 4.11 : Sphere Tracking Experiment
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4.7 Conclusions

The main conclusion which was drawn from this experimental system
was that cutaneous tactile image processing can be used effectively for
robotic contact skills. One of the tracking skills, two d.o.f. plane tracking,
has been implemented previously using Force Torque sensing. This
development demonstrates that it can also be implemented using tactile
sensing, with an estimate of the rotational information provided by a
processing of the cutaneous tactile image.

The second skill, three d.o.f. feature tracking, is an example of a robot
tracking skill which cannot be performed without the use of tactile
sensing.

Having demonstrated the utility of tactile sensing for robotic
tracking skills, there are a number of secondary conclusions pertaining to
the performance evaluation of the system. From an analysis of the
communication and computational overheads of the various processing
steps, it was determined that the three main factors which limit the
system response rate are; the communication overhead in serially
transmitting the tactile data to the computer, the calculation of the IKS,
and the slowness of the robot motion. Compared to either of these stages,
the processing of the tactile data is computationally inexpensive.
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Chapter 5 : Conclusions and Further Work

In this chapter the contributions of this thesis to the field of
robotic tactile sensing are reviewed and conclusions are drawn. A number
of possibilities to further the research in this area are also suggested.

The contribution of this work was the development and testing of
two active tactile sensing skills. These skilis facilitated the tracking of
two contacted objects ; a plane in two d.o.f., and a sphere in three d.o.f. To
the best of the author's knowledge, the impiementation of these skills
using a tactile array sensor has not been reported in the literature. As the
development of sensor based skills is a current and important research

area in robotics, it is believed that this work constitues a valid
contribution to the field.

The development of the active skills involved the design and
implementation of C program code for the cutaneous processing routines
and the point-to-point kinematic control of the manipulator. The
kinesthetic response to these functions was calibrated experimentally.

Directions for the extension of this work are derived from the
performance analysis of the system. The response rates of both tracking
skills are limited by the serial communication bandwidth of the tactile
data, the calculation of the IKS, and slowness of robot motion. In order to
further advance the developed tactile skills, it is necessary to
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reimplement the system on a more industrial platiorm, such as PUMA 560,
which has kinematic point-to-point response rates on the order of 28
msec.

It is aiso necessary to design a tactile sensor with a larger data
communication bandwidth, implemented through a parallel communication
interface. Each tactile image should be acquired and processed in under 10
msec. In order to achieve this fast rate, it may be necesssary to do some
signal processing functions directly in the sensor's hardware circuitry.

Other possibilities include the investigation of the effects of the
sampling rate on the control of the manipulator. It is accepted that good
force control results from a time response on the order of 100 Hz to 1000
Hz.

This thesis proposes an alternative direction for future research in
tactile sensing. Previous research has focussed on the use of tactile
sensing for object fecognition. Here, the emphasis has been on the use of
active tactile sensing for the tracking of contacted objects. it is the
author's belief that the practical advances in the field will arise from the
development of tactile sensing skills for grasp and manipulation control.
These capabilites are not only desirable for existing robotic manipulation
problems, but object recognition capabilities will necessarily result as a
spinoff. The identity of an object will be discernable from the series of
sensory skills which successfully contact and explore the object.
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Appendix A

Tactile Sensing Concepts : Anthropomorphic Considerations

{ Internal report : 1989-Sept-20 )

Michael A. Greenspan,

Emil M. Petrliu,

Dept. of Electrical Engineering,
University of Ottawa,

ottawa, Ontarlo, Canada,

K1N 6N5

Abstract

When developing an artiflclal tactile sensor system, 1t 1is
useful to have an understanding of the‘ nature of biological
tactile sensing. Presented are some of the features of a
biological sensing system: particularly, those aspect pertaining
to the accumulation and processing of tactlle data are

emphasized.
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1. Introduction

A study of the biological basis is invaluable when designing
a tactile sensing system for a number of reasons. There may be
bilological tactile receptors which can be copied in a
technological Iimplementation of an artlificlal tactlle system.
More importantly, a knowledqe of blological tactile perception
will help us better understand the nature of the sense which we
are attempting to emulate. Indeed, although everyone has a
direct experiential wunderstanding of tactile perception, to
explicitly describe thls understanding is a difficult task. It is

more difficult, however, to design such a system which has not

been explicitly described.

As an example, consider the design of a mechanical gripper
to perform conventional dexterous manufacturing tasks. Having
determined the two point threshold for human fingerprint skin
(Eirst investigated by Weber) to be around 1 mm at its most
sensitive, it would surely be a wasted effort to strive for a far
* greater resolution in our artificlal skin. If a greater degree of
resolution is attainable in our design, however, we may conceive
of an artificial perception which surpasses our own 'ﬁactlle

abilitles, and allows a greater flexibility in the manufacturing

process,

There is also the danger when englneering an anthropomorphic
system of becoming too enthralled with the blology of the systemn.

when this occurs, the resultant design may tend to mimic the
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atructure of the bioclogical system under conslderation, without
providing the useful functlonallty of that system : clearly, thils
is not ouxr goal. Our admitted predisposition thus allows us to
descrlibe a selective overview of certain aspects of the
blological somatosensory system which help us understand our task

and, in some instances, gulde us in our lmplementation.
2. Bioloqgical Mechanisms of Tactile Sensing

Historical rdots of tactlile sensing research are discussed
in {1,2). It is notable that in antiqulty, Aristotle defined
perception by touch ("haphe“) as the most basic property of all
living organisms, without which they coﬁld not exist. He wrote
that tactile stimuli arose only from immediate contact with the
object, touch appearing as the only type of sensation responding
to an object placed directly on the perceiving organ. Another
ancient CGreek, Galen, was a piloneer of the modern "sensor fusion®
approach. He described the hand as an organ equipped £or the
perception of all tactile qualities :

" There was no use for one organ of apprehension, and

another for touch, for holding, for 1ifting and transferring
things, and another for discriminating warm, cold, hard,

soft, and other distinguishing qualities of an object. However,
by grasping, the hand can judge the nature of all these
[impressions] together.™ (1]

2.1 Functional Innervation of Human Fingerprint Skin

Fingerprint skin, the organ area which is usually involved
in active touch, contains four types of nerve configurations,

which have been functionally related to four types of
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mechanoreceptive, human skin also responds in a thermoreceptive
and nociceptive fashion. Noclceptive response results from
particularly stressful and potentially damaging mechanical or
thermal agitatlon. Here, only the mechanoreceptive function is of
interest, as thermoreception does not present a problem from a
design point of view, and nociception can be viewed as a cglass of

mechanical or thermal reception.

There have been four functional types of receptive iields
ldentified in human digital skin, two of which xespond only once
to a prolonged stimulation, and two of which respond continuously
to a prolonged stimulation [(3,4,5,6]. These groupings are
accordingly 1abe1ed rapidly adapting (RA) and slowly adapting
(SA) filelds. The receptive fields are further grouped according
to the size and distribution of the stimulation threshold, as |is
described following.

The first type of rapidly adapting £leld, misgquidingly
labeled the RA field, is characterized by many points of maximal
sensitivity, and a rapid rollcoff in the sensitivity threshold.
Thus, the RA fleld locates a stimulus within a small region of a
few square mm. The receptors for the RA f£lelds are the Melssnex
Corpuscles. These small encapsulations of nerve are located
between the paplllarzy ridges of the dermal epidermal I1nterface.
At maximum sensitivity, the Meissner Corpuscles will fire from a

displacement of 6 microns.
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The second rapidly adapting receptive field is labeled the
pCc fleld after its receptive neuron, the Paclnlan Corpuscle.
Located deeper down into the dermus, the Pacinlan Corpuscles |is
0.5 by 1.5 mm in size, the largest single receptor of the body.
The PC field is much larger than the RA fleld, extending over a
few square cm of skin. Also, this fleld has only one point of
maximal sensitivity. The area surroundlng this point very
gradually diminishes in sensitivity. It is lnteresting to note
that, while the Melssner Corpuscles share a number of nexve
fibers, the Paclinian Corpuscles will often have a single neural

connection.

The slowly adapting receptilve fieldé, SAI and SAII, are in
many ways analogous to the RA and PC fields. SAI, like RA, has
multiple points of maximum sensitivity and a quick rolloff, while
SAIl has a single maximally sensitive polnt and a slover
attenuation, similar to the PC field. The neural structure
assoclated with the SAI field is the Merkel Disk, located at the
tip of the epidermal ridge. The Ruffini Endings, sald to be the
receptors for the Sall f£leld, are distributed deeper into the
dermus. While the SAII fleld is very sensitive to skin stretch,
SAI requires a more direct stimulation, and responds very. little

to stretching.
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Fiqure 1 : Schematic Vertical Section

¢f Human Hand Skin

(fxrom Valbro and Johansson, {3]}. The neural structures
are 1ldentifled as : Mr - Melssner Corpuscle, Ml -~ Merkel
Complex, R - Ruffinl ending, and P Pacinlan Corpuscle.
Also shown are the dermal-epidermal interface, the
intermediate and limiting ridges, and two sweat glands.

Figqure 2 : A} RA Fleld , B) PC Fleld

(from Valbro and Johansson, (3)). In A), the receptive
£lelds for 15 RA £flields are shown. In B), the much larxger
receptive flled for two PC flelds.
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2.2 Texture Perceptlon

Surprisingly little has been ascertalned about the
mechanisms underiving the perception of textured surfaces. It |is
considered to depend largely upon the mechanical properties of
skin, particularly the glabrous skin in the fingertips [(7].
Certain physlical attributes of this skin, such as an olly
coating, and the outer layer of dead epidermal cells, accentuate
vibrations as it is passed lightly over surfaces. It 1is the
nature of these vibrations which allow for the determinatlion of
varying degrees of roughness, hardness, stickiness, slipperiness,

etc., [(8].

Indeed, the perception of textured surfaces is entirely a
dynamic sense, which can be carried out only when the skin ls
passed over a given surface. Only in the case of very coarse
surfaces with protruberances can textural information be derived
from a static placement of the £ingers. This, of course,
~ discludes the cases were auxillary information, such as thermal
and visval clues, can be used 1in conjunction with the

mechanosenitive reception.

The Meissner and Merkel corpuscles have been identlifled as
the dynamic receptors of these vibratory senses. The Melssnerx
corpuscles are responsible for the sensation of "flutter'' which
is experienced when the surface oscillations are on the order of

5 - 40 Hz. Higher frequencies, from 40 - 200 Hz, are recelved by

the more deeply embedded Pacinian corpuscles (9].
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Appendix A : Tactile Sensing Concepts ° Anthropomormphic Considerations

In one particular experiment {9,10), Lederman observed
that by covering the fingertips with a thin piece of materlal {a
glove or a plece of paper), a previously considered smooth
surface would reveal numerous irreqularities and protruberances.
1t seems that a masking effect £ilters out the high frequency
components of the vibrations experienced. The structural
explanation offered for this common effect resolves the forces of
active touch into lateral and normal components, and considers
the effect which these £forces could have on the shallow
intermediate and deeper 1limiting ridges which comprise the
papillary ridges. By deforming these ridges, lateral or shearing
forces tend to become amplified and the Merkel corpuscles at the
bottom of the limiting ridge, as well as the Meissner corpuscle
between the intermediate and limiting ridges, are ideal receptor
sites for the wealth o€ combinafions possible. As thesme units are
excitad by the high frequency oscillations,‘ they become less

sensitive to low frequency pertebations : hence , the masking

effect.
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Appendix A ; ' nsi n . Anthr i

a l b

MEISSNER'S MERKEL'S
ORPUSCLE CORPUSCLE]

S

Fiqure 3 : Proposed Mechanism for the Detection of
Shearing Forces in Human Digital Skin

{fzom Lederman, (9)). In a) the Meissner and Merkel
corpuscles are shown as the respective teceptors for motlons
from the Limiting and Intermediate Paplllary Ridges. In b),
a proposed mechanism for the reception of a normal force. In

c) and d), proposed mechanisms for the reception of lateral
forces.
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Appendix A : Tactile Sensing Congepls : Anthropomorphic Considerations

3. Cortical Processing of Tactile Information

It was Galen who had recognized the brailn as the seat of

perception :

" He understoed that sensations of touch and
temperature were subject to immedliate recognition, whereas
the perception of qualities such as dry and moist, or of
size and motion seemed to require a conscious judgment. This
presented and anticipation of the concept that immediate
perception by specialized nervie-endings has to be
distinguished from the evaluation of complex impressions."
{1)

Having identified neural structures involved in the
reception of tactile information, the question remains as to how
this information is organized further up in the perceptual
hierarchy. 8Studies by Sakata and Iwamura {11} of the £irst
somatosensory area (SI) and the parietal assoclation area (area
5) in cats and monkeys have offered insight about the brain's

internal classification of cutaneous stimuli.

There are selective temporal patterns of cutaneous

stimulation which elicit the excitation of 1individual cortical
| neurons. Some 0f these patterns are excitatory only when applied
in a given direction. For example, with monkeys, a glass rod
stroked across the palm of the hand causes an excitation in an
area 2 neuron when moving in the proximal to distal direction
(l.e., towards the fingertips). Movement in any other direction
has no effect. With man, the application of a metal edge to the
fourth finger caused the firing of an area 2 neuron only when (¢t

was orliented parallel to the axis of the finger and oscillated

sidewvays.
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Along with pure feature extraction, individual neurons have
been isolated which allude to higher organlzatlional principles.
In the cat, receptive flelds along the leg and paw correspond to
the functional surfaces stimulated during various poses. This
£inding suggests that there are adaptive data xesduction processes

active,

In the monkey, neurons have been 1solated which respond to
active touch only. An area which causes vigorous neural
excitation during active exploratory motions remains silent when
stimulated passively. Further, individual neurons " have been
isolated which relate specifically to shépe discrimination. In
one case, neural excltation 1s recorded when the monkey handles
cube shaped blocks, while spherical shaped blocks produce no
response, Conversely, other neurons respond solely to the
manipulation of spherical shapes, and are silent when cubes are

handled.

The above described experimental results are Just a s=mall
sample of the of work being carried out in this field. They are
of 1interest to us for two reasons. First, the experiments refer
to a particular interpretation of brain function. Specifically,
the brain is considered as an adaptive hierarchical processor for
the classification of tactile stimuli. Second, the manner in
which the information ls organized provides us some insight into
the perception of tactile stimulation. Further studleé‘ have

‘isolated the convergence of tactile neurons with proprioceptive

and visual fibers (11).
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Appendix B : Code Listing

This appendix contains the source code listings of the software
system implemented to calibrate and execute the described tactile
sensing skills. The code dependancies are illustrated in Figure B.1 :

mainfile.c

@lmpro.c) @llmmo@ (torscarc ) (foranee )@mn.e) (ﬂnphldd.c)

@lnoun.c) Q"""’“"“) (tlordseme ) (Iorddllp.c )

Figure B.1 : Modular Structure of Software System
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JUTeTANesea sl ek sba bt E s tas NS s ss Attt as st a

I *

r utle : MAINFILEC X
" author : M.A. Greenspan )
" dala : 14-MAY.S0 *
~ 31-MAY-50 !

