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Abstract

The central aspect of implementing a functional programming language is the design of an
evaluation model: an abstract view of how the underlying machine executes functional pro-
grams. To make informed decisions in designing an evaluation model, the implementation
designer needs to have a good understanding of mechanisms constituting the available eval-
uation models and their relationship to functional programming and computer architecture.

This thesis provides one way of arriving at that understanding through analyzing the
execution behavior of a set of functional programs on implementations based on two contrast-
ing evaluation models: an environment one and a reduction one. The essential difference
between the environment and reduction evaluation models, is that the former centralizes
the dynamic context! while the latter distributes it. The consequences of choosing either to
centralize or distribute the dynamic context are studied using data on execution behavior
of functioral programs.

In the experimental part of the thesis, environment and reduction evaluators are built
and instrumented to generate execution profiles, which contain measures of computational
resource usage. It is demonstrated how the execution profiles can be used to compute costs

incurred by the two evaluators.

In general, the dynamic context of a computation is that part of the overall context which
changes during a computation and, therefore, reflects the progress of the computation.

v
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Chapter 1
Introduction

Early on in the era of electronic computers, programming language designers and
implementors had to work within the boundaries imposed by the von Neumann hard-
ware architecture. This strongly affected what programming languages could be ef-
ficiently implemented. In fact, it has been said that our continued dependency on
von Neumann computers has seriously limited development of non-von Neumann, or
alternative, programming languages [4].

The dominance of von Neumann computers may have limited, but it certainly did
not extinguish the development of alternative programming languages. As early as
1960 it was clear that, at least in one application area, namely symbolic computing,
the dominant language of the time, Fortran, would not do and that there was a need
for a more expressive programming language.

The earliest significant result of the efforts at designing a programming language
for symbolic computing was Lisp [24] [17]. The honours go to Lisp for demonstrating
the viability of an alternative, mostly functional, style of programming despite the
efficiency problems of its implementation on von Neumann style computers. Since the
emergence of Lisp mary other programming languages have appeared that supported
programming in one or more of the alternative paradigms common today: functional,
logic, and object based. Paralleling the rise of these new languages was work in
language implementations and in language oriented computer architectures (both
sequential and parallel). Once the viability of alternative programming languages
was established, computer architects could start developing hardware structures for

supporting alternative computational models.



It is widely recognized that high performance programming systems can only be
attained by designing computer architectures that make it feasible for compilers to
generate code that will execute fast [26]. RISC architectures owe their success in
large measure to this philosophy which recognizes that most of the code executed
by today’s processors is generated by compilers and that, consequently, the job of a
computer architect is to provide a simple and useful execution platform for the design
of a high level language implementation. To find out the simplest yet useful set of
architectural features, the computer architect needs to know the static and dynamic
characteristics of code generated from typical applications, which in turn implies an
ability to study execution behavior of these applications.

Analysis of execution behavior for purposes of designing commercially successful
high-performance processors has been confined to applications coded in conventional
imperative programming languages. No such analysis by designers of commercial
processors has been done for functional programming applications even though, for
a significant number of symbolic and numeric applications, functional programs have
definite advantages over imperative ones—they can be written quicker, are concise,
are higher level, are amenable to formal reasoning and analysis, and are amenable to
parallel execution [17]. In the Lisp community functional programming techniques
have proven themselves over many years and over numerous applications. Despite
that, however, there remains a problem of relatively high execution costs incurred by
functional programs on conventional processors when compared to optimized imper-
ative programming language implementations. High-performance RISC architectures
offer no new hope to functional programming because they were designed for support-
ing conventional imperative programming languages. As a result, the performance
gap between conventional and functional programming languages remains alive on
most general-purpose computing platforms.

It is clearly essential to future success of functional programming languages that
there be a significant improvement in the efficiency and performance of their imple-
mentations. This thesis proposes an approach to analysis, comparison and prototyp-
-'ing of functional programming implementations that leads towards that goal. The
approach is based on the use of quantitative data on execution behavior of typical
functional applications in analyzing and comparing implementation approaches, and

as the starting point for development of efficient functional programming language
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implementations.

1.1 A Perspective on Programming Languages

and their Implementation

This section is the first step in the developing the approach: it gives a perspective on
the problem of programming language implementation in general.

A computer programming language is both a medium for communicating with a
computer and a system of abstractions that is used to build programs that execute on
that computer. Viewed as a communication medium, a programming language 1s a
set of syntax rules that specify valid sentences or programs; the syntactic rules define
the form, as opposed to the content, of programs.