" *t

F e R At ht

mnclude <conio.h»
#ndude <graphics. h»
mnclude <mam.n>
mnclude <sidio.h>
#incudo <stdlib.h>
hnduda <tima.hs>

minclude "cMe20Y\programsvrobosensuncudoirehypo.h®
mnclude "cMc201\programsirobosensindudelmisc.h®
mnclude "cMc201\programsirobosensinciude\poricom.h™
xinclude “cMc201\programsirobosansiindudelrs232com.h”
mnclude “cMc201\programsirobosansinciudelgraphadd.h®
mnclude “¢:\c20 1\programs\robosensincludelord .h”
mnclude "c:\lc201\programavobosunslincludaVorddisp.h®
Mnclude “e:\e201\programairoboaensincludelordscrn.h”
sinciude "c:\tc201\programa\robosonsincludeVardcal .h™
mnciude “c:Mc201\programsirobosensincludeVordlilLh®
#nciude “c:\te201\programsirobosansiindudereflex.h”
#include "c\c201\programsiobosensinclude\rhing h®
mintlude “¢:Me201\programsirobosensunclude\rhinocom.h”
#include "c:\tc20 1\programsirobosensincudevhinomovh®
#Mnclude “¢:\c201\programs\robosensncludelrhinokin,h®
mnclude “cAc201\programsirobosensincluderhinonum, h®
Mnclude *c:\Mc201\programalrobosensiunciuderhinopro.h®
#include “c:ic201\programsivobosensindude\savstats. h®

#doline START [+]
adefino  PORT INITIALIZE 10

#doline LORD_INITIALIZE 20

#duline RHINO INITIALIZE 30

¥dofine SCREEN_INITIALIZE 40

wdeline PAD INITIALIZE 50

wdotine  CALIBRATE 65
ndefine PLANE TRACKING 67
adehne  FEATURE_TRACKINGEB

wdafine CHOOSE 70

wdeting RECONFIGURE 80

wdafing INCREMENT €N

wdefine  VECTOR 100

adehne  ROTATE 102
wdaline  FUNCTION_STATISTICS 105
adeline TEST_TIME 106

#delne  DISPLAY_LOCATION 107

#define  DRIVE_THE_CAR ) 108
#defing EXIT 110

wdefne BYE 120

#dofing EPSILON_PER ROW CENTER_OF_MASS 0,007 /* was 0.014 %
#define CM_PER_DELTA_TAXIL_SUM 0.002

#define  TRUE 1

#deline FALSE O

padtype lord_sensor ;
lord_stats_type min_thrashold_stats, max_threshold_stats, lord_threshold_stats ;
reflex_type refllox ;

main{) {
int s1ep ;
intindax ;
Nt status ;
int max_threshold, max, min_threshold, min ;
int row_center_of_mass, col_center_ol_mass, taxil_sum, lasi_taxil_sum, deita_taxil_sum ;
int number_ol_ileratons, ileration ; T
float dummy_dcspace(3), despace|d), espace(d)
fioatl row_epsilon, col_epsiton, delta_normal_direction |
Hoat iateral_distance ;
clock_t stan_trne, end_tme ;
double cycle_tme ;
char initcode ;
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char resp ;

char hlename[255] ;

int normal_reflex, mtatonal_rellex :

anm_[ype curraniamrmsiale, nextanmstate, dellaarm ;

vaclor_lype orientation, dorieniaton, arm_length_axis, arm width axis ;
FILE ‘wnle_stream ;

step = START ;
gnn{n‘('\nRunning program LORDLINE ..\n") ;
o
swilch{siep) {
case START ; {
step w PORT_INITIALIZE ;
break ;

Lnse PORT_INITIALIZE ; {
pnnrf('\nlmnallzmg ports COMO and COM1 .7 ;
initcode = BAUD960O | PARITYNO | STOPBIT2 | SIZES .
pori_init LOADPORYT, m“deTJ
Inicode = BAUDSSOO | PA EVEN | STOPBIT2 | SIZE7
printiAninitializi 8 gott Aty
port_inilfAHINO RTmucode)

step = LORD_INITIALIZE ;
broak ;

]caso LORD_INITIALIZE - {

lonmf('\nRasaung LORD sensor ... ") ;
ord_reset()

slepm RHINO INITIALLZE ;
broalt ;

l:ase RHINO_INITIALIZE : |
far {indaxa0; index<5; indexs«) |
despacefindex]w 0 ;

Lnnm"\n\nraseung RHINQ .., \n"):

thino_resei{RHINOPORT) ;

pnnlf('\n\an)ARD Home or (S)OFT Home ?> " ;

resp = getchef)

if ((resp--‘l-l‘)li(rasp-.. ) |
curentarmstale.angle.a = ANGLE A HARD HOME *M Pi_2/90;
cumentarmsiale.angle.b = ANGLE B HARD HOME * M PI 2/90;
currentarmstata.angie.c = ANGLE C HARD HOME * M P1 2/60 :
curentarmstate.angle.d = ANGLE_D HARD HOME * M_PI”2590;
currentarmsiate.angle.e = ANGLE £ HARD HOME * M PL 296 ;
cumentarmsiate.angle.l « ANGLE F_HARD HOME *M Pl 2/90 :

ielsa[
currentarmstale.angle.a w ANGLE_A SOFT_HOME * M_PI_2/90;
cumentarmstate.angle.b = ANGLE_B_SOFT_HOME * M_PI_ 2/90;
cumentarmstate.angle.c = ANGLE C_SOFT HOME * M Pl 2/90 ;
currentarmstate.angle.d w ANGLE_D_ SOFT_HOME * M_PI_2/90;
currentarmstate.angle.e = ANGLE_E SOFT HOME *M_P1 250 ;
currentarmstate.angle.| = ANGLE _F SOFT_HOME " M_P! 2/90 ;

currentarmsiate.siep.a=0;

currentarmsiale.siep.b = {int) (currentarmstate.angle b * BSTEPSPERRAD) .
currenlamstale.step.c = (int) (currentarmstate.angle.c * CSTEPSPERRAD) ;
currentarmstate.step.d = (inl) {curentarmstate.angle.d * DSTEPSPERRAD)
cureniarmstate.step.e = (in1) (currentarmsiate.angle.e * ESTEPSPERRAD) ;

cureniarmstate.step.f = (inf) {curentarmstate.angle ! * FSTEPSPERRAD) ;
onentation, I -l

orientation.j= 0 ;
orientaton w-1 ;

siep = DISPLAY_LOCATION ;
break ;

!:asa SCREEN_INITIALIZE : {
graphics_initialize(VGA VGAMED) .
satiexistyle(TRIPLEX_FONT HORIZ DIR.2) ;
clearviewpori() :
step » PAD_INITIALIZE ;
break ;

1

caso PAD_INITIALIZE ; J
genaral_pad_initalize(&lord_sensor, 50, 340, 15, 6, 6, HORIZONTAL) ;
pad_display 2d(&lord sensor, NOISE. THHESHOLD XOFFSET, YOFFSET) ;
siep = PLANE_TRACKING ;
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; ix B.: Code List

break ;

]
case CALIBRATE 1|

prnt{"\ninApply pressure lar maximum threshold and prass any key > 7) |

105p = getchel) :

print{™n\nHold steady while calibrating stats for maximum threshald ..%) |

lord cahbrale{8max_threshold stats) .

print{“\n\nApply pressure for minvnum threshold and press any key > ™),

resp = getche() ;

print{mninHold steady while calibratng stats for minimum threshold .7} ¢

iord calibrate{8min_thrashold slats) ;

prnd (et SUMWCENTROIDVMCOMASS™) ;

prntiCmnniROWMCOLVWRCWMWCOL®) ;

prnt{\mnmini%d. 2H0%3, 2A1%3. 200 3. 20 %3.2T,
min_threshold_s!ais.sum_ol averages,
min_threshold_stals.centreid_row_average,
min_thresho!d_stats. centroid_col_average,
min_threshold_slals.canter_o!_mass_row_average,
min_threshald_stats.center_ol_mass_col_average) ;

prenli{nnmaxi%3,201%3. 203, 23 2% 21,
max_thrashold_stats.sum_ol_averages,
max_threshold_stats.centroid_row_average,
max_threshold_stats.centroid_col_average,
max_threshold_stats.center_ol_mass_row_average,
max_threshold_stats.centar_ol_mass_col_average) ;

step » CHOOSE ;

broak ;

!
case PLANE_TRACKING : {

dummy_dcspace|t) = 0 ;
dummy_dcspace{lj= 0;
dummy_dapane!i’] =0;
prnif{“\nEnter 1axil sum value [0,4800]) > 7)
scani(™d" . 8last_taxil_sum);
do{
lord_scan{&lord_sensor) .
center_of_mass{lord_sensor,&row_center_ol_mass &col_center_ol_mass,Ataxil_sum) ;
delta_taxt_sum w taxd_sum - last_taxil_sum;
it {{delta_taxil_sum > 1}|{{delta_taxil_sum < 1)) {
dalta_normal_direchon = - (delta_taxil_sum * CM_PER_DELTA_TAXIL_SUM;:
dcspace‘O] = Qrientation.i * detta_normal_direction ;
despace]t| = orientanon,] * delta_nomal_direction ;
dcspace{z* = prientation.k * defta_normal_diraction

norma_reflox « TRUE ;

despace(0]= 0 ;
dﬁpugl‘ll wl;
despace{2] e 0
norrnal_re]lax = FALSE ;

!ow_epsilon = (B - row_center_of_mass) * EPSILON_PER_ROW_CENTER_OF_MASS ;
il ({row_epsilon > 0.01)|((row_epsilon < 0.01)) {

1
alse |

rotate_around_arm_widlh_axis{row _epsilon Scufrentarmstate,orientation.cspace,cspace, Adorientation,dummy_despace) ;

Scurrentarmstate)) {

rotational_reflex = TRUE ;

}

else |
donentation.ie 0
donentatonj=0;
donentationk = 0;
mtational_rellex = FALSE ;

!
it {normal_rehex || rotationa!_reflex) {
it {rmino_move_deliz{dcspace, dorientation, cspace, &orientation,

printf{"\ncantesian_to_joint failure ; unreachable state ..\n");
]
} while {kbhit())

stop = DISPLAY_{OCATION ;
break ;

I:lse FEATURE_TRACKING : {

prntt(\nEnter 1axil sum value [0,4800] > 7) ;
scani{™%d",&lasi_tawl_sum)
donentanon.i=0 ;

donentauon, = 0 ;
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donentationk = 0 ;
do|{
lord_scan{&lord sensor) ;
center ol mass{iord sensor.&row center ot massAcol cenler of mass Staul sum) ,
delta_ taxl _sum = taxid sum - last @axl sum;
il {(dafta_taxil sum > 50)]|(delta taxd sum < -500) |

| deita_nomal direction = - {dalta taxl sum ° CM PER DELTA TAXIL SUM),

row epsilon = (8 - row_center of mass) .

col_epsilon = (4 - col_center ol mass) ;

calculate_arm_length axis(&currentarmstate &am length aws) ;

|:a|culaw arm_widin axis{&curréntarmatate. &arm wschg axis) ;
spacel0) = crentation.i*delta normal direction +

row_epsilon®amm_length_axis i'DISTANCE_BETWEEN ROWS+col apsilon’arm_widih_axs.i'DISTANCE BETWEEN COLUMNS ;

despace]1] = onentation, delta_normal directon +

row_epsilon*amn_length_axis j*DISTANCE_BETWEEN_ Flows¢cot _epslon‘arm_widih axs *DISTANCE BETWEEN COLUMNS ;

cspace[2] = orientanon k'delta normal direction «

row_epsilon‘arm_length_axis k*DISTANCE _BETWEEN_ ROWS¢coI epstonam_widih_axis K"DISTANCE BETWEEN COLUMNS :

lateral_distance) ;

if {irhing_move della(dcspace dortentation, cspace, &onentalon, Scurentumslate)) |
print((\ncanesian_to _joint twlure : unreachable state .. Ay

}
} while {"kbhut)) ;
step m DISPLAY _LOCATION ;
break ;

Lase DRWE_THE_CAR : |

dummy_dapam[b{ =0
dummy_dcspace|1|= 0
dummy_despace(2| = 0 ;
pnnlf(‘(-nEmer taxil sum value (0,4800) >} ;
scanl™%d" Alast_taxil_sumj} ;
printf{"\nEnter lataral distance per step >y,
gcainlt‘%r JAlateral_distance) ;
o
lerd_scan{&lord_sensar} ;
cenler_o!_massilord_sensor,drow_ center ol mass.4o0! center_o! mass.Atnxl sum) ;
della_taxd_sum = taxt_sum - last taxil_sum;
delta_nomal dlrectlon--(aella taxi_sum *CM PER_DELTA_ TAXIL SUM);
calculate_ arm _length_ axls(&curramarmstale Anrm_length_axis) ;
ocspaoe[b]- [origntabon. ° defta_normal direction) + larm Iong'lh axis. " laterna) distanco} ;
dcspaeal ] (unenmnnn * deha normal diection) + (arm | lengih_axis ) * lateral distance) ;
despacef2] » (onenmmn 1 * delta_normal_duection) + (arm_length. oxisk °

row_epsilon = (8 - row_conter_of_mass) * EPSILON_PER_ROW CENTER OF MASS ;

rotate_around_arm_width_axis{row_epsilor.&currentarmsiale onentation cspace.cspace. ddonentation dummy dcspaca) ;

if {Irino_move_delta{despace, donentation, cspace, Aoneniation, dcurrentarmstale)) {
nnti('\ncanasnan lo_joint In:luro unreachable state ...\n"),

]
} while {tkbhit{}) ;
step m DISPLAY_LOCATION ;
break ;

!:aséCHOOSE i

print{ \n\nChoaose one ol..."} ;

printi{™\n\t{ Rieconfigure™} ;

printi(A\n\t{lincrament”} ;

print{"\n\{Vector™) ;

prntt{"\n\t{C)alibrate™) ;

printd("in\i{P)lane Tracking™) ;

print{"\n\1{F)eature Tracking™} ;

printi{™n\t{D) rive the car™} ;

print{"n\tFuncuon {S)tats™) ;

printf{"\n\MR{Otate™ ;

pnmi("\n\t(T)estTlme ):

print{\n\te(X}it") ;

print{\n\nA 7} ;

rasp = gaichaf) ;

it {{resp=='R')|l{re5pe=r)) step = RECONFIGURE ;

alsa if ({resp=='X)[resp==x)} Siep = EXIT :

elsa if ({resp==')||(resp=a’l)) 516D = INCREMENT ;

else il {(resp=='v}||{rosp=e’V)) siep « VECTOR ;

else il ((respan'c)|liresp=='C")) step = CALIBRATE :

alse if {{resp=='p|liresp=aP")) siap = PLANE_TRACKING ;
else il {{respew)||{respan'F’)) atep « FEATURE TRACKING :
eise if ((resp='d’}|{re5p=='D)) slep « DRIVE_THE_CAR:
else il {{respms'0|||respe='0’}) step = ROTAE ;

alse il {{resp=x="s")||{respan'S)) sigD = FUNCTION STATISTCS ;

-151-



else f {{rospaaT))i(resp=aT)) step =« TEST TIME ;
clse step = CHOOSE |,
break ;

j
case RECONFIGURE :

prind(Wn\n\nE nter desired cooranates ..");
prnt XY UZURLAMIKN)
scant{™! %! %! %t %! %,
CSpace, cspace+1, Cspace+2,
(&onentaton i) (Aonentaton ) (Sorientaton.k)) ;
normalize _veciortypelonentation, &onentation) ;
il {runo_move_p1_to_pt(cspace, Sorientanon, &curremtarmstate)) |
| prntt (Mrwrhino_move_pt_lo_pt sucsessiul™ ;

dise

printi{"\ncaneaian_to_joint failure : unreachable state ..\n7);
smp; DISPLAY_LOCATION ;
break ;

t:lse INCREMENT : |

prntl{“\n\n\nE nter desired incremental move ...%);
prant XY W2 MAON") ;
scanf(™! %! %l %! %l K,
despace, despace«1, despace+2, &dorientaton.i. &dorientation.j, &dorientation.k );
it {rhino_ move_deltaidespace, dorientanon, cspace, &orientation, &currentarmstate})
print! ("\nrhino_move_incrament successiul™) |
else
printl{"\ncarnesian_to_joint failure : unreachable state ..\n");
sz; DISPLAY_LOCATION ;
raak |