A programming langnage is not simply an accidental gathering of concepts; rather,
it is a system, an organized collection of abstractions with one, unifying function:
to provide building blocks for designing programs. The origin of requirements for
this system of abstractions is the expected application domain of the programming
language. The nature of the applications for which the programs are built ultimately
determine the characteristics of those abstractions that will be most useful. The origin
of constraints, on the other hand, is the machine that executes the programs, because
it determines what abstractions can or cannot be supported effectively. Accordingly,
a programming language is the result of meeting the demands of the application area
with a system of abstractions that can be implemented within the constraints imposed
by the underlying machine.

An understanding of the relationship between applications and abstractions is
critical to the design of programming languages. This understanding is also critical
to the programmer, because it is he that will build programs out of these abstractions,
Furthermore, if he is to build programs that do what is intended, the programmer
needs to have a full understanding of the semantics of both the abstractions and of
their combinations.

The design problem in programming language implemention is the construction of
a machine that can execute programs expressed in the programming language, or some

intermediate language into which the programs are first translated [27]. Normally, for



high-level programming languages, this executor consists of a hierarchy of machines,
each with its own language [27). The programming language, its translator and
executor constitute a programming system.!

A useful way of defining a programming language semantics is as a set of evaluation
rules for the expressions of the language. Evaluation rules can be used by the machine
designer to determine what it means to execute programs, i.c. help him understand the
behavior of programming language abstractions. These same evaluation rules can also
help the programmer build programs that behave as he intended them to. This type
of programming language semantics is normally termed operational semantics, which
is in contrast to denotational or axiomatic semantics {20] [21], that are mathematical
descriptions of meaning. These formal semantics, being an abstract definition of
meaning, are independent of any particular implementation approach.

An evaluation modelfor a programming language is a high-level model of execution
behavior of the language components and their combinations. The model specifies
evaluation rules for the language, which define the behavior of any evaluators based
on that evaluation model. In the hierarchy of machines that together constitute the
executor for the programming language, the evaluator is the first level machine, which
is normally referred to as an abstract or virtual machine [27]. At the bottom of the
hierarchy is the hardware executor, and in the middle, there may be any number of
intermediate machines.

Each layer of a programming system is a machine which internally consists of
a processor-memory pair, but externally behaves like a memory responding to re-
quests [28]. Or each layer has a processor that interprets outside requests, and sub-

mits requests to its memory, which is itself a processor-memory pair. The whole

system looks like

...a hierarchy of data abstractions, each implemented in terms of a more

primitive one. [28]

Under this view, an evaluation model for a programming language is a memory that

1A broader definition of a programming system would also include various program developments
tools such as debuggers and smart editors. In programming, the tools are often just as important as
the programming language itself; however, here the definition of a programming system is restricted

because the focus in this thesis is on design of executors for the class of functional programming
languages.



responds to requests; or, equivalently, a data abstraction where the actual datum is
an expression in the language and evaluation is an operation on it. Consequently,
comparing two different evaluation models is like comparing two different data ab-
stractions for the “same” data object. This data abstraction view is easily extended
to the whole programming system, which under the broader definition above, includes
the program development environment and the executor. That is, in a programming
system for a language, the datum is a program in the language and the operations
may include the following: store, edit, retrieve, compile, evaluate or execute, debug,

instrument, optimize, visnalize and so on.

1.2 The Purpose and the Methodology

In the terminology of the previous section, the purpose of this thesis is to develop an
approach to analysis, comparison and prototyping of evaluation models for functional
programming; an approach that will lead toward an improvement in the efficiency
and performance of functional programming implementations.

The analysis aims to understand the mechanisms used by the two evaluation mod-
els to satisfy the requirements of functional programming languages. The language
used to embody the essential abstractions of functional programming is fScheme, a
functional subset of the Scheme dialect of Lisp®. fSchemeis a language that consists of
a small set of abstractions centered on the twin concepts of function and data as they
appear in functional programming (significantly different from their counterparts in
imperative programming). This permits the thesis to focus on the implementation of
the core elements of functional programming. While the analysis mainly deals with
the design alternatives at the evaluation model level, it can be extended to include
an examination of how possible hardware machine designs affect the feasibility of the
evaluation models; and, hence, how hardware machine designs indirectly, through the
evaluation model, affect the feasibility of the abstractions that make fScheme.

The main tool for analysis, comparison and prototyping consists of two instru-
mented evaluators for functional programs. These evaluators generate execution pro-

files that characterize the computational activities in evaluating {Scheme programs.

2Scheme is discussed in Chapter 2 and Chapter 4, and fScheme in Chapter 4.



The execution behavior of fScheme programs is used to study how the various ab-
stractions that constitute fScheme can be implemented, and how expensive these
implementations are in terms of computing resources. In this way the consequences
of design decisions at the evaluation model level are exposed, while at the same time
providing an estimate of the cost of execution for functional programs.

In this thesis, execution behavior is central to answering the question

How effective is an evaluation model in bridging the gap between a pro-

gramming language and an underlying computer?

The answers will be useful in understanding, and, consequently, improving both the
evaluation model and the computer. Execution behavior can also be used in estimat-

ing the costs of new language features.

1.3 Thesis Outline

Chapter 2 presents the basic system of functional programming abstractions and some
of the major languages that embody them. It deals with such issues as the concepts
of function and data in functional programming, state in imperative versus state in
functional programming, and higher order functions.

Chapter 3 discusses evaluation models and computer architectures for functional
programming. It classifies the evaluation models into those that centralize their dy-
namic context and those that distribute it.

Chapter 4 defines the fScheme programming language and its operational seman-
tics in terms of the environment evaluation model (an archetypical centralized imple-
mentation approach).

Chapter 5 defines the Environment and Reduction Evalusiors for fScheme which
embody, respectively, the environment and reduction evaluation models.

Chapter 6 presents the execution profiles of each of the benchmarks running on
the two machines, and a detailed cost analysis based on one of these execution pro-
files. This chapter concludes with the reasons for the differences in computational
costs incurred by the two evaluators. It is also suggested where to concentrate when
optimizing for space and time costs in the two evaluation models.

Chapter 7 concludes the thesis and suggest directions for further research.



Chapter 2
Functional Programming

The purpose of this chapter is to present (1) the key concepts of functional pro-
gramming in the context of environment model evaluation rules and (2) some of the

programming languages based on these concepts.

2.1 The Functional Programming System of Ab-

stractions

Functional programming is building programs using a system of abstractions centered
on the twin concepts of function and data. Accordingly, the core concepts of functional
programming languages are functional abstraction and function composition, and their
analogues in the data domain, data abstraction and data composition.

This section presents the basic abstractions that appear in functional programming
languages with emphasis on their meaning rather than form. One notable abstraction
that is missing from functional programming languages is the concept of mutable
state and the associated assignment operation. The consequences of this absence are
discussed in this section.

What follows, is a somewhat more extensive presentation of basic elements of
functional programming than may appear necessary at first glance. The reason for
dwelling on the fundamentals of functional programming is to provide sufficient back-
ground for understanding the primary requirements placed on any proposed evalua-
tion model for functional programming.



2.1.1 Functional Abstraction

The purpose of this section is to elaborate and illustrate the concept of a function as
it appears in functional programming. In computation, a function is an abstraction
of values over some commion pattern of operations [17].The power of the function as
a building block for programs stems from the fact that it permits the use of the same
pattern of operations (expression) for different values (arguments). For example,

rather than writing! over and over again every time we want to double a number

(+ 33) (+44) (+585)
we can, instead, define a function double®

(define (double x) (+ x x))

to do the same operation for any number x. The expression for applying double to

number 3 is
{double 3)

In the act of defining the function double, the actual numerical values have been
abstracted away and in their place a variable x was used; the operations used in
doubling a number are hidden inside the function, so that a user of the function only
needs to know the function name and what it does rather than how it does it (the
body of double could have been (* 2 x) rather than (+ x x))}. This is the essence

of programming language abstractions: hide the implementation details of whatever

1Unless otherwise specified, programming examples are in the syntax of the Scheme dialect of
Lisp, both of which are discussed in the following two sections.

2Scheme syntax for function definition is
(define ({name) (variables}) (body))
and for function application is
({name) (arguments))

where (name), {variables), (body}, and (arguments) are part of the language used for describing
the syntax of Scheme, not actual Scheme expressions. The report on Scheme [6] refers to them ag
syntactic variables, i.e. variables which denote valid Scheme expressions.



computational object is being defined and make visible to the user of the object only
those things that are necessary in using the object or in building with it other, more
complex, computational objects.

For example, to use double in building product-of-doubles, the programmer
needs to know how to apply double to an argument, and how to combine simpler

functions into more complex ones:
(define (product-of-doubles a &) (* (double a) (double b)))

The ability to define and then apply a function is called functional abstraction, and
the facility for combining simpler functions into complex expressions is called function
composition.

Function definition, application, and composition are the basic building blocks
for functional programs: a program is a set of function definitions and a main ex-
pression, that is normally a single function application or a composition of function

applications. An example program is

(define (double x) (+ x x))
(define (product-of-doubles a b) {* (double a) (double b}))
(product-of-doubles 3 4)

In the previous chapter it was observed that for the purposes of aiding the machine
designer in understanding the intended behavior of programming language abstrac-
tions, and of aiding the programmer in correctly using the programming language,
a useful way of defining semantics of a language is with a set of evaluation rules for
the expressions of the language. Accordingly, the next thing to be considered are the
rules for evaluating function definition and application.