Lnsa VECTOR : {

prnti{n\n\nEnter incremental vector move ,..");
print{ XYW RN ;
scant{™el %! %! %! %1 %,
dcspace, despace+1, dospace+2, Adonentation.i, &dorientation.j, donentationk );
printi{"n\nEntor number of steps > "} ;
scanl(™%d".&5tep) :
for {index = O; index < step; indexs+) |
if {Irhino_move_della(dcspace, dorientaton, cspace, 8orientation, Scurentarmsiate)) {
printi{‘\ncartesian_to_joint tailure | unreachable state ..\n");
panti{“nstep = %gindex) ;
] break ;

1
step « DISPLAY_LOCATION ;
break ;

I
case ROTAIE : |

printi\nEnter angle {or roiation amund width axis » ) ;
scani™&f" &row_epsilon) ;

rola[oraround_Aarm_wtdth_axulrow_opsilon.&l:urren'larmsla!e.onanmtion.cspnca,cspal:e,&dorienlminn,daspam) 5

&dorientation.k §;

it ('rhino_move_delta(dcspace, donentation, cspace, &onentabon, Scumentarmstate)) |
printf{"\ncartesian_to_joint failure : unreachable state ..\n"};

step = DISPLAY_LOCATION ;
break ;

!
case FUNCTION_STATISTICS : {

printiC\nEnter filenama for output > ") ;

scani{"%s" lilename) ;

write_stream = fopen(fifename, w+() ;

if (write_stream == NULL)
prinif{"nUnable to open lite™) ;

else
{ printf{“nn{ljncrement or (Riolation 7 » 7 ;

resp = gelche(} ;

it ({resp='i’)|jiresp==T)) {
printf(\n\n\nE nter desired incremanial move ..."):
printd (MY UZuhLiidnT} ;
scant{™al %l %f %I %! %%,

despace, despaca+1, despace+2, &dorientation.i, Aderiantation,j,

printt(\ninEnter number of samples > ) ;

scanf(*%d" &number_of_iterations);
for (neranon = 0; iteration < numbar_o!_itarations; iteration++) |
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o (rhine move dellajdespace. donentation, cspace, &onentation,
&currentarmstate))

I printf {(nrhino mave increment successiul® ;
else
prnif{(\ncartesian_to joint lature : unroachable state

WA

panti{\ncartesian coordinalos : Xn%3.21, Ya%3.2t,
Z=%3.20n" capace([0).cspace(1).cspace(2]);

‘ ] prat{(nonontancn A e %3200 « %3 200K = 903,21 onentation ),
anenation.j, orienlation,k) ;

. printf{“\n\nHold steady wiile calibratng stats for maximum threshold

lord_calbrate({8lord hreshold stats) ;

Save, lord_stais{cspace.crieniation,Josd _threshold_stats,wnie_stream}

]

of {kbhity}) break :

else
[ printt(\nEnter angle for ratation around wiafth ams » ™) ;
scanl{~%r" &row_epsilon) ;
print(\n\nEnier number of samples » ) ;
seanf{*%d" Anumber_ol_itorations) ;
for (Herauon = 0: iterahon < number ol leratons; ilomtion++) {

rolalo_around_arm,wid!h_.axis(row_epsilon.&curremarmslato.orientnnnn.cspnco.cspaca.&donnntauon,dﬁpacn) H

it (rino_move_della{dcspace, derienlabon, cspace, &oruntaton,
&currentarmstate))

printt (\nrhino move _incromant successha) ;
olse

i print!{\nicartesian to 1ot kulure : unroachable state
'

print{"\ncartesian coordinates : X=%3.2. Ya%3.21,
Z=%3.2\n" cspace[0).cspace|1),cspace(2]);

) o print{"nonentabion Al = %3.2M00) = %3, 200K = %3.2I" onentation.,
orientation.j, ofientaton.k) ;

printl{"\ninHold steady while cabbrating stats for maximum threshold
Sy H

lord_calibrate{&lord_threshold_stats) ;
sava_Iordﬁstals(cspace.oriemaxion.lord_mreshold__stats.wnta_sueam) :

}

fclose(write_stream) ;

1
step m DISPLAY_LOCATION ;
break ;

Lase TEST_TIME : {
do [

it {kbhit()} break ,

start_tme = clock() ;

lord_scan(&lord_sensor) ;

end_time = clock() ;

cycle_time = ditfume{start_time, end nme} ;

printi{Anincycle ime = %@, S1art_tme = %I, end_ime = %".cycle_ume, start tme, end_tima) ;
} wehile { Ikbhat()) :
siep w CHOOSE ;
broak ;

1

case DISPLAY_LOCATION : {
joint_to_cariesian{currantarmstale,cspace, Sorientalion) ;
printf(\ninlocation AXUYWZWRNK™ ;
printi{"nu%3.2/ %3 2A1%3. 20%3. 20 1%3 20 %321,

cspace|0].cspace(1].cspace|2].crientaton.i, oriantation j, onentationk) ;

calculate_arm_lengtn_axis(&currentarmstate,&arm_lengih_axis) :
calculate_arm_width_axis{&currentarmstate,&arm_width axis) )
printf{"\n\nlength axis M%3.2M%3.2M%3.21" arm_lengin_axis.,arm_length_axis.j,arm_tengin axis.X) ;
print{\n\nwidth axis M%3.2A%3.201%3 21", arm_width_axs.i,arm_widih_axis.j.arm_widih_axs.k) :
slep = CHOOSE ;
brevak ;

}

case EXIT: |
printf{\inHoming RHING ..} ;
nextarmstate.angie.a=0;
nextarmsiate.angle.b « 0;
nexiamstale.angle.c = -80 *M_PI_2/50 ;
nextarmstate.angled= 0
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nextarmstate.angie.e = 90 °M_Pl 2750 ;
nextarmstate.angle.! =0 ;
nextarmslale.slep.aw 0 ;
nextarmstato.step.b = (Int) (Rexlarmstate.angle.b * BSTEPSPERRAD) ;
nextarmstate. step.c = {Int) {nextarmstate.angle.c * CSTEPSPERRAD) ;
nextarmstato.step.d = [Int) (nextarmsiate.angle.d * DSTEPSPERRAD) ;
nextarmstie.slep.e = (int) (nexlaﬂnstala.anqio.o *ESTEPSPERRAD) ;
nexlarmsiate. step.! = {int} (nextarmstate.angle.t * FSTEPSPERRAD) ;
onentanon. = -1 ;
onentanon. = 0 ;
onenlanonh = -1
normalize_vectartypelorientation, &orientation) ;
jni_lo_carlesian(nextarmsiate cspace.donentation) |
if {hino_move_pi_to_pt{cspace, &crientation, dcurrentarmsiale))

t prinit (“rluno_move_pt_to_p! successiul™ ;
else

printl{“ncartesian_to_joint lature : unreachable state ..\n");

slep = BYE !
break ;

}

default : {
step «CHOQSE ;
bioak ;

]
] while (stop t= BYE) |
pri_nlrlll(l‘\nExmng program ROBOSENS™)
oxit{0) ;
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” o
” ulle GRAPHADO.C
" author : M.A. Greenspan i
" date ; 30 August 89 s
” s

bbb e L

Fabhh bbb b b L L R T P P P O

"~
" Module Descnpton : Contains a routine lor the registration

" ol the graphics dnivers and 1he nwalzation

1" the graphics fachhes.

”

r Routnes ; graphics_inibalize

I Header: graphadd.h

-~

e TR LI L L LT o P

#include <graphics.h>

#include “c:Mc201\programsiordiestunclude\graphadd .h®
[HVteeteatacrrsintarttssstetansttrtiatitens [ .

”

" tile : void graphics_inibahze(int driver, int mode)

I

" mput int dnver : graphics driver {e.g. CGA, EGAVGA)
” Intmode : graphics mode {e.9. EGA LO}

r

I ouput:  none

”

" return value | nong

”

I subroutines : registerbgilont, regisierbgidnver, imtgraph,

" graphresull, grapherrormsg

”

" dascnption ; regisiors the graphics driver and initakzes

N the graphics mode, ! the graphics airvar or

s mode are unattainable, an error msg 1s raporned
I and the program is aborted.

”

P bt L L L R L L )

void graphics_initialize(int drver, int mode) |
int g_driver, g_mode, g_error ;
char ? _path ;
char heldeolor[15] ;
’l-oogpuoocoll....--- REGISTER FONT DHIVERS il..cio-----lulloo.----f
il (registarbgifont{inplex_font) < 0) |
printi™\nError in registerbgifoni(trplax_lont™);
exifo) ;
i1l(re-gisterbgironl(sman_lom) <0){
printi{"\nError in registerbgitoniismall_font)*);
exit{o} ;
!
it (registerbgifomsansseri!_lont) < 0) {
printd{\nError in registerbgitont{sansseri_font)7);
exii(0} ;
]
if {registerbgifoni{gothic_font) < 0) {
print{\nError in registerbgiloni{gothic_tont");
axit(d) ;
!
peteess REGISTER GRAPHICS DRIVERS vt sesesessssesrsrnsnsranes
if (registerbgidriver(EGAVGA_dnver) < 0) {

print{"\nError in registerbgidnver(EGAVGA _dnver)™);
;m'l(ﬂ) H

FAALLLLEEEE INITIAUZE GRAPH'CS MOCE Maa bbb L S R L L
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imtgraph{&driver, 8mode &g path) .

? arror m graphresultl) ;

1H{g crror <0 |
peintf{imitgraph @rror . %s \n" grapherromsgig error)) |
ax1(0]
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I .
” program : LORD.C =
I author - MA, GREENSPAN .
” dale 30 August 89 i
[ER e s s e s e,

"

" Module Descnpron ©  contans a setof roytnes for the

’” intertace to the LOAD LTS210 sensor,
”

I rounnas :  lord_reset. lord_scan. lord _scan_site,

" lord_scan_h

"

r header: lord.n

I

#induda <stdlib,h>

include <conio,h>

#include “c:\ic201\programsirobosensunclude\rs232com.h”
#nclude “c\ic201\programsyrabosensinciude\poricom b=
#include "c:\ie201\programsvrobosensincudelord b

Fad e L Ly P T PO

”
1 hte ; void lord_reset(void)

”

” npu none

”

1" output : none

”

I return_value none

”

" subroutines : port_send. port_read

”

I description :  sends the proper sequence of characiers 1o the

I LORD sensor and monitors response. Correct rese!
r is assured by the receiving ol a 'L’ ar d lineleed

" from the sensur, If the reset s unsuccessiul, a

" message will be sent Irom the port_send or port_read
” routines.

.

’..oIollnnooli'--------ltnlu.0.....------.-------‘o...oInl-o-o-------ul

void lord_reset{void) {

charg:
charmsg;

primi{™n") ; .

&ESC,

port_send{LORDPORTY ¢);

ca't;

gor;_send(LORD PORT c);

o
msg = port_reac{LORDPORT);
P

" pnntl{~%c".msg) :
} while (msg la "\ ;
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/

"

" e void lord  scan(padtype far "pad)

”

" nput none

I

I outpu! padrypa lar "pac : scanned taclile image
"

" return value * none

”

fad subtouttnes ; port send, port_read

”

I doscnption : scans the current value of the sensar airay.

f...nc..l.--ln-----lsoinllolooio-n;----l-..l‘t.t.ii.n-..lll.o...oioit.r

void lord scan{padiype far *pad) {

cware,
in1 row column,column index ;
fioat s:gma ;
for (rowe0; ruw:ROWMAX row 4+ |
for {columnaD; column<COLUMNMAX columnes) {
("pad).taxil{row][colymn].iast_valug =
(*pad).taxi[rowljcolumn].value :
] .
}
c-ESC,
port send(LORDPORT c);
cT;
porl send(LORDPORT ¢).
porl sund(LORDPORT £k
ca'1";
port_send{LORDPCHT c);
cal’,
part_send{LORDPORT c};
tor frowe0:rowcROWMAX row« +) {
lor {columnad:; Eoiumn<COLUMNMAX:Column+ +) [
b tor some reason, the columns are
i not scanned in ocder
.y
if {columneel) column_index = 9 ;
else cotumn_index = column - 1 ;
) {*pad).taxiljrow]{column_index}.value = port_read(LORDPORT) ;
}
}
J T T T T DO B TR T TR O
IS
" ute: ntlord_scan_siefint x, inty)
-
" nput mnix; rowv of 1axel to be scanned
.
" Nty : column of taxel to be scanned
”
I output:  none
”
" return_ value : value of scanned taxel (lrom 0 1o 30)
”
" subroutings ; paft_sand, porl_raad
"
” description scans element (x.y) of taclile array.

R R ]

nt lord_scan_site(int x, int y} {

chare;
nt result ;

CES8C,
port_send{LORDPORT c);

eaT:
port_send|LORDPORT c):
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=7,
port_sencd{LORDPORT c};
ca's’
port S5end{LORDPORT c};
port send{LORDPORT e,
Ca [char) X,
port send(LORDPORT c);
port send(LORDPORT c);
= [ch
part. aond(LOHDPORT c)
cal’
port_send[LORDPORT c);
resull = pari read(LORDPORT) :
return(result) ;
}
LT PN
13
* ttle : void lord_scan_ftgint far *lorcetorque)
"
” nput nong
”
" output ;.  int far “lorcetorque : array of integers
”
’” rgturn_value : none
3
it subroutines ; port_send, port_read
”
” desenphon scans forceftorque values ot the sensor and
" Stores tnem In array.
”

F A e L L eI L L R e S ST L S PRSP

void lord_scan_load(int lorcetorquel12)) |

unsigned char ¢ ;
intindex;

C=E5C:
pori_send{LORDPORT c};
polx[:! send(LORDPORT ch
pon send(LOHDPORT £
[ v
port_send{LORDPORT c);

cal’;
port_send{LORDPORT c);
lor (Index = 0; index < 12; Ingax++

!

L
forcalotque[mdex] = port read(LORDPORT):

}
void lord_ zero(void} |
unsigned char ¢ ;

c=ESC;
port_send{LORDPORT c);

po}"t send(LORDPORT c);
T

port_send{LORDPORT c);
call;

port_send{LORDPORT c);

cal’;
port_send{LORDPORT c);
}

int lord_contact{padtype pad) |

int row, col ;
int status ;

SEMSml;
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lor (rows0; row<ROWMAX. rowe+) |
for {coin0. col«COLUMNMAX; cole+) |
if {paa taxi[row](col] vaiue=NOISE THRESHOLD}
sElE= T,
) break |

!l ($tatus) break ;

i
rlumistatus} ©

}
void lord stats{padtype ‘*pad, pad stats_type ‘statls) {

nt row, col ;

nip;

fioat avarage ;

ntmax;

Nt oncount, maxcount ;

I prnt"\nEntered lord stats ..%) LY

awrage =0,

maxe0;

ohcount = 0;

maxcount = 0 ;

tor {rowsD; row<ROWMAX, row ++) {

for {cols(; col<COLUMNMAX,; col++) {

p = (*pad).laxirow][col) value .
QVOrage = avarage + p;
it{p>max)max=p;
i {p > NOISE THRESHOLD) oncounts+ .
! (p > MAX_THRESHOLD) maxcount+s ;

; }

average = avorage/160 .

{"stals).average » average ;

{*stats).max = max ;

{*slals}.oncount = oncount ;

{"stats}.maxcount = maxcount ;

" panti{“nExiing pad_stas ..%} ;%

}

void lord_or(padtype *pad1, padlype ‘pad2, padtype *andpad) {
nt row, col ;
for {row=0; row< ROWMAX; row+

*
lor (col=0; ookCOLUI.MMAx: col++) |
it {{*pad1).taxilrow][colj.value » (*pad2).taxillrow][col].value)
{*andpad).1axijrow]|cci).value = {*pad1) taxi{row]lcol].value ;
oise ("andpad).taxijrow][col).value = (*pad2).1axilrow|[col].value :

!
veid lord 2ero_pad{padiype “pad) {
nt row, col ;
for (rowa0. row<ROWMAX: row++) |
for {colal; col<COLUMNMAX; col++) {
{"pad).taxil|row|[col].value = 0 ;
{*pad}.taxilfrow][col] Jast_value =0 ;
i
void lord scan_bias{padiype *biaspad, padtype ‘pad) {
int row, col ;
lord_scan{pad) .
tor {row = 0; row< ROWMAX; rowe+) {
for (coleD; colcCOLUMNMAX; col++) {

{*pad).1axifirow][col].value = ('padi.ia:ilirowl coll.value - {*Diaspad).taxil[row][col) value ;
it {{*pad).1axlrowjicol}.value < 0) {*pad) 1auxlrow][col|.value = 0 ;
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}
void lord _resetl_bias{padiype “biaspad) |

introw, ool ;
N Status ;

do {

s@ams= 1]

lord_scan{biaspad) ;

lor {row = O, row<ROWMAX; row + +)

tor {cotwl; col« COLUMNMAX; ool +) |
it ({"braspad) taxi|row][col] value » NOISE THRESHOLD) |
sals =0,

| break ;

!I' {'status) break ;

!
} while{!status} ;

-161 -



B T L L R S L R L))

D

" program : LORDCALC
” autner - MA GREENSPAN
" daw 30 Augus! 89

"

',-----oool.l.l.-l--c-l-noococo.oul-l-----l---til-.lo..o..cclltlunnn’

mindude «<sidhb.h>
#include <como.h>

#inclyde <math ha»

minclude "cic201\programsirobosensuncuderaZa2eom h”
mnclude "cMc201\programairobosensuncludetporicom h®
minclude "¢ Mc201\programsiobosensunciudelord .h”
sminclude "c:tc201\programsirobosensincludelordtilt.h”
winclude ~¢:Mc20 \programsirebosensundudelordcal h”

voud lord cahbrate{loid stats type “loid stats) |
nLindox, row, cot ;

nt cenlroid_row, centroid col |
tioatl centroid_row_sum, centroid_col_sum |

: ix B : Code Listi

v 4 _w
B )

fioal conter_ol mass_row sum, center_o!_mass_col_sum |
nt center_of mass row, centor_o!_mass_col, center_ol_mass taxil sum

padrypo pad[SIGNIFICANT NUMBER] ;

canrod row w0
centmid coiwl;
cantroid_row sum = 0O,
oconiroid_col_sum =0
conter_ol_mass_ rows=0;
center_of mass cola{:
conter_o! mass_row_sumaG;
center_ol mass_col_Sum=0;
lor (row = O; row <« ROWMAX, rom.u's
tor (col = 0; col « COLUMNMAX; col++) {
('lofd_‘slm!).!ani‘:w col].min «
["ord_stats). taxl|row]jcol

ao:

avorage=0;

(*lord_stats).taxil|row][collmax = 0 ;
{*lord_stats).1axilrow]|ool].sum = 0 ;
(*lond_stats).taxiljrow][coll.sum_ol_squares =0

]

‘or {index = 0; index < SIGNIFICANT_NUMBER: index++) {

printl{Mnindex » %d”, index) ;
lord_scan(&{pad|index])) :

|or {indox = 0; indox < SIGNIFICANT_NUMBER: index++) {

controid{pad|index) &centroid_row &centroi

d_col) ;

CONPOI_row_Sum = centroid_row_sum + centroid_row ;

centroid col_sum = centroid_col_sum + centroid_col ;
cenler_ol_mass{padfindex).8center_ol_mass_row,&center_o!_mass_col,&center_of_mass_taxil_sum) ;
center_of_mass_row_sum = center_o!_mass_row_sum + center_of_mass_row :

center_of_mass_ col_sum = center_ol_mas
for (row = 0 row <« ROWMAX; rwfu'g
tor (0ol = 0; col « COLUMNMAX,;

5_col_surn + center_ol_mass_col ;

colee} |

{*lord_stats).taxil mw{ col].sum = {‘[ord_s1ats).1axii[row]{coll.sum + padjindex].tax!{row][col].value ;

{*lord_stals) 1axilr
{pad|index].taxiljrow][col] value) '(pad[mdoxl.laxil['mw][co!l.valua)
I

ow)|col].sum_ot_squares = (*lord_stals).taxiljrow][col].sum_ol_sgquares -

{pad(index].taxilrow]|col) value < (*ford_stats).taxiljrow][colj.min) {"lord_stats).taxil[row](col].min =

padpndex].taxiljrowl|col] value
if {pad(index).taxl|
pad{index).taxifrow]jcol}.value ;

}

row][col].value > (*lord_stats) axilfrow]icol].max) (“lord_stats).taxillrow]|col).max =

H
{“lord_stats).centroid_row_average « centroid_row_sunvSIGNIFICANT NUMBER ;

{"lord_ stats).conlroid_col_average » centroid_col_sum

/SIGNIFICANT_NUMBER ;

{"lord_stats).conler_ol_mass_row_average = center_of_mass_row_sum/SIGNIFICANT NUMBER ;
{*lord_stais).conter_o!_mass_col_average = canter_of_mass_col_sunvSIGNIFICANT_NUMBER :

‘lord_stats).sum_ol averapesw 0 ;
or (row = 0; row < ROWMAX; row++} |
for (cot = 0; col « COLUMNMAX; col++) {

{"lord_stals).laxil[row]{col].average = {lloat) (*lord_stats).1axif|row|[col).sumvSIGNIFICANT_NUMBER :
{"lord_siats).sum ol averages = (‘lord_stals).Sum_of_averages « (“lord_stats).taxilfrow][col].average ;
{*lord”s1ats).taxil[rowlicol] sidev = (ficat)

sqri({ 1/SIGNIFICANT II\IUMBEHP“'lord _stats).taxifjrow][coll.sum_ol_squares - {SIGNIFICANT_NUMBER'{*lord_stats).1axil[row}icol].average})) ;
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i

. .

7
” Title : LORDDISPC !
” Author : M.A. Greenspan i
Iad Dare : 5-FEB-90 M
I Updaled : 14-Apnl-80 {added comments)
" .
1 This source fite contains graphic routines which display a 2.0
”* reprasoniation of the sensor pad on the screen and show the®!
” local edge segment that has been wenthed. The display  */
1" outlines the two endpaints and draws the hted line batween®/
” them. The hoader file associated with this source hleis  */
" LORDDISPH. ¥
” iy
[T s e s b s rae e s e a A e a b b At
Binclude <sidio.h>

#mnciude <stdlib.h>

#nclucte <canio.h>

mndude <graphics.hs

#include “c:\tc201\programsVordiestiincludelord h”
#include "c\e201\programsiiosdiestuncludeigraphadd h®
#include “¢:Mc201\programsiordiestincludelorddisp.h®

void box(int leh, int top, int right, int bottom, int bordercolor, int filicolar) |
int currenicolor ;

cumanicolor w getcolor() ;

selcolor{bordercolor) ;

rectangie(ieh, top, rght, bottom) ;

setcotor{currentcolor) ;

setlilistyle{FILLPATTERN., filicolor) ;

bar{lelt+1, top+1, nght-1, bottom-1) ;
]

void pad_display_2d{padtype *pad, int thresheld, int xollset, in? yotiset |

int row, column ;

int bordarcolor, fillcelor ;
int leh, top, right, bo 1om ;
mtxy:

bordercolor = TAXEL BORDER_COLOR ;
tor (row=0; row<ROWMAX; row++) |
for {columned; columne COLUMNMAX: column++) {

if ([*pad).iaxiifr ow column value:--:htesnold) Niicalor » TAXEL ON COLOR ;
else fillcolor = L_OFF_COLOR

calculate_taxel bordertrow. column, xoltsel yoliset, &leh, &top. &nght, 8bottom} ,
vox(leh, iop, right, bortom, bordercolor, hilcalor) ;
calculate_taxel centerfrow, column, xoffset, yotiser, 8x, &y} ;

putpixelix, y, EGA_YELLOW) ;
J
void calculate_taxel_bordar(int row, int column, int xaltset, it yoHsat, int *lett, wnt "top, int "nght, 1n1 *battom} |
‘left = row* XDELTA + xoffset ;
“top = yolisel - YDELTA®(columns1) ;
“tight m{row+1)"XDELTA + xolfset;
‘botiom = yoliset - YOELTA column ;
}
void calculate_taxel_center(int row, int column, int xolisel, int yoliset, in1 *x, 0t *y) |
int leh, 1op, right, battom ;
calculate_taxel_border{row, column, xofisel, yoliset, &leh, &top, &right. 8botiom) ;
*x w (int) (tngh:deh:fz +05);
*y = {inl) ((mp+botiomy2 + 0. 5) H
}

void draw_gedpetint row1, int columni, int row2, Int column2, int xoffsat, it yoliset) {

int left, top, right, botiom ;
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”
main() {

ntxy, y1, x2,y2 |
Al savwcolor

calcutate 1axol centor(row1, columnt, xoifsol, yelfsel, 8x1, 8y1) |
calcutate taxel conter{row?, cotumn2, xoffsel, yoltset, 32, 8y2) .

savocolor = getcolof(} ;
sotcolor{LINE COLOR) .
ling{xy, y1.x2, y23 ;
salcnior]savecolor) |

nl row, column |
padrype pad :

prnti{“nEnterod program LORDDISFT) ;
printi(nCalling gmggmsgmnanza )i
graphics_inmahze{VGAVGAMED)
prn{nReseing pad ...} ;

1or (row=0; row<ROWMAX: row++)

for (columnad; column:!:OLUMNMAX: columne+) |

pad.taxil]row][column].value = O |

]

Lad__dusplny 2d[8pad, TAXEL_ON THRESHOLD
pad.axi) OIIO]Matua = TAXEL_ON_THRESHOLD ;
pad.taxil[1}{1).value » TAXEL. ON_THRESHOLD ;
Paﬁ.laxillzlli.’].value = TAXEL ON_THRESHOLD ;
pad.taxil|3]|3] value = TAXEL_ON_THRESHOLD ;
pnd.taxill;]lgl.valuo = TAXEL_ON_THRESHOLD ;

pad.taxil value = TAXEL ON_THRESHOLD ;
pud.tnsillﬁ]lﬁ].value w» TAXEL_ON THRESHOLD .,
pad.taxil|7][7].value = TAXEL_ON_THRESHOLD ;
getch{) ;

, 100, 100) ;

pad_display _2di&pad, TAXEL_ON_THRESHOLD, 100, 100) ;

eich() ;
gnnﬂ{({ncmhng closegraph ..”) ;
closegraph() |
panti{\nk xiting programs LORDDISP ™) ;
anif{0) ;
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program : LORDFILTC o
author | MA. GREENSPAN b
date : 30 August 89 "

Ju----...u--uu--n----u“nnonn...-.-..---..un.---.---.u,

finclude <sidhb.h>

#nclude <conmah>

#inClude <math.h>

#nclude “cMe201\programs\robosensuncudevs232com.n”
ainclude *cMc201\programsivobosensunclude\poricam.h™
#nclude “¢:Mc201\programsirobosensunciudevrettype.h”
#include “c\ic201\programsirobosensinctydevord h®
mnclude "c:Nc201\programs\robosensuncludeVordhilth

void centroid{padrype pad, inl “row, i1 “col} {

!

Int row_index, col_index ;
Int row_sum, col_sum ;
int on_tals ;

row_sumaQ;
col suUM w0
on_Bxls=0;
for (row_index w 0; row _mdex < ROWMAX: row indexe+ {
tor (col _index = O; tol_ingex < COLUMNMAX: col ndex++] |
!l (pad.taxifrow_index]|col_index].vaiue » NOISE THRE SHOLD} {
TOW_SUM = FOW_ SUM + rOW index ;

ol sum w ol sum « col_index ;
on_laxisse ;

I (row_sum ea 0} 'row = B ;

@lse ‘row w (int) (row_survon_taxis) ;
It {col_sum mwm @} ‘cola 5 ;

else “col = {in1) (col_sum/on _lamis) |

void center_ol_mass(padtype pad. int "row, It “coi, it *sum_ol taxils) {

inl row_index, col_index ;
ntrow_sum, col_sum ;
Int taxil_sum ;

ow_sum=0;

col_sum =0 ;

fal_sum=0;

for (row_index = 0; row_index < ROWMAX: row mdexw)? {

lor (col_index = 0; col_index < COLUMNMAYX; col_indexs«+} {
o (pad.taxifrow_index]|col_incex).value > NOISE_ THRE SHOLD) {

TOW_SUM = row_5UM + row _sndex’pad. taxirow index)|cot index|.value ;
€ol_sum = ¢ol sum + col index"pad.taxijrow index]lcal index) value ;
taxil_sum « taxl sum + pad.1axrow index]col inges|.value ;

}

!f (row_sum m= 0) *row = 8 ;

else ‘row = (int) frow_sumvtaxil_sum) ;
if (COl_SUM == 0) "coim 5 ;

else “col w (in1) (col_sumtaxil_sum) ;
*sum_of_1axils = taxit_sum ;
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” *
I uto LORDSCRNC K]
” auinor - M A. Greenspan s
" dato 30-Aug-B9 “t
r *t

[eveasasassrisensttsasnasene sesaaunes sreseressenans,

”
” Module Descnpton :  Contains a set of routnes lor the

" graphical display of the tactle data.
”

I routnes :  pad snitahze, general_pad_ininalize,

" pad retrosh, pad_relresh_verucal
’”

" header . lordscm.h

”

minclude <graphics.h>

minclude "c:\lc20l\.programa\robcsons\mclude\monu.h‘
#include “¢:Nc201\programsirobosensindudelord .n”
mnclude “¢Mc201\programs\iobosensynclude\graphadd.h®
mnclude “cMc201\programsirobosensuncludevordscrn.h™

Jreseves R T Y R T L ]

" '

r e : vord pad initialize{paditype far “pad. int x_ofiset}

-

" input ; int x_oliset : honzontal oltset of graphical

" display of “pad

”

" oulput:  padtype lar *pad ! initialized taclie array

" data type

"

I return value none

”

" subroutings ; putpixel

”

" description initializes mapping information of tactle array

" 10 screen, The displayed array is vertal with the

I taxal valugs oxiending to the right in the horizontal
" directon, Each taxel value on the data type padiype
I has a field x and a field y which locates the O-levet
" output point of that 1axel on the screen.