To evaluate a function definition is to establish a correspondence between the
function name and its value (which is some object that contains an implementation
dependent representation for the variables and body of the the function). The corre-
spondence, in case of global function definitions, is visible throughout the program,
i.e. in the main expression and within all the functions, including the function being

defined. The fact that a function is visible within itself means that it can call itself
recursively.



A function application is evaluated by first associating the arguments with the
corresponding variables in the function definition, and then evaluating the function

body with that association {also called binding). For example, the application

(double 3)

is evaluated by first associating the argument 3 with the variable x, and then eval-
vating the body of function double, i.e. (+ x x), with the established association.
The result 6 is then the value of the expression (double 3).

A function composition is an expression of nested function applications. It is
evaluated by recursively evaluating all the nested applications.

A critical issue, highlighted by function composition, is the time at which an ar-
gument to a function is evaluated: before the function body itself is evaluated, or
only once it is needed. The first approach is termed eager evaluation, and the second
one lazy evaluation. The reason this issue is highlighted by function composition, is
that an argument to a function, in a function composition, may be an expression in
itself. If the function never requires the argument (is non-strict in that argument)
the work done in evaluating the argument is wasted [20] [17]. This work may be par-
ticularly pointless when the argument is a large expression. Lazy evaluation avoids
this problem because, unlike eager evaluation, lazy evaluation only evaluates argu-
ments if they are needed. The other advantage of having lazy evaluation is that it
supports streams (a list-like infinite data structure, further discussed in section 2.1.3
on page 19) [20] [1] [13].

To implement an eager evaluation strategy the evaluator performs the following:
(1) evaluates the argument in a function application, (2) binds the result of this eval-
uation to the corresponding variable of the function, and (3) evaluates the function
body with this binding. Implementing lazy evaluation is more involved because lazy
evaluation requires that the argument be evaluated only the first time its value is
needed. Any subsequent references to the argument will refer to its evaluated version
rather than reevaluating it. Satisfying this requirement is inherently more expen-
sive than satisfying the requirement for implementing the eager evaluation strategy.
This is so, since, under lazy evaluation the evaluator needs to perform the following:
(1) the expression representing the unevaluated argument in a function application is

associated with the corresponding context (the association of expression and context

10



is variously referred to as a closure or a thunk), (2} this association is bound to the
variable of the function, and (3) function body is evaluated with this binding, making
sure that the variable that corresponds to the argument is evaluated only once its
value is needed. Contrast this to the relatively simple steps in implementing the eager
evaluation strategy.

Some programming languages make lazy evaluation the norm, while others make
eager evaluation the norm and provide special primitives to support lazy evaluation

when desired.?

Means for abstraction and composition are features exhibited by all powerful pro-
gramming languages [1]. Facilities for abstraction permit naming and manipulating of
complex computational objects as if they were a single object, while, the facilities for
composition permit building of complex computational objects from simpler ones [1].

A pattern of operations and operands that constitutes a function body, built using
function composition, is only one of many complex computational objects that exist
in high-level languages; patterns of data objects that constitute data structures, or
patterns of statements that constitute procedure bodies are other types of compound
objects. In addition to means for abstraction and composition, a programming lan-
guage has to provide a set of primitive computational objects that a programmer can
abstract over and combine into useful computational structures. These primitives
are a collection of basic operations or functions and basic data objects. Here, the
word “basic” is a relative term, because, strictly speaking, the “basic” operations are

abstractions of some even lower level objects in the underlying machine.

3 Abelson and Sussman [1] show (on p264) how delay (a special form in Scheme) can be used to
implement lazy evaluation. There they also show how delay can be implemented as an ordinary
Scheme function, which is not sufficient for true laziness, because the delayed argument would be
reevaluated every time its value is required. For supporting true laziness, the delayed argument
should be evaluated only once, if at all. Hence, they present an implementation of delay as a
special-purpose memoized procedure which implements true laziness. When called, this procedure
wraps a procedure object with local state around the argument to be delayed, and returns that as
the value of the delayed argument. Whenever the value of the argument is required, the procedure
object representing it is invoked. This procedure object remembers whether it was already called,
and if it was, it simply looks up a local state variable that contains the result of the first and only
evaluation of the delayed argument rather than reevaluating it; if, however, this is the first time
the procedure object is invoked, the delayed argurment is evaluated and the value saved (memoized)
for any subsequent references. It is interesting that a language, such as Scheme, which follows an

eager evaluation strategy, can support lazy evaluation, albeit with use of procedures with side-effects
rather than pure functions.