”

Jeessenansiiitoisatiatrrnensen T L R L L LA LA b

void pad_iniualize{padiype lar *pad, int x_otisel} |

int row, column ;
int pixelcolor ;

ixelcolor « EGA_LIGHTGREEN ;
oc (row = 0; row < ROWMAX: row++) |
tor (column = 0; column < COLUMNMAX; column++) {
{*pad).taxilfrow][column].x = F2_LEFT + 20 + 10 * column ;
(‘pad).laxi_llrow column‘.r = F2_TOP 4+ 10 + 5 * row + 2°(10-column) ;
{*pad).1axiljrow][column).ast_value = O ;
{*pad).taxil{row|[cotumn].value = 0 ;
putpixel((*pad) taxil|row]lcolumn].x + x_ofiset,
{*pad) taxilrowllcolumn].y,
pixelcolor) ;

]

)
}
R tLI LI A IR A E R
’
" tfle void general_pad_imalize(padtype far *pad,
IS int xoftsal, int yotisat,
I nl deltax, int dedtay,
" nt slopa, int direction)
"
I nput int xotfset : honzanal ofiset of graphical display
”
" ntyoliset : verical ofiset of graphical display

- 166 -



”
” intgeltax . honzontal spacing betwean taxels in

I graphical display

”

i Int dellay ©  vertical spating batween laxals in

" graphical display

”

I intslope : oifset between successwe mws/columns
" In graphical display

”

1* nt direction : onentation of ﬂnuhicnl display. 1.e.
" VERTICAL or HORIZONTAL
”

I output: padtype far *pad : imtalized tactile array

2

" teturn value : nong

”

" subroutines : putpixel

”

" descnption ; initializes tactile array data type for graphical

I display in either the honzontal or vertical

1" directions,

b L L L LT L T L LT L PP TR L

void general_pad_initialize(padiype far *pad, int xoliset, int yoliset, it deltax, in1 daliay, 11 slope, nt direclion) {

int row, column ;
int pixelcolor ;

?ixelcnlur = EGA_LIGHTGREEN ;
or {row = 0; row < ROWMAX: row++) |
for {(colurmn = 0; column < COLUMNMAX: columns+) |
it {direcbon wa VERTICAL) {

{*pad).taxi[row][columnj.x = doliax * column + xotisor ;
{“pad).taxil[row][column].y = deltay * row + slope“{doitay scolumn} + yoifset ;

else {

('pad).taxillrow] columnl.x = deltax * row + slope*{deliax+column) + xollset ;
oW

{“pad).taxil

{*pad).taxil[row][column).last_value =0 ;

{*pad).taxil[row][column].value = 0 ;

putpixel{(*pad).laxiffrow]|column}.x,
{“pad).taxil[row]|[column).y,
pixelcolor) ;

]

"

* tite ; void pad_retresh{padiype far *pad, i1 x_offsel)
”

I input : padtype lar “pad : tactle array 1o be dispiayed
r

~ int xoifset : horizontal offset ol displayed array
”

It outpul:  none

”

" return value : none

”

I subroutines : line, pulpixel

”

" description : refreshes graphical representanan of tactile

I array in the horizonial direction.

”

! L1 R e R TIE TS L LTS I

void pad_refreshipadiype lar *pad, inl x_glisel) |

int row, column ;

int pixet ;

int andpixel ;

int linecolor, endeolor, zerocolor, blankeolor, initcolor;

linecolor » EGA_LIGHTRED ;
endcolor » EGA_WHITE ;
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}

zerocolor = EGA LIGHTGREEN .
tarkcoior « EGA BLACK |
initcoior = geltealor(}

for (row = 0. row < ROWMAX; row«s) {
lor {column = 0, column < COLUMNM.AX coluttifies) |
it {(*pag}. 11x||[ruw](co!umn] last valug > {"pad).faxuirow][column] vaiua)
endpixel = {*pad).laxijrow](column] last value ,
olse andpixet « (“pad).1axi[row]|column].value
selcolor{blankcolor) |
hno((*pad).1axi{row][column].x + x_offsel + 1,
(*pad}.1axi[row][column].y,
(*pad}.laxi[row|icolumn].x + x oftsel + endpixel,
(*pad).mxl[rowjicolumn)y) ;
! {*pad). 1ax|i|rnw||mlumn ywu 0
putpixel([*pad).laxtjrow][column].x + x olise,
{"pad).taxfrow][columnl.y,
zerocolor) |

olse |

sotcolor{linecolor) |

Ine((*pad).1axilfrow][column].x + x_oliset,
(“pad).taxl row”column)
(*pad).taxiirow]lcolumn].x + x_oHset + {*pad).tax[row}|column).value - t,
{*pad).taxilfrow]icolumn].y) ;

putpixel{(*pad).taxijrow](column)x + x_ oliset + {"pad).taxil|row][column].value,
{*pad).laxijrow]icolumn).y,
ondcolor) ;

}
{"pad) tax[row|[column).last_value = (*pad).taxi|row|[column].value ;

satcolor(initcolor) ;

e asessassdsdnser

utle ; void pad_relrash_vertical{padtype tar "pad,
int xoliset, inl yoliset, fioat scale;

input padiype far *pad : tactile image to ba disptayed
int xolisat ; oliset for display in x direction
int yoitsat; offset lor display in y direction

lloat scale : multiphcative lactor for display
of image

outpul : none

return value | none

subroutings ;  seteotor, ine, pulp xel

description ;. Outpuls graphically the current value of the
tactle array. The array will be dinplayed

horizgntally, with the array values extending
vaerncally.

A L R R R b

void pad_reiresh_verical{padtype lar *pad, int xollset, int yotiset, fioat scate) {

int row, column ;

int pixel ;
int ondpixel ;
int inecolor, endcolor, zerocolor, blankeaior, initcolor;
hnecolor w EGA_WHITE ; 1"EGA_BLACK .
endcolor = EGA_LIGHTRED ;
zarocolor = EGA_ LIGHTGREEN IEGA_BLACK

blankcolor = EGA_BLACK
initcolor = gclmlnr()
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lor {row = O: rew < ROWMAX: rows«) |
lor {column = 0; column <« COLUMNMAX; columr e |
it {{*paa).taxi|row]|ceiumn] last value » (*pac).taxi{row][column].value)
andpixel = {*pad).1axl[rowj|column) last vaiue * scale .
else endpixel = {*pad).taxi[row]|column) value * scale
selcolorblankeoior) ;
hne{(*pad) ranl[row|jcolumn).x « xoliset,
{"pad).taxtl[row]|column).y - 1 + yoliset,
{"pad).taxlrow|[ealumn) x + xoliset,
{*pad).taxil|[row]column y - andpixel « yoHisel) ,
1 {(*pad).iaxit[row][column).y == O} |
putpixel({*pad).taxirow]jcolumnl.x + xoltset,
("pad).taxlfrow}{coiumn).y s+ yoliset,
zerpcalor) ;

else |
salcoior{inecolor) ;
Iine((*pad) taxnlrowlicolumnn}.x + xallset,
{*pad).taxl row“miumn{y + yaliser,
{"pad).tani[row][column].x + xoliset,

('pan).la.ml[row]‘mlumn].y - [*pad) 1axi[row][column] value*scale + 1 « yoltset) ,
putpixel({*pad).taxlrowlicolumn).x + xolis 1,

{“padi.taxil|row][columnly - {*pad}.taxi[row|[column] value*scale » yoltset,
endomior) ;

{*pad).taxi[row]{column}.last value = {“pad).taxilrow][cotumn].vaiue .

}

!

sercolor{imiteolor) |
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ik ; MISC C "
authar - MA GREENSPAN !
dato : 26-MAY.90

M

arkbubstseatttiatsEbITaRbb st RN AL STl ERSARAS LY,

mnctuda <stdhb.ha
aincluae <math.h>
mnciude <alloc h>

mncludo "¢

Me2d1\programsyobosensuncudevmnisc.h”

float round(fioa number, i prec) |

}

char sign ,
double "whaig ;
double trac ;
double resull ;
double mult ;.

sign = POSITIVE ;

i} (number « 0) {
sign = NEGATUVE |
nuMbor = number * -1.0;

whole = [double *) malloc{sizeci(aoubie)) ,
‘wholg¢ = 0 ;

mult = pow10{prec) ;

number « numbsr * mult ;

frac = modl{numberwhole) ;

d{lrac » 0.5) ‘whole = "whold + 1

i {(rac == 0.5}8&(Imod{"whoig,2)'a0,0)) ‘whole = ‘whole + 1 ;
rosull = “whole 7/ mult ;

rasult = (figan) result ;

if (3xgn = NEGATUVE) result = result > -1.0;
return|result) ;

void bubblo sort_key(lloat “keyhist, float “*memberlist, int members) |

il indox1, index2 ;
fioat temp ;

lor index1 = 0; index’ < membors.1; indexl+«+) |
for (iIndox2=0; iIndexz < mombers-1-index1: INdex2++)
it ("(kaylhisteindax2) > “[(kaylst+index2+1}))
temp = ‘theylistandex2} ;
*{keyhst+index?) w *{heyhstyndex2+1) ;
"(keylist+index2+1) m termp ;
fomp = *(memberhst«index2) ;

“tembadisiandex?) » “(memberlisteindex?«1) ;
‘{memberst+«indaxe + 1) = temp ;

}
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" utte : PORTCOM.C *

" author - M.A, Greenspan .

" date . 30-Augusi-89 *

[Ld .

”

I Module Descripton . Contains low level commumeaton routnes
” lor AS232 senal commurication
”

I routines :  part it kbhit, port_ stat, port send,

"~ int_to hex, port_sand int, port 1ead

-

I header:  poricom.h

"

P L T T T Y Y TP T

mnclude <dos.hs

mnclude <stdlib.h>

#include <ctype.h>

mnclude “c:Mc201\programsirhintesiunclude\rs232com h*
#include “¢:\c20 V\programsirhuntestunclude'poricom. h™

P L T PP

”
* tie : void part 1iniint port.unsigned char coce)
”
I input : it port : senal com por! {1.e. COMQ, COM1,
I COM2, or COMI)
”
" unsigned char code :  imiliahzaton code
”
I outpul.  none
”
1 return value none
”
" subroubnes : L]
”
1 descnpuon Intalizes com port lor senal communicalions
" atcording 1o the atinbule in code
A s st e e s e a s r e b s
void port_init{int port,unsigned char code)
union REGS r;
1.%.0% = pon.
rhah=0;
r.h.al = code;
intB&{0x14, &r, 81);
}
ettt et R ISP R It St bennaenreanaenaant e
I ]
I bte : it kbt void)
”
* nput ; nong
”
" output ! none
”
" raturn value ; 0= false, 1 = true
”
" subroutines : niss
”
I description : i keyboanrd has been hit, returns TRUE. Otnerwise,
i return FALSE.
”

T et e L T PP PPy

7
int kbhit(void) [
union REGSr;
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rhah e SERVICEY ;
B0z 16, &r, 84) ,
it (e x ftags & 64)) |
rhah = SERVICED .,
IntA6(0216, &r, &r),
rolurn{1) ,

aise retum{Q) |

}

R R L L L LA A R G L L el il

"~

f: uo 1t port s1at(ing port)

I nput - nipart:  senal com port

:' aulput * none

: return value ;. status word

;' subroulingy nes

2: dascnphon | Returns status waord of senal com port.

f..innnollli.D..--al--n----u---ln..ocooIoIlnno--ol.-ol-------.-----‘o-tlll‘

||m port stain port)
umion REGS ¢,
r.x. 9% w DOrT;

r.hah = SERVICED
nB6(0x14, ar, &1,

relumn r.x.ax
I
LI LLIC LT LP LU RUS R R
I
" ttle : void port send{inl pont, char c}
I
* gt nt port : sefinl com port
”
I char ¢ . character 1o send
"
" oculput:  none
I
" return valug - nong
"~
" subrout:nas - IntB6
”
” descnpton ; senos a chasaclor (o the com port.
”

PR e L e R L

void port send{int port, char ¢} |

it siafus
union REGS 1;

rx.dx = port;
thalec
r.h.ah = SERVICEY;
NtB&(Ox14, &2, &r);
if {rh.ah & 128) |
printt(\\nport send erronn™y,

exif1);

}
}
P TT T TP T P T TP Y T T IR TR P T
”
I nie : char int_to_hex{int value)
”
I nput . mivalue : inpul integer value
,
" oulput:  none
”
" retuen value ; ascn code of Input integer value
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subroutnes :

aascnplion :

nong

Returns hexaaeama ascn code ol input
integer value between 0 and 15

R L Y

char it 10 hex{int value)

!

swilch [value) |

case 1 :relurn{’1) ;

case 2 :return('2) ;

case 3 refurn{’d) :
case 4 @ return{’4’) |
case 5 :rewrn(’s) |
case 6 return{’s) ;
case 7 iretlurn(y) .
casg 8 - return{'8) .
case 9: return(’s’) ;

case 10 ;

case 11

case 14

return(CA’) ;

:raturnBY ;
case 12
case 13:

roturn{'CY ;
rom:nE:D'} B

cretum(E’ ;
case 15 ;

retum{'Fy ;

fmiaul: Dreumion)

Fabd i L T

v
i

”
”
I
”
I
Iz
»
”
"
”
”
”
”
”

i L L Ty T T

une

wput

outpul none
retern vatue :
subroutnas :

descnplion

void port send Int(int port, nt value)
nt port : senal com port

nt vatue @ integer vatue

none
s¥rcpy. 1104, loasa, port send

outpuls the ascu sinng of tha indut integer to the
senal com port spectied

/

void port_send_mt(int port, int vajue)

}

it radix ;
Intndex ;
char result]10] ;

ndex = 0;
radix m 10;
strepy(rasult,.™);

noalvalug result radix);
while {Ioascii(“{result+index))'aNULL) {

]

port_send(port,*{result+index));
ndexe+;

P R T T TR L P Py P Py

”
Iz
”
"
r
I
Iz
r
"
”
Iz
I

ute:

input

outpul:  none
rgturn value :
sburoutines :

desgription :

char porl_read{int porn

intport:  seral com port
character read lrom senal com port

intB6

returns character read Irom senal com port
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chay port read(inl port)

!
nt slatus ,
urwon REGS 1,
int count ;

court= 0
go|
siatus = porl stai{port) ;
counls +,
} whila {{{atatus & 256) 84 (count < 30000)) ;
r.x.dx = port;
rhan =« SERVICEZ,
IntB&{On14, &r, &r);
i {r.h.ah & 128) prnttinport read error %, %4 \n"r haneh.al,
return r.hal,
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. .
" bte : PROBESAVC -
” aumnor : MA. GREENSPAN .
" date . 26-Sept-90 -
”

PR R

#include <stdio.h>

#include "c\proglang\tc201\programs\michaeiworkincludavora h™
Mnciude “¢:\progtangitc201\programsimicnaeiworkungudeirhing h°
#include “chproglang\tc201\programsimichaetwork\include'propesavh®

extamn int patch_no, probe_no ;
extern FILE “probestream ;

void patch_save{padiype *pad, veclor_type padlenglh, vecior type padwdth, vector type paanormat, floal olfseifa) |

Int row, col ;
Nt status

paich_nges ;
tpeint(probesiream “patch_name(\'probe_ %" "palch %d\}\n™probe ng,patch noj ,
fprint{probestream,"palch” lengih{\"prebe_ %d\™ \"palch “d\".narmal(%].2t,%3. 21,%3.2!)) \n".probo no. patch no, padiength 1, padlengit |,
padlength.k) :
fpninttiprobestream,”palch width{\"probe %dV\"patch %d\ . noemat(®ed 21.%.3.21 %3 24" probe no. paich no, padwidth 1. pactwicth ),
pagwidih.k} ;
fprintl{probesiream.“patch normaM{\"probe %d\" \"patch “%d\”.rormal{%.3.21 %3 2,223 2h) \n"probe no, patch no, pagnormal I,
padnormal.j. padnormal k) ;
tprintiiprobesiream,“paten olse(\"probe Sdi"\"patch g\ olsell®d 21 %3 217321 \n" probe na, patch no, olisel[0), olfset]1],
otfseyz)) :
tonnti{probestream,“contact array(\"probe %di™ \paich %d\,[".probe no, patch no) |
tor {row = 0; row < ROWMAX; row«+) {
tor {col = 0: ¢l <= COLUMNMAX; coles) §
Iprinti{probesiream, ™ %d, %a, %d]" row col,{ "pad) taxillrow][coll value) |
o {I{{row =a ROWMAXE& (0l < OLUMNMAX) ) (
{printf(probestream,™ " ;

|
} }
tonintl{probestream,”}) "} ;
1
I
main() {
nt paichno ;
int probenc ;
char hlename[20] :
padiype pad ;
prnd(AnEnter filename » ) ;
scani{™%s" llename} ;
prabeno = 1 ;
palchne = 10 ;
paich_save(probeno,paichno,Apad, filename;) ;
!
]
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" .

I program . REFLEX C b
" author . MA. GREENSPAN 1
I datwe 30 August B9 "t
i" *

FRLL BrieesssesaascestantieistertaranaseETtaTddidnataerentnesenne,

minclude <Stahb h>

#include <conio h>

mnclude <math h»>

#:ncludy “c:\c201\programatrobosensunduders232com.h®
mnclude “eMc201\programsiyobosansunclude\poricom.h”
Mnclude “e:\e201\programsivobosensundudevelype.h®
#include “¢:Mc201\programsirobosensynciudetlord h”
sinciude “c\tc201 \programsvobasensuncudereflex k™

it contrat funchon 1(padiype pad, lord sials fype min lord stals, lord, Stals fype max dord stats) |

Nt row, ol |
int posiive_ count, negahve count ;

positive count =€ ;
nogative count =0,
for {row = D; row < ROWMAX; ro.wo)hll
tor (col = O, col « COLUMNMAX; cole+) {
! (pad.sax row]leol vilue <w mun_lord stats.laxil‘row]‘colI.average) negatve_countss ;
i ipad.taxi[row]|col).value >= max lord_stais.taxilfrow]col] average) positive countss ;

}
it (posiive count > negative count) refum{POSITIVE HEFLE.\‘E::
clso ! (posiive_count < negative count) retum{NEGATIVE _REFLEX) ;
else refurn{NO REFLEX) ;

|

int contral function_2(padiypoe pad, lord stals _type min ford_stats, lord_ Stals_type max_lord stats) |

It row, ool ;
ftoat sum_of laxil values ,

sum_ol_taxil_valuves = 0 ;
tor (row = O; row < ROWMAX; row++) |
for (col = 0; col < COLUMNMALX; col++) {
sum_ol_ taxil_values = sum_ol_taxl_values + pad.taxi{row|[col| value ;
]
}

it {sum_of_taxil_values > max_lord stats.sum_ol_averages) return(POSITIVE REFLEXJ H
eisof (sum_ol janml values < min lord_stats.sum_of averages) returnfNEGATIVE REFLEX) ;
olso return|NO REFLEX) .

refiox lype control funcuion J{padiype pad, lord stals_type mn_lord stats, lord stats_type max_lerd stats) |

nt row, col ;

nt row sum, col sum ;

ntwaightad row sum, waewghted col_sum ;

nton_taxis ;

introw_centroid, col_centrow ;

It row_center_o!_mass, col_center_ol_mass ;

fioat sum_ol_taxi_values ;

nt 2 _reflex, row refiox, col rellex, row_rotation_rellex, col_rotanon_reflex
roliex_type reliex ;

ow_sums=0;
col sumal;
weighted _row sumwe0;
waghted_col sum =0 ;
on taxils =0
sum_ol taxil_values=0;
for (row = 0; row < ROWMAX: rcm+u'$
tor {col « 0; col <« COLUMNMAX; col++) |
sum_ol_taxi_values = sum_ol 1ax!_values + pad.taxilrow][col].value ;
it {pad.taxilrow]|col).vatue » NOISE_THRESHOLD) |
TOW_SLIM = FOW_SUM + 1OW |
0l_sum = col_sum + col :
wetghled_row_sum = weighled_row_sum + row*pad 1axil[row][coll.value ;
wesghted_col_sum » weighled_cot_sum + col*pad.taxil[row][col}.value ;
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}
o

.y

rehexzm 0

on 1axilsss

Z roflex

it (sum_ ol taxi values > max lord stats.sum of averages) reliex.z « sum of faxd values - max lord stats sum of avarages .

else it (sum_ol taxit

N

.

values < min lord stals.sum ol averages) reflex 2 = sum ol taxl values - min lora sials sum of aAVeLAgos |

row reliex

it {{row_ sum =w O)}j(on_taxils == 0)) row_centoit = B ;
olse row_controid = {int) {row_sunvon taxils) ;

2

oy

rallex.cow = {{min_lord_stats.centroid row average + max lord S1AlS cento row avorage)’?) - row conteoid |

col reflex

it {{col_sum == 0))jton_taxis == 0} col_ceniroid = B ;
olsa col_cantroid = (inf) (col_sumion_lanls) ;

o~

LT

-y

it {{row_sum == 0)|l{sum_o! taxl_vaiues == O)) row center of masse B ;

reflex.col = ({mun_lord_stats centroid_col_average + max lord stals centrod col averagelrd) - col centroid |

row_rotaton reflex

olse row_center_ol_rass = (weighted row sumrsum ol tanl values) ;
rellex.row_t0labon w ({min_lord stals.center of mass row average + max lord Sials cenlor of mMass row average)’2)

row_center_ol_mass ;
e
e

Ly

col_rotavon relex

1t ({cot_Sum == O)(|(sum_ol taxi vaiues =« 0)) col center of mass = 8 ;
aisa col_canter_ol_mass « (woighted col sumvsum of taxl values) ;

rellex.col_rotation =
col_cgnier_of_mass ;
return(ralax)
!

{{min_lord_stals.center_of mass ¢cob averages+ max lord stats cenier of mass col averagey2) -
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#include <stdib h>

#incluae <matnh hx

mndudo <afoc.h>

#include “c:Mc2C1\programsirmbosensuncludevs232com h°
mnclude "c\rc201\programsirobusensunclude\portcom.h®
mnclude ¢ \lc201\programsvobosensuncludeyrhing h™
#nclude “c:Me2d1\programsirobosensiinclude Vhingcom h™

nt rhino  query(char mator, int part) |
i result ,

port send{port, molor) ,

part send{pon, QUERY) ;

port sendiport, CR) ;

rosult = port teadipony;

I (rosulled2) resull = result + 96 |
alse result = rosylt - 32,
retyrn{rosull) :

1
int rhine motar kel char motor, 1INt port} |

in! remainder;

mi rorocount ;
ntindox ;

i resull

2erocount = 0
resulim 0
for (index = 0; iIndex < 3; ndox++) {
remander = rtuno_ queryimotor,port) ;
it ((remainder == D)|{remainder mw 1)) 20r0c0UNt+ |

}
it (zarocount > 2) resull = 1;
raturnfrasult) ;

i
vord rhino  stop(char motor, i1 pan) {
part_send(port, motor} ;

porn send(portX) ;
parl sand{port CR) ;

voud rhing reset{int port) |

port send{port, Q) ;
port_send{pori, CR) ;
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” title : RHINQKIN.C "
author : MA, GREENSPAN =
” date ; 23-MAY-90 i

" !

AR e

#include <stdhib.h>

#include <math,h>

#ncludae "¢:\ic201\programsiobosensuncludavung.h®
mnclude "cMc20Nprogramsvobosensundudevmisc.h®
#include “c:Mc201\programsirobosensiincludeyfinocom h”
mnclude “c:c201iprogramsiobosensindude\rhinomov h®
#include "c:\te201\programsirobosensiinciudetrhinonum h*
#include “cMe201\programsirobosensunclude\rhuinokin.h™

int similar_space{arm_type arm. fioat *cspace) |

finat armcspace(3) ;
floal epsx, epsy, epsz ;
vector_type normal ;

armespace{l] w0 ;
armespace 1] ul;
armespace|2) = 0

jeint_to_cartesian{arm.armespace, Anormal) ;

epsx » fabs(‘cspace-"amncspace) ;
epsy = labs(*(cspace«1)-*(armespace+1)) |
eps2z = labs(*{cspace +2)-*{armespace+2)) ;

it {lepsx < FINEGRAIN)&&{epsy < FINEGRAIN)&&(epsz < FINEGRAIN)) returni1} ;
alse return{0)

)
fleat square_dillerence(lloat “cspacer. lioal ‘cspace?) |

foatx1,y1,21;

fiat x2, y2, 22 ;

tioat xdifl, ydift, 2dift ;
fioat sqdist ;

X1 ~ “cspacet ;
¥l = ‘lcspacet + 1};
ZV = *{cspacat + 2}
%2 = ‘cspace? ;
y2 = "{Cspace2 « 1} ;
22 = ‘{cspace2 + 2) .

xdilf w x1-22;
ydH=y1-y2:
2ditf = 21 - 22

sqdist = pow(xdit,2) + pow(ydill,2) + pow(zdi.2) :
return{sqdist) ;

}
void calculate_d_seifloat espace(3]. lioal ¢, koat *d, Hioat *e) {

floatx,y,2;

Heat xhat, zhat ;
foatl ;

fioat temp1, temp2 ;
float beta, rho ;

X = cspace(0) ;
¥ = c5pace(1] :
Z = £5pace(2] ;
" xhal = (float) (sqr{pow!x.2) + powly.2)) - CAcos(c) - ap*sqrilpow(normal.,2) + paw{rormal.j2))) ; */
xhat = (ftoat) (sqri{pow{x,2) + pow(y.2}] - CA°cos{c)} ;
xhat = round(xhat,4) :
I zhal w 2 - UE - CA'sin(c) - normalk*ap ; -/
zhat = z- UE - CA*sin(c) ;
Zhat = round(zhat,4) ;
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| w {Mgat) sgri{round(pow(thal.2) 4) « round{powizhar2}.4)) |
1 = round{l,4) .

tempt « Y20 0DC)
i {lemp1»1) tompl « 1,
i {lempl < -1) lempl = -1,

batn = M Pl 2 - asinflempi) |

temp? = xhatd ;

F{lemp2 > t) lemp2 = 1 |
it [lemp2 < 1) tlemp2 = -1 ;
Mo = asin{lemp?) ;

‘dw M Pl 2-rho-betn;
‘oM P! 2-rho + Dol ;
I

im now_invarse transtorm{lioal canesian{3). arm_type "arm, vector_type normalor} {

int status ;

foat xy .

fioat a.bcdul;

tioat xhat, zhat ;

foat |, \emp1, bata, 1amp2, rho ;
arm_lypo lamparm ;

sans =0

x = cartesian|o] ;

¥ = cartemian(t}

a=0;

I = atan2{y.x) :

it {caleulate_b_c{normalor., normalor j, normalor b, §, 8b, &¢)} {
calculate_d_s(canesan, ¢, &d, de) ;
lemparm.angio.a e a ;
temparm.anglebmb;
lemparm.angletac;
temparm.angied = d;
lempamnangie.g =@ ;
tempamm.angle.!=:
temparm.slep.awg ;
1emparm.step.b = b*BSTEPSPERRAD ;
temparm.step.c = ¢*CSTEPSPERRAD ;
tomparm.stap.d = d°DSTEPSPERRAD ;
temparm.step.o » e'ESTEPSPERRAD ;
temparm.step.! = 'FSTEPSPERRAD .
il {similar_space(temparm, cartesian)) {

stausw 1,
‘arm = tempam ;

}

rolum{slatus) ;

|
N incremental_transform(float dcspace|3), vector_type dor, loat cspace|3], vector_type *nomnalor, arm_type *am) |

nt status ;

lloatx, y,2;

loatb, ¢, d,e,1;

float alpha, bota, gamma ;
float cantesian(3} ;
veclor_type newor |
arm_typa lemparm ;

SEMS=0;

Xm c:pace[ﬂi * dmpamloi ;

y = cspace[1] + despace(t)

2 = cspace|2] + despaca(2] :
cartesian(0} = x ;

mnesianll] =y,

canesian(2| = z ;

("nomnalor).i = (*normalor).i + dori;
(*narmalor).j = {"normalor)., + dor,j ;
(*normalor).k = (*normalor) .k + dork ;
b = {*arm).angle.b :

c = (*am).angle.c;
normalize_vectortype(*normalor, normaler) |
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atpha = {*normalor). ;

beta = (*normalor) .| ;

Fan‘lma = (*normalor).k ;

= atan2(y.x);

it tnew_call_bisect_b_ctalpha, beta, gamma, |, &b, COARSE B SWING, &c. COARSE C SWING) |
calcuiate_¢_e{caresian, c. &g, 8¢ ;
temparmm.angle.a=0;
temparm.angle.b e b,
temparm.angloc=c;
mpanmangieded;
tempamm.angleom e
lemparm.angled =1
lemparm.step.a~0;
temparm.step.b = {inf) (b*BSTEPSPERRAD) ;
temparm.step.C = (inf) (c*CSTEPSPERRAD) ©
temparm.stap.d = (int) (d"DSTEPSPERRAD) ;
temparm.siep.e = {inl) (e*ESTEPSPERRAD) :
temparm.step.l = (int) (*FSTEPSPERRAD) ;
it (similar_space({lemparm, cartesian)) {

slaus=1;
“arm = lempam ;

1

]
retumi{status) ;

]

void normahize_vectortype({vecior_type vector, veciar_type “normalvector) |

float length ;

lenglh = sgrifpow(vector.i,2} + pow(vactor.,2) + powlvecior.k.2)) ;
{*normalvecior). m vector.i/length ;

(*normalvector),) = vector.flength ;
{"normalvector).k « vector.klength ;

}
void joint_to_cariesian{arm_type arm, float *cartesian, vector_type “normal) {

float xyz:
fipat i.i.{ :

i = {fioat) M_SQRT_2*(cos{arm.angle.i)*sinjarm.angle.c)*cas(arm.angle by - sinfarm.angle.l} sintarm.angle.b) «
cos{arm.angle.l) cos{arm.angle.c)) ;
| = {!loat) M_SQRT_2'%{sin{arm.angle.!)*sin(arm.angle.¢)*cos(arm.angle.b) + cos{arm angle.l)*sinfarm.anglc.bj »
sinfarm.angle.f)"cos{arm.angle.c)) ;
k = {lioar) M_SQRT_2*(sintarm.angle.c) - cos{arm.angle.c) cos(arm.angle.b)) ;
I x = (lloat} (ED"cos(arm.angle.e) + DC*cos(arm.angle.d) + CA*cos{arm.angle.c))*cos(amm angle.f) » AP ;
y = {floan) (ED"cos(arm.angle.e) + DC*cos(arm.angle.d) » CA°costarm.angle.c)) sinfarm angle.f) + APY)
z = {liva) {UE + ED"sinlarm.angle.e) + DCsinfarm.angle.d) + CA*zin{arm.angle.c)) « APk ;
=
x = (fican) (ED"cos(arm.angle.e) + DC cos{arm.angle.d) + CA'cos(arm.angle.clicostarm.angle ) ;
¥ = {fioat) (ED*cos{arm.angte.e) « DC cos(arm.angle.d) + CA’cos(arm.angle.c))*sinfarm.angle.l) ;
Z = (fioat} (UE + ED"sin(arm.angle.e) + DC sinfarm.angle.d) + CAsin{arm.angle.c)) .