11



The next section contrasts the concept of state in functional and imperative pro-
gramming, and the following two sections deal with the remainder of the functional

system: the concepts of data abstraction and composition, and higher order functions.

2.1.2 State in Imperative versus State in Functional Pro-

gramming

To maintain the property of functional abstraction that a user of a function only
needs to know the function name and what it does rather than how it does it, the
function cannot have side-effects. This is in contrast to procedural abstraction in
imperative programming. In fact, imperative computing relies heavily on procedures
with side-effects, evidenced by the fact that imperative computations normally have
an implicit state, maintained as a collection of variables, that gets updated by the
ubiquitous assignment operation to reflect the progress of computation. With pres-
ence of mutable state the order of operations becomes significant; consequently, the
imperative system of abstractions includes the concept of sequencing of operations to
ensure “...precise and deterministic control over the state. [17]”

Clearly then, the main difference between the functional and imperative systems
of abstractions is that the imperative system has a history-sensitive [4] or mutable [1}
state while the functional does not. Therefore, despite the fact that both functions
and procedures share the property of being abstractions over some common pattern
of operations, they differ in that procedures are executed for their effect, and their
behavior may be affected by an imnplicit state (i.e. state that is not passed to the
procedure in the arguments of the procedure), while functions are executed for their
values, and the behavior of functions is wholly determined by their arguments.

An imperative program consists of a set of procedure definitions, with one of
these being the main procedure, and calls on procedures to update some aspect of
the computation state. An imperative computation is the process of first establishing
procedure definitions, and second of invoking the defined procedures whose effect is
to update the state of computation, normally held in a collection of variables. This
is in contrast to a functional computation which, is the process of first establishing
function definitions and second of applying the defined functions to their arguments.

Expressions consisting of function applications are evaluated for their values rather
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than their effect. The initial context of the functional computation does not get
updated, rather it grows. On the other hand, the initial context of an imperative

computation is repeatedly updated.

In functional programming, with the exception of the definition expression (define ...

all the expressions and their compositions, are executed for their values rather than
their effect. For example, all the primitive operations in fScheme (listed on page 54)
are functions. A definition is an important exception: evaluation of a definition ex-
pression sets up the fixed part of the state or context of a functional computation.
Most functional languages have, in addition to function definitions, expressions for
defining data structures.

In the imperative system of abstractions, those abstractions that support a mu-
table state are the following: variable as a named location, assignment operation for
setting a named location, and sequencing of operations. The concept of a variable as
an abstraction for a memory location is central to supporting mutable state. Contrast
this with a variable in functional programming, which is simply a placeholder or name
for the argument in a function application. While this type of a variable is less pow-
erful, it can support a weakened concept of state: a functional variable can be used to
carry state around, however, this state is always explicit {17], being clearly exposed
in the list of variables of the function, and it is not mutable (it cannot be updated,
it can only be created, because there is no assignment statement in functional pro-
gramming). This has the disadvantage of making state-oriented computations arising
from functional programs inherently more memory hungry than those arising from
imperative programs, because every time a state-change is made, a new instance of
a variable has to be created to reflect the change. This requires allocation of new
memory locations rather than reuse of the locations already allocated to the previous
instance of the variable.

To effect complex changes in state, imperative computations normally repetitively
execute a sequence of operations; this pattern is captured by the various iteration
constructs available in imperative programming languages, such as for, while, and
repeat-until constructs. In functional programming, repetition is accomplished
through recursion, which can give rise to both linear and non-linear types of com-
putational patterns. An example of a recursive function that generates a non-linear
tree-like computational pattern is £ib taken from p35 of [i]
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(define (fib n)
(cond ({(= n 0) 0)
((=n 1) 1)
(else (+ (£ib (- n 1))
(fiv (-~ n 2N

In lacking the concept of a mutable state, the purely functional system of abstrac-
tions does not support building of computational objects with local state. This in
turn means that the powerful and useful object-oriented view of systems is not used
in purely functional programming [1]. The functional system of abstractions does,
however, provide support for an alternative view of systems as streams of information
flowing between functions [1]. Streams (discussed in the section on data abstraction)
are data structures that can be used to represent “time history of successive states
of an object” [1]. Even with streams, applications that require large-scale sharing of
objects with changing local state, such as allocation of resources and implementation
of cooperating and competing systems, are not expressible in purely functional lan-
guages [16]. For these applications, abstractions that incorporate concepts of mutable
state are required, such as “resource managers” [2].

However, absence of mutable state and associated side-effecting primitives, makes

functional programs referentially transparent,

...each expression denotes a single value which cannot be changed by

evaluating the expression or by allowing different parts of a program to

share the expression [8].

An important consequence is that references to the value of such an expression are
transparent to the history of the computation; i.e. in a given context, an expression
always evaluates to the same value. Equational reasoning can be applied to such
expressions [17]: an expression can be replaced by its equivalent (an expression that
evaluates to the same value) without changing its own value or the value of an expres-
sion that references it. This is not generally true in the presence of the assignment
operation because assignment makes possible destructive updates to the evaluation
context of an expression. In turn, existence of destructive updates makes a value

of an expression depend not only on the value of its subexpressions but also on the
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history of updates to the evaluation context. This history-sensitivity destroys refer-
ential transparency of expressions and, consequently, not only makes reasoning about
programs more difficult, but also complicates their design and debugging [17]. The
crucial distinguishing feature of functions as they appear in functional programming
and mathematics from functions in imperative programming is that they are refer-
entially transparent [8]. Functions in imperative programming, while they do return
values, are also permitted to change the context in which further computation will
proceed.

The following program illustrates how referential transparency can be violated

when assignment operation (set!)* is introduced into a language.

(define a 0)
(define (g) (set! a (+ a 1)))
(= (g) (g

The expression (= (g) (g)) evaluates to #f (false)— expression (g) clearly does
not “denote a single value which cannot be changed by evaluating” (g). In fact, (g)
evaluates to a different value every time. The problem is not in that (g) references
a, but that it destructively updates a, which is part of the evaluation context of (g).
Function g is an example of a function as it appears in imperative programming, i.e.
one that changes its own evaluation context.

Absence of side-effects also means that potential parallelism in functional pro-
grams is more easily detected than in imperative because, in lacking side-effects,
functional computations also lack implicit constraints on ordering of operations or
functions. In functional computations, all the ordering constraints are entirely due to
data dependencies that are clearly exposed in functional expressions. For example,

function f1 depends on the output of function £2 and £3, which in turn depend on
variable var

(f1 (£f2 var) (£3 var))

4Scheme syntax for the set! expression is
(set! (name) (expression))

and its semantics is that variable {name} is set to the value of {(expression), which is also the value
of the set! expression as a whole.
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Observe that there can be no dependencies among functions £1, £2, and £3 other
than those clearly exposed in the expression. On the other hand, imperative lan-
guages make it easy to create implicit data dependencies between seemingly inde-
pendent procedures, making it difficult for the programmer to control these data
dependencies and for a parallel implementation to detect them. Unintended and un-
foreseen data dependencies are a common source of synchronization errors in parallel
computations that arise from programs that contain side-effects. Accordingly, un-
like imperative programming languages, functional programming languages free the
programmer from worries associated with synchronization errors that arise whenever

variables are updated in the wrong order [1].

2.1.3 Data Abstraction

Data abstraction is the analogue of functional abstraction in the data domain [1)—
it permits abstracting over patterns of data in much the same way that functional
abstraction permits abstracting over patterns of operations and operands. Data ab-
straction consists of the ability to name and manipulate compound data objects, or
data structures. Date composition, much like function composition, is that facility
which permits building of a data structure out of simpler data objects. The data
composition facility of a language is realized through its data construction opera-
tions, which exist for each type of data structure. Each type of data structure also
has data selection operations. In functional programming, selection, and composition
are the only permitted operations on data structures—in purely functional languages
there is no assignment operation. This section aims to illustrate the concepts of data
abstraction and composition using three types of data structures: pairs, lists, and
streams.

The ability to construct a compound data object, and then name it, makes it
possible to treat a complex structure as a single object. Functional programming
makes use of this by having functions regard data structures as single entities [15]:

functions can both accept and return whole data structures. This capability

“...is of fundamental importance to the usability of the purely func-

tional language and requires a great deal of care in implementation if
adequate efficiency is to be gained.”[15]
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It is clear how inefficient an implementation can become if it keeps allocating new
memory locations for whole data structures as they are passed as arguments to func-
tions or returned as their results. Allocation of new memory is not only inefficient
but is also unnecessary, because there is no assignment statement in functional pro-
gramming, and so, there is no danger of a function side-effeciing a global, shared data
structure that is passed to it as an argument.
The simplest data structure one can build is a pair. A pair is denoted by (ell . el2).