*{caresian) m x ;
Y{canesian+1) my ;
“{canasian+2) w 2 ;
("normal).i=i;
‘normal).j=j;
E'normalaj( -lk H
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#include <sidlib.hs

#include <stdio.h>

#include <math.h> )

#include “c:Mc201\programsirobosensiinclude\ponicom.h®
#include "¢:\tc201\programsirobosenstinclugayrs232com.h*
#includa "c:\Me201\programsiobosensunclude\rhing.
#include “c:\ic201\programsirobosenstinclude\rhinocom.h
#include "cMc201\programsirobosensincludevrhinonum h”
#include “¢\tc201\programsirobosenstinclude’rhinakin.h*
#include “e:Me201\programsirobosensinduderhinomovh®

"

int rhino_move_increment{fical despace[6), veclor_type *orientaton, arm_type ‘currontarmsiale) {

int status |
Hoat grad[6]{5). newgrad[5)[5]. djspace|5), newdcspace]s) ;
arm_type deltaarm ;

printl{“\nEntered rhino_move_increment™) ;
staus w0
rhino_grad(‘currentarmstate grad) ;
converl_grad_1o_5_by_5(grad, orientanon, hewgrad) ;
convert_cspace(dcspace, newdcspace) ;
it (cramer_S_by_S{newgrad.djspace.newdcspace)) !
eliaarm.angle.a =0 ;
deltaam.angle.b = djspaca[cll :
deltaarm.angle.c = djspaca(1] :
deltaarm.angle.d = ujspaoalzi :
deltaarm.angle.e = d|spuce|3] ;
deflaarm.angle.! = djspace(4];
delmarm.step.a=0;
deliaarm.step.b = djspace’D"BSTE PSPERRAD ;
deltaarm.step.c = djspace|1|*CSTEPSPERRAD ;
deltaarm.step.d = djspace| ZH‘DSTEPSPERRAD H
deltaarm.step.e = dispace|3'ESTEPSPERRAD ;
dellaarm.stap.! = dispace[4)'FSTEPSPERRAD ;
if trhino_reconhigure{deltaarm,RHINOPORT)) {

(‘currentarmstate).angie.a = (*currentarmsiate).angle.a + deliaarm angio.a ;
(*curreniarmstate).angle.b = (“currentarmstate}.angle.b + daltaarm.angle.b ;
{“currentarmstate).angle.c = (*currentarmsiate).angle.c + deltaarm.angle.c ;
(*currentarmsiate}.angle.d = {*curentarmstate}.angle.d + deltaarm.angle.d ;
(*curreniarmslate).angle.e = g'currentarmstate).an le.e + dollaarm.angle.e ;
(“currentarmslate).angle.l = (*currentarmstate).angte.l + deltaarm.anglo.! ;
(*currantarmstate).step.a = (*currentarmstate).step.a + deltaarm step.a ;
(*curramarmatate).step.b w (“currentarmstate) step.b + doltaarm.step.b
(*cumentamnstata).stop.c = (*currentamsta;e).step.c + deltaarm step.c ;
("currentarmstate).step.d = {“currentarmstale).step.d + deltaarm.step.d :
(*currentarmstate).slep.e = {"currantarmsiaie).step.e + dellaarm.step.c
{*currentarmsiate).step.d = {*currentarmstate}.step.! + deltaarm.stepd ;
{"crientalion).i = {"orientation).i + despaceld) :

{*orientation).i = {*ofantation).j + dcspaceld] ;

{*orientation).k = {*onentarion).k + despace(s)] ;

stausSmt;

L]
)

relemistatus) ;

}
Vi
int rhina_move_pt_to_ptifloat cspace(3), vecior_type “orientation, arm_type “armstate} |

int status ;
arm_lype initialarmstate, nextarmstate, deltaarm ;

stams=0;

Initalarmsiate « “armsiate ;

if {new_inverse_transiorm{cspace,&naxiarmstale, arientation)) |
deltaarm,angle.a = nextarmstate.angle.a - initialarmsiate.angle.a ;
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dellaarm angle.b = naxtarmstaie.angle b - inalarmstate.angle.b ;
deltaarm angle.¢ = nexarmstate.angie.¢ - mnalarmsiate.angle.c .
deltaarm.angle.¢ = nextarmsiate.nnqle.d - imtialarmsialg.angle.d |
deliaarm.angle.e = nextarmsiale.sngle.e - iImalarmsiale.angle.e ;
doltaam .angle.l » nexiarmstate angle.! - intalammstate.angle.f ;
doltasnm step.u = noxlamistate.step.a - inbalarmstate.step.a |
daltaamm.step.b = neatammstate.step.b - mbalarmsiale. step.b |
dettaarm.step.¢ = nexiannstate, stop.c - inalarmstate.slep.c |
deltaarm.step.d = nextanmstate.step.d - ininalarmstate.step.d |
deltaarm,step.e = nextarmstate.step.e - ininalarmstate.slep.e |
dellaarm.step.[ = nextarmstale.siep.f - inibalarmstate step t |

it {Krhino_recontigure{deltaarm, RHINOPORT)} {
*armsiate w intialarmstate |
joint_to_cartesian(*armsiate,cspace,onentation) ;

olso |
‘armstale = nexiarmstate |
join_1o_caresian{*armstate cspace.onentahon) |
stalui=1;
1
rotumistatus) ;

it rtuno move dalia(float despacel3], vector_type dor, lloat cspacel3], vecior type ‘normalor, arm_type *armstate) |

wit slalus |

arm_typo inilialarmstale, nextarmstate, deltaarm |

s =0,

inhalarmstale = *armstate ;
nextarmsinte = initalarmsiate ;
it (incremontal_transtorm{dcspace, dor, cspace, normater, &nextarmsiated) |

deltaarm.angle.a » nextarmstalg.angle.a - inhalarmsiate.angle.a ;
dollanrm.angle.b = nextarmstate.angle.b - nmatarmstate.angle b ;
deltanm.angle.c = nextarmstate.angle.c - imialarmstate.angle.c
daltaamm.angle.d » nexiarmsiate.angle.d - initialarmstate.angle.d ;
deltaarm.angle.¢ = nextarmstate.angle.e - initialarmstate.angie.e |
deltaamm.angle.! = nextarmsiate.angle.! - imualammstate.angle
dettaarm.step.a «» nexiarmstate.slep.a - intialarmstate.slep.a ;
dettaarm,step.b = nextammstate.step.b - initialarmsiale step.b |
deltaarm.step.c = nextarmstate.step.c - mnitialarmatate.step.c |
deltaarm,step.d = naxtammsiate.step.d - initalarmstate.step.d |
daltnarm.s1ep.e » nextarmsiate,siep.e - inibalarmstate.siep.e |
deltaam.siep.d = nextarmstate.step.l - inialarmstate.step.f ;

it {l{rhino_reconhgure{deliaarm AHINOPORT)) {
‘*armstate = initialarmstate ;
joint_to_cariesian(*armstate,cspace,normalor) ;

Llse {
‘armsiale = nextarmsiate ;
joint_to_cartesian{‘armsiate,cspace,normalor) ;
stafusm 1;

!

]
retumi{siatus) ;

}
lloat steps_per_rad (char motor) |
fioat steps ;

swilch (motor} |
case B : stops =« BSTEPSPEARAD ; break ;
case C : steps = CSTEPSPERRAD ; break ;
case D ; steps = DSTEPSPERARAD ; break ;
case € : stops « ESTEPSPERRAD ; break |
case F ; staps = FSTEPSPERRAD ; break ;
?ehuu 'slopS =0

retlum(sleps) :

void rhino_user_reconhgurefarm_type *arm) {
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arm_type deltaarm ;
floal cspace{d) ;
vecor_type normal ;

cspaglol =0;
cspaceil|=0;
cspace{2] w0
panti{\nEnter degree values lor movement ... \n") ;

printi{Mn\nnABUCUDVERA®);
scant{™%! %! %! %t %!
%f".4doltaarm.angle.a,&deltaarm.angla.b &deltaarm .angle.c.ddeltaarm.angle.d Adeltaarm angle.e,&deltaarm angle);

deltnarm.angle.a = deltaarm.angle.a * (2*M_PL350) ;
deitaarm.angle.b = deltaarm.angia.b * {2°M_PUI360) ;
deltaarm.angle.c = deltaarm.angle.c * (2°M_Pi360) ;
deltaarm,angie.d = deltaarm.angle.d * [2*M_PL369) ;
deltaarm.angle.e = deltnarm.angla.e * (2°M_PI%5L0)
deltaarm.angle.! » deltaarm.angle.! * (2*M_PY360) :

(*arm).angle.a = dellaarm.angle.a + {*am).angle.a ;
(*arm).angle.b = dellaarm.angle.b + (*amm).angle.b ;
('arm;.angla.c = deltaarm.angle.c + {*amn).angle.c ;
(*arm).angle.d = delaarm.angle.d « (*arm).angle.d ;
(*arm).angle.e = doftaarm.angle.e + (*arm).angle.e ;
("arm).angle.! = deltaarm.angle.] + (*arm).angle.f ;
(*arm).step.a = deltaarm.stes.a + ("arm).step.a ;
("arm).step.b = deltaarm.step.b + (*arm).step.b ;
(*arm) step.c = deltaarm.step.c + (*arm).step.c ;
(*arm).stap.d = deltaarm.step.d + (*arm).step.d ;
(*arm).stop.e = deltanrm.step.e + {*arm).step.e ;
("arm).step.! = dehtaarm.step.f + (“arm).stept ;

rhino_reconligure(deltaarm, RHINOPORT) ;

jeint_lo_caresian{*arm,cspace.&normal) ;
print(“ncartesian coordinates : Xw%3.21, Y=%3.2l, Za%3.20n",
cspace|Q],cspace[1).cspace[2));

H
void rhina_movelchar motor, int distanca, int port) |

char sign ;
il (distance >m= 0) Sign=POSITIVE_MOTION ;
else sign=NEGATIVE_MOTION ;

" print{"\nrhino_move %c %d" motor.distance); */
distance = abs{distance) ;
pont_send{port, moter) ;
pot_sand{part, sign} ;
port_send_jint{pon,distance) ;
port_send{port, CH) ;

void rhino_mave_wait(char malor, int distance, int port) {

char sign ;
int remaining ;
intindex ;
int zerocount ;

if (distance »w 0} 5ign=POSITIVE_MOTION ;

else signaNEGATIVE_MOTION :

distance = abs(disrancejr:

while (distance > MAXSTEPMOVE) {

r printif\nrhino_move_wait : %c %c MAXSTEPMOVE® matar sign);
part_send(port. motor) ;
m_sand{port, sign) ;
;;.grl:sendt_ri’:t(pnr%“AXSTEPMOVE) :
port_send(port, CR) ;
distance = distance - MAXSTEPMOVE ;
do {} while ({Irhino_motor_idle{motor,port)) ;

it (diswmnca > 0) é )
I printt{M\nrhino_move_wait : %t %€ %d"mator sign,distance); */
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pon send{parl, motor) |

port sond{port, sign) ;

port send ni{port,distance) ;
port send(port, CR) .

it rhung reconhigurefarm _type amm, nt pon} |

char maior ;

nt arbrcrdrerlr

nt adone, bdone.cdone,ddone.edone,fdone |
arm _fypo temparm ;

adono w0,
bdono =0 ;
cdone = 0
ddone = 0;
odont = 0]
idono = 0]
1OMpPRNm = 4nm

do { ,
it {{ladone)8&(rhino_motor idle(A,porh)) |
it {lemparm.step.a > MAXSTEPMOVE) ar = MAXSTEPMOVE ;

else
{ il (tomparm.siep.a < -MAXSTEPMOVE) ar = -MAXCTEPMOVE :
olsa |
ar = tgmparm.siep.a ;
adong = 1;

}

temparm.sigp.a = lemparm.step.a - ar:
it (ar Y= 0) rhing_move[A,ar part)

il {{Ibdone)&&(rhino_motor_idla{B,port}}) |
it (tomparm.step.b » MAXSTE PMOVE) br = MAXSTEPMOVE ;

else
{ il (temparm step.b < -MAXSTEPMOVE) br = -MAXSTEPMOVE ;
alse {
br = temparm.step.b ;
bione s 1

}

|
lemparm.step.b = tlemparm.step.b- br ;
if {br Yu O} rhino_move(B,br,port) ;

it ({'cdone)&&(rhino_motor_idle(C.port))} SJO

il {temparm.step.c > MAXSTEPMOVE).cr « MAXSTEPMOVE ;
else
! it {temparm.siep.¢ < -MAXSTEPMOVE) cr « -MAXSTEPMOVE ;
else {
Cf = lempam.step.c ;
ocdone = 1)

}

}
lamparm.step.c = lemparm.siep.c- cr |
it {cr t= O) rhino_move{C.cr.port) ;

il {{lddone)& &(rhino_motor_idle{D,port))) Lo
it fremparm step.d » MAXSTEPMOVE) dr « MAXSTEPMOVE ;

else {
if (temparm.step.d < -“MAXSTEPMOVE) dr = -MAXSTEPMOVE ;
else |
dr = Jamparm.stepd
ddona = 1;

]
temparm.step.d = temparm.step.d - dr;
it {dr Y= O} rhino_move(D.dr,port) ;

it {{tedone)&&(rhino_motor_idle{E.por))) |
if (temparm.step.e > MAXSTEPMOVE) er s MAXSTEPMOVE ;

else
! it {temparm.siep.e < -MAXSTEPMOVE) er » -MAXSTEPMOVE ;

else |
@r = lempanm.siep.e ;
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!

lempamistepe = lemparm.siep.e - er ;
it (er I= ) rhino_mowe!{E er port) ;

it ((Il'clone)&&(rhmo__mo:nr_idlolF.por}[)B lMO
it (tempam.step.! » MAXSTEPMOVE) tr « MAXSTEPMOVE :
alse {
if fremparm.step t < -MAXSTEPMOVE) Ir = -MAXSTEPMOVE :
else |
ir = temparm.step.! ;
fdonow 1,
}

]
temparm.siep.! = temparm.step.f- I ;
it {Ir 1= 0) rhino_move(F irpart) ;
} white (I((adono)aa(bdone)&&(cdona)&&tddone)&&(odono)&&(fdono)}) :
return{1) ;
}
void rhino_move_wail_rads{char motor, Hoat rads, int port) {
in! steps :

steps = {inl) (rads * steps_per_rad{motor)} ;
rhino_maove_wait{motor,steps port) ;

]

int rhino_reconhgure_radsiarm_type *deltaarm, int bort) {

arm_ltype am ;
”
printii\nEntered rhino_reconfigure_rads”) ;
print{n\nAMBYCHDVEYF) ;
PANIALY%D. 2M%3. 2M%3.201%3 2M%3, 2\ %3 21,
(‘dal:aarmracs).a.('caltaarrnrads).b.t'daltaarmrads:.c.(‘doitaarmrads].d.('dellnnrmrnds).o.('delmnrmrads).t) .
*t

arm.siep.a = {in1) (("deitaarm).angle.a * steps_par_rad{A)) ;
arm.slep.b = {int) ({*deltaarm).angle.b * steps_per_rad{B)) ;
arm.step.c = (inl) {(*deltaarm).angle.c * steps_per_rad(C)) :
arm.step.d = (inl) ({*deltaarm).angle.d * steps_per_rad(D)) ;
arm.step.e = (in1) ((*deltaarm).angle.e * steps_per_rad({E)) :
arm.step.§ = (int} ({*deltaarm).angle.! * steps_per_rad{F)) ;

thino_reconligure(arm, pon) ;
raturnf1} ;