For example, rectangle is a pair of two numbers representing the dimensions of the

rectangle
{define rectangle (cons 3 4))

The expression define associates the name rectangle with a compound data object,
that consists of a pair of numbers, (3 . 4). The data constructor for pair is cons,
and the data selectors are car, which selects the first element of the pair, and cdr®
which selects the second. For example, the following expression evaluates to the first

element of rectangle
(car rectangle) => 3
Function area returns the area of a rectangle
(define (area rect) (x (car rect) (cdr rect)))

The function area is an example of a function that accepts a data structure, rect, and
treats it as a single object. Functions can also return data structures. For example,
consider function scale which accepts a rectangle and a scaling factor and returns
the scaled version of the rectangle

{define (scale rect gfactor)
{cons (* sfactor (car rect))

(% sfactor (cdr rect))))

The following expression defines rectangle?2, a scaled version of rectangle

8Reasons for using these cryptic names are historical: car and cdr were first used in the oldest
versions of Lisp, and they came to be part of all its descendants, even the youngest ones such as
Scheme. Data selectors car and edr are acronyms for content of address part of register and content
of decrement part of register, respectively. These acronyms are related to the machine organization
of the IBM 704 on which Lisp was first implemented [24].
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(define rectangle2 (scale rectangle 2))
Then, the expression rectangle? evaluates to
rectangle? = (6 . B)

A common pattern of organizing data is in terms of an ordered sequence or a list.

Here is a list of names
(Jane Bob Mary Kevin)

A list is a special case of a pair data structure, terminated by a special end-of-list

marker, ’ (); the above syntax for a list is an easier to read version of
(Jane . (Bob . (Mary . (Kevin . *(}})))

Data constructor and selector operations are the same as for pairs. The following
expression constructs the above list

(cons Jane (cons Bob {cons Mary (comns Kevin '()))))

= (Jane Bob Mary Kevin)
The expression for selecting the first element of the list is
(car ’(Jane Bob Mary Kevin))=— Jane
while cdr returns the list minus its first element
(¢dr ?(Jane Bob Mary Kevin))=— (Bob Mary Kevin)

which is the complementary operation to car. The backquote character (*) indicates
that what follows is a literal argument and should not be evaluated before the function

is applied.® There is also a test for an empty list, null?, that returns #t (true} if the
list is empty and #f (false) otherwise.

8The backquote character * is a short form of quote expression. When applied to an argument,
quote returns as its result the argument as is, rather than its value. This permits building of
expressions that build and use other expressions; a powerful language feature. However, the problem
with the quote expression is that its presence in a language violates the property that equals can
be substituted for equals, and, therefore, makes reasoning about a language difficult (as indicated
in [1] on p101).
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(null? *Q)) = #t
(null? ’(Jane Bob Mary Kevin))
= #f

Another type of list-like data structure is a stream. It is different from a list in
that it can model infinite sequences because, in constructing a stream, the evaluation
of the tail is delayed until selection time. Contrast this with lists, where the head (car-
part) and the tail (cdr-part) are both evaluated at construction time (when cons is
applied) [1]. The motivation for delaying the evaluation of the tail of a stream is to
make it possible for programs to operate on only that part of the stream that they
need. Because of that evaluate-by-need property, a stream can be considered as a
sort of lazy list. In what follows, streams are illustrated through examples adapted
from Chapter 3 of [1].

One way to generate an infinite sequence of integers starting with k is as follows’

(define (integers-starting-from n)
(cons-stream n (integera-starting-from (+ 1 n))))

(define integers (integers-starting-from k))

Another way of generating a stream is to do so implicitly rather than using a function.
A stream of ones can be defined as

{define ones (cons-stream 1 ones))

The stream ones is a pair consisting of 1 and delayed expression ones. Evaluating
the tail of ones returns a pair of 1 and the delayed expression ones, and so on. In
a way, the definition of ones is recursive, much like a recursive function, and it only
makes sense because the tail remains unevaluated until selected.

Another way of defining a sequence of integers starting with k adds the ones

stream to the stream of integers being generated as that stream is being gener-
ated,

TStream operations are analogous to list operations:

cons-stream corresponds to cons
head corresponds to car

tail corresponds to cdr
empty-strean? corresponds to null?

A null-stream is indicated by the symbol the-empty-stream.
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(define (add-streams sl s2)
(cond {(empty-stream? si) s2)
((empty-stream? s2) s1)
(else
(cons-stream (+ (head sl1) (head s2))
(add-streams (tail s1) (tail s2))))))

(define integersk (cons-stream k (add-streams ones integersk)))

Streams lend themselves well to modeling signal flow type of systems {1]. For
example, an integrator, whose block diagram is shown in figure 2.1 and whose equation
is .

S;=C+ Z z;dt
j=1
is defined as

(define (integral integrand initial-value dt)
(define int
(cons=-stream initial-value
(add-streams (scale-stream dt integrand)
int)))
int)

Function add-streamns was defined above. Function scale-streamis

(define (scale-stream ¢ stream)

(map-stream (lambda (x) (* x c)) stream))

The function map-stream, and the lambda expression are defined in the next section.

Streams can be used to model state by representing successive states as succes-
sive elements of a stream [1]. For example to model the state of a bank account a
function stream-update is defined which produces a stream of balances, given an
initial balance, balance, and a stream of requests, request-stream, where the indi-

vidual requests consist of a pair of request type (withdraw or deposit) and amount.
A dataflow type of diagram for this function is given in figure 2.2.

(define (stream-update balance request-stream)
(cons-stream balance

(stream-update
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initial-value

dt

scale-stream

integrand

Figure 2.1: Integrator Signal Flow Diagram

(if (eq (car (head request-stream)) ’withdraw)
(- balance (cdr (head request-stream)))
(+ balance (cdr (head request-stream)}))

(tail request-stream))))

2.1.4 Higher Order Functions

There is no need to segregate computational objects into functions and data. In fact,
a very useful class of computational objects arises when functions are allowed to share

the properties normally associated with data: properties that permit functions

... to be stored in data structures, passed as arguments, and returned as
results [17]

Functions that have these properties are called higher order functions. An interesting
effect of using higher order functions is that interpretation of an object as a function
or a datum depends on the context in which the object is being used.

Consider two functions, map and reduce, commonly used to demonstrate the
expressive advantage of higher order functions [15]. The function map accepts a list x
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reguest-stream balance

stream-update

Figure 2.2: Bank Account Update

and a function £ and returns a list which is the result of applying £ to each element
of x. Its definition is:

(define (map x £)
(if (null? x)
40
(cons (£ (car x)) (map (edr x) £))))

A similar function on streams can be defined

(define (map-stream x f)
(if (empty-stream? x)
the-empty-stream

(cons-stream (f (head x)) (map-stream (tail x) £))))

One of the many useful functions that can be defined using map is incrementing
by one each element of a list. The function inclist is simply

{define (inclist x)

(map x (lambda (el) (add 1 el))))

Here map is passed an anonymous or nameless function defined using the lambda
expression. The syntax of a lambda definition is
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(lambda (list of variables) (body})

The reason for using an anonymous function is to avoid having to define the function
globally when it is only needed locally in the function inclist. The evaluation rules
for 2 function application with a function defined using the lambda expression are
the same as those for a function defined using a define expression: first, the variables
are bound to the actual arguments, and second, the body is evaluated with those
bindings.

The function reduce is a bit more complex. It accepts a list %, a binary function

g, and a constant a and returns

g(z1,8(x2; - - &(n:3)) -

The definition of reduce is:

(define (reduce x g a)
(if (eq x ()
a

(g (car x) (reduce (cdr x) g a))))

One of the many useful functions that can be defined using reduce is adding all the
elements of a list. The function addlist is simply

(define (addlist x)
(reduce x (lambda (x y) (add x y)) O)

Higher order functions allow the programmer to express concisely many complex
computations [15].

Allowing functions to have data-like properties is a powerful mechanism for build-
ing ever higher levels of abstraction; abstractions not only over patterns of fixed
operations and variable operands, as is the case with first order functions, but also
abstractions over patterns of variable operations and variable operands (or, put dif-

ferently, abstractions over functional behavior). In [17] Hudak brings up a compelling

argument by Hughes:

... higher order functions increase modularity by serving as a mecha-
nism for gluing program fragments together. That gluing property comes

not just from the ability to compose but also from the ability to abstract

over functional behavior {17]
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Because higher order functions are so important in functional programming, it is
critical that they be implemented efficiently.

If functions are permitted to share properties of data why not have functions and
data share the same form so that the facilities for manipulating data can be used
to manipulate functions? This is exactly what has been done in Lisp, where, in
fact, all expressions in the language have the same form: every expression is either
a string or a list. As a result, Lisp has a very simple syntax. Because lists are
not only a form of all expressions, but are also a basic data abstraction (ability to
name, and, in particular, manipulate) Lisp programs can be manipulated by other
Lisp programs®. Any programming language that has programs in a form of one or
more data structures available in the language itself, has the power of manipulating its
own programs. However, in most high level programming languages, the organization
of procedures and functions is such that it would not be straightforward to provide
data structures (in the language itself) that are an abstraction over different forms of

procedures or functions. By the same token, it would be even less straightforward to

build programs that manipulate these representations.

2.2 Functional Programming Languages

The purpose of this section is to briefly discuss functional programming languages
by relating them to the system of abstractions of the previous section. With few
exceptions (Backus’ FP [4] is one), functional programming languages have at their
core the above functional system of abstractions. Accordingly, the