]

int rhino_restc{ua_a:m(ﬂoa: savecspace[3)], vector_type saveor, arm_type savearm, float restorecspace{d). vector lype ‘restoreor, arm type
‘resiorgarm) '

int status ;
arm_type deltaarm ;

dellaarm.angle.a = savearm.angle.a - ("restorearm).angle.a ;
deltaarm.angle.b = savearmn.angleb - {"reslorearm).angle.b ;
dellamm.angle.c =« savearm.angle.c - (*restaroam).angle.c ;
deltaarm.angle.d = savearm.angled - {‘restorearm).angle.d ;
deltaarm.angle.g = savaarrn.anqle.e - {"restoreanm).angles ;
deltaarm.angle.! = savearm.angle.f - {"rastorearm).angle.l ;
deltaarm. step.a = savearm.siep.a - (“restorearm) step.a;
deltaarm . slep.b = savearm step.b - (“restorearm).step.b :
deltaarm.siep.c = savearm.siep.c - (‘rescorearm),step.c ;
deltaarm.step.d = saveam.siep.d - {*restorearm).step.d ;
daltaam.step.e = savearm.siep.a - {‘restorearm).step.e ;
dehaam.step.! = savearm.step.! - (*rastorearm).siap.! ;
staus = rhino_reconfigure({deltaarm, RHINOPQORT) ;
if {status) {

‘restorearm « savearm |

*rostorecs = saveor ;

resmrecspaca[ﬁ] - savecspace[ﬂl :

restorecspaceti} = savecspace(l)

restorecspace(2] = savecspace(2] ;
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relumistatus) .
i

voud rhind save arm(foat cspace[3], vecior type or, arm_type arm, float savecspace(3], vecios_type *savedr. anm_type “savearm) |
*Saveann = am ;
*SavVeOr « OF
savecspacel0] » cspace|t] ;
suvec.wncu!!l [ cspacelll R
savecspace{2] = cspace(2]
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I nte : RHINONUM.C M
” author : MA. GREENSPAN b
I date : 20-MAY.00 M
” “

e e L e T LT LT PETT P

#hinclude <math.h>

#include <stdo.hs

mnclude <oonio.h>

#include “c:\ic201\programsirobosensuncluderhing h°
#include "c:c201\programsirobosensuncludevhinocom.h”
fAinclude “c:uc201\programsirobosensinclude\rhinokin h®
#nclude "c:Mc201\programsi\robosensuncludevrhinonum b~

Hioat calculate_gammatiioat b, fioat c) {
foat gamma ;

gamma = -{1/5qr1{2))*cos{c) cos(b) + (1/sqr(2})°sinfc) ;
raturn{gamma) ;

1
float calculate_alpha(fioar b, Hoat ¢, hoat f) |
float al, .a;

alpha « (Hioan (Vsgr{2)) {cos(l) sinic) cos(b) - sintf)*sin(b) « cosil)*cos(c)) ;
teturn{alpha) ;
|

fioal calculate_beta(fioat b, lloat ¢, fioat ) {
Hoat beta ;

beta w (1/5qr{2))*(sin{!)*sin{c) cos(b) + cas(f)*sin(b) + sin{l)*cosic)) .
] retum(beta) ;
}
ini call_bisect_b_cilioat aipha, fioat beta, licat gamma, ficat !, fioat *b, loat bswing, lloat “c, lioal cswing) {
nl stahus ;

printi{"nEmered call_bisect_b_¢7) ; ]
status = bisect, b_c(alpha, beta, gamma, I, b, bswing, ¢, cswing) :
retum{status) ;

]
int new_call_bisect_b_c{lioat alpha, Nioat beta, ficat gamma, lloat !, 'oat *b, float bswing, ftoat “¢, ftoal cswing) |

int status ;
fioat error ;

" printf(AnEntered call_tisect_b_¢*) ;%

SuS=0;

do{
grror w new_bisect_b_dlalpha, beta, gamma, 1, b, bswing, ¢, cswing) ;
bswing = bswing/2 ;

CSWING = CSWINg/2 ;
} while ({error > F?NE_ABG_ERROH)&&(bswmg > MIN_B_SWING)&&(cswing » MIN_C_SWING)) ;
il (error <= FINE_ABG_ERAOR) status = 1;
refum(status) ;

H
ficat new_bisect b_c(fioar alpha, fioat beta, Hoat gamma, fioat I, fioat *b, fioai bswing, foal *c, Hloat cswing) |

int bindex, cndex ;
fisatbo, ¢ ;

ficat tampb ;

ficat tempg ;

ficat tempalpha ;
fioat tempbeta ;

fioat tempgamma ;
fioal arror, minerrar ;

bO0="b;
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!

d='c,
minerror = LARGE NUMBER |
lor fandes=-1; Qnagx<s1, ONdoxtes) |
1ompe « GNOeX * CSWING + C0 ;
tor {(endexa-1; bindexcu; bindex+s) |
lemph = bingex * bawing + b0,
tempalpha - calculate alpha(tempn.tempc.t; |
lempbala » calculate_beta(tempb,lempc.f)
lempgamma = calculate _gamma(tempb,tempc) .
error » fabs{tempalpha - alpha) + labs{tempbela - beta) « labs{lempgamma - gammaj ;
if ferror < minerror) |
MINGITOr m OFION
‘b= tempb ;
‘Caemps;

}

}
panti{mnbisect b ¢ (peerror) = { %1, %l %7, "b, "¢, mnermror) .
roturn{minerror} ;

slalic il near pascal isect b c{fioat alpha, ficat beta, flioat gamma, tioat I, koat far °b, fioat bswing, toal far *¢, Hoat cswing) {

nl statys |

int bindox, cindex ;
flont b0, c0 ;

float tempb ;

flon! tempe ;

fioal tempalpha .
fioat tompbeta ;

float tempgamma |
flcat error, minarror

priniftanEntared isect_b € [b.c) = (%L%I17, "0, "¢) . ¥
stnus=0;
b D

ds‘c;
minarror « LARGE _NUMBER ;
lof {andoxs-1; andex<=1; cndex++) {
tempe ~ cndex * tswing + ¢D;
lof {bindexs-1; Bindex<m; bingaxss) |
tempb = bindax * bswing + b0 .
tempalpha = calculale alphaflempb tempelt) ©
tempbeta = calculate_beta(temnpb tempe,l)
tempgamma = calculate_gamma(temph,iampe) ;
error = fabs{iempalpha - alpha) + fabs{tempbeta - beta) + fabs{tempgarnma - gamma) .
i {error < menerror) |
minemor = eror ;
‘b w lempb ;
'€= tempc ;

i

]prinﬂ('\nbcsoct_b_c s {b.c.error) m { %I, %, %), 0. ‘¢, minefror) ;
il (error < FINE ABG ERROR) {

shAlSw 1 ;
}
else |
bswing « bswing/2 ;
CSWING = CSWING/2 .
it {({cswing>aMIN_C SWING)||{bswing==MIN_B_SWING}) {
slatus = bisect_b_c{alpha, beta, gamma, {, b, bswing, ¢, cswing) .
}
ratum(status) ;

fioat hnear_approximate b_c{lioat alpha, Hoat beta, Hoat gamma, fiaat f, fioat lob, fioat hib, fioat bstep, fioat foc, lloat hic, ficat cstep, fleat *b, fioal *c) |

fioal 1empb, tempc ;
fioat error, mmerror ;

rmunerror « LARGE_NUMBER ;
QIO = MINGTor

tempb = f0b ;

do
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errar = faps{calculate aiphaitempb.tempe.i)-alphal » fabs(calculate oetajlempb tempe )-bata) +
labs(calculate_gamma(tempb_ tempc)-gamma) ;

it (error < minerror) |
"0 alomph ;
'C = IBmpC
ITUMGITOr = @rIOr |

1BMmoc = loc |
do{

" Lrlnn(‘\n\ummpb Llempc . ardr) = [ %, %t %07, tempb, tempe, errory | ¢
empc « lempe « cslep |
| while (tampe < hue) ;
fempb = t@mpb + bstep ;
} while (lempb < hib) ;
return{minerror) ;

int calculate_b_c(fioat alpha, fioat beta, ficat gamma, foat 1, lloat *p, foat °c) |

in} status ;
Hoat error ;

1 pnnti{"\nEnterad calculate _b_¢*) ;¥
shus w0

" pnni(\ncoarse approximate ..M ;¢

arror » hnear_approxmale bh%alnha. beta, gamma, 1.-M _P1L.M P COARSE B STEP,-M Pi 2,M P! 2, COARSE C STER.b.o) .
it terror <« COARSE _ABG_ERROR] |

I panti™\nhne approximate ...7) ; °/
status = new_cafl bisect_b_c(aipha, beta, gamma, ¢, b, COARSE # SWING, ¢, COARSE C SWING) .

1
relumisians} ;

maing) {

fioat alpha, beta, gamma, b. ¢, 1 ;
lioat eeror ;
char resp ;

do |
print(M\nwnEnter value of alpha bata gamma » ™) ;
scanf{™%! %! %f*, dapha, &beta, Agamma) ;
pantfnEnter value ol £ > ) ;
scani(™%r. &f} ;
rintt{“\ncalcutatng b e .. ;
= "M_P1180 ;
it {caleulate_b_c(alpha, beta, gamma, 1, &b, &c)) |
pnntl{t\nsuccoss”) ;
prnti(b.c) = %, %47, 5*180M PLE"180/M Pl ;

|
e'se printf{"intailure™) ;
pnntf("nRestar or Exit (RYX) > %) ;
resp = getch{) ;

} while ({resp=u’r)||(respawRY) ;
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" "t
” utte - RHINOPROQ.C “
" author : MA GREENSPAN *
” date : 4-JUNE-S0 s
" "t
P T TN rraanaiiesees

mincludo <sidhb h>
nchude <sido h>
mnclucn <conoh>
Mincluge «<math.h>

mncludo “c:\e201\programaibosensinclude'vhing. h*
mnclude “c;\tc201\programavobasonsuncludevrhinokin h™
mnclude *c:\Mc201\programsirobosensincudevrhinomovhy’
Minciudo "c:\te201\programavobosensuncudevrhinopro.h”

voud cillculate arm lengih ams{arm type *arm, vector type “padiength) {

float root2 ;
tioat bel;

b« (*amm)angleb ;
c={*armjange.c:

e (‘mm)angle.t;
root?2 = (Hoal) sqrif2) .

{*padlength). = {lloat) ((1/root2) {-cosif) ‘sin(c)"cosib) « sinfli'sinib) « cos’l)cosic))} :
("padiangth).j = {lioat) {{1/root2) {-sin(l)"sinic) ‘costb} « costli*sinid) + sty cos{el) .
(*padigngth).k = (lioat) {{1/r0012)*(Cos{c) cosib) « sinfe)} :

}

vond calculate_ arm width_axis(arm type ‘arm, vector_type “padiengih) {

flom bl

b (*arm).angieb ;
c = ["arm)angle.c;
I = (*arm).angief ;

(*padtangth).i = (Hoal) ({-cos{f)*sinfcy*sin{b) + sin(l)*cos(b))) ;
[*padiength). = {lloal) -{{-sini) "sin{¢)*sinlb) + cos(!) cosiby)) ;

{*padiength).k = (Hoal) {{cos(c}"sin(b)}) ;

Appendjx B : Code isting

void rotale_around_arm_widih_ams(foat epsilon, arm_type *am, vecior_type or., fioal cspace(3], lloat padcspace|3), vector_type "dor, lioa:

despace|d)) |

float rog12 ;

foatb.c.t:

fioat alpha, beta, gamma ;
Hoatdist ;

vector_type rotatedor |

@it = (floal) (pow(cspace]0]-padespace{0).2) + pow(cspace] 1}-padcspace[1].2) » pow{cspace]2}-padespace]2].2)}

disl = {fioal} sqri{dist) ;

b = (*arm}.angle.b :

c = {"ammjangle.c;

I = (*arm).angle.f ;

alpha = (tioal) (cos(M _PI_4 + epsilon)*cos(b)) ;
bela = {fical) (cos(M Pl 4 + epsirn)*sin(b)) ;
gamma « {tioat) sn{M_P1_4 + epsilon) ;

rotatedor.i = (float} (cos({t)*sin(c)*alpha - sin{f)*bela + cos(f)*cos(c)"gamma) ;
rotatedor.) » (floal} (sin(f)"sin{c)*alpha + cos(f)*beta + sin{f)*cos(c)"gammay ;

rotatedor k = {float} (-cos(c)*alpha + sin{c) gamma) ;
normalize vectortype(rotaledor, &rotatedor) ;
{"dor).1 = rotatedor. - o1 ;

{"dor).j » rotatedor,) - or ;

{"dor).k = rotntedork - or.i ;

despace(0) = padespace]0] - rotatedor.i‘dist - cspacef0] ;
dcspace[1| = padcspace 1] - rofatedor.j*dist - cspace|1] ;
2 2| - rotatedor k'dist - cspace(2) ;

despace|2?| = padespacel
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"

” program : SAVSTATS.C i

” author : MA. GREENSPAN *

I date : 30 Augus! 89

-
L L LT T TT P T PR FOT
mndude «stdlib.h>

mnclude <stdio_hs

minctude “c:\tc201\programsirobosensunciudetlond h™
mnclude “e:\c201\programsirobosensunciudelordhit.h®
#include “c:itc201\programsiobesensincludetrhing h™
mnclude "c:\tc201\programsirobosensindudetsavstais h”

vod save_lord_stats{lioal cspace{3). vector_type cnientanan, ford slats tyoe lord stats, FILE “wnte streamy) {

Al

tprANUiwrle_ SIBAM, T eeme et sttt e "
fannttiwrite_stream,“\nLocationmuidiimynzy ;

Iprintiwrite_straam, \niai%d.2A%3, 2Mnr%d 21 cspace|0).cspace]1].cspace(2]) ;

tprintiwrile_stream, “nOrientatomt ALK ;

Tpnntfiwnite_stream, "M%, 2AM%3.2AM%3.21° orientation i.oneriaion.| onentaton. k) ;
tprintliwrite_stream,“\nCentroid Row Average = %3.21 lord_slats.centroid_row average) ;
tprinti{write_siream nCentroid Cot Average = *%J.21 lord_stats.centroxd_col_average) ;
fprintfiwrite_stream,\nCenter of Mass Row Avarage = %3.21"lord_stats.conter ol mass row average)
fprintifwrite_stream “nCenter of Mas: Col Average » %3.21" lord_Stals.center ol mass col average) .
tprintiiwhie_stream,"\nSum of Taxil Averages « %3.2[lord_stats.sum_of averages) :

for (row = 0; row < ROWMAX: row+«) {
for {colm 0; col < CQWNMAX. €0l++) {
{'lora_stats).taxirow](col).average = (Moar) {*lore_ stai).taxlfrow][col] surmvSIGNIFICANT NUMBER
{“lord_stats).sum_ol_averages = {‘lord_stats) sum_ot avorages «+ (‘lordstats).1anljrow](colj.averagoe |
(‘lord_stats).1axil[row][col.stdev = (Hoaty

sQrif{/SIGNIFICANT_NUMBER)*{{"lord_siats).tan[rowficol|.sum ol squares - (SIGNIFICANT NUMBER*{"lord stats).tax[row][col]. average))} ;
}

oy

1

}
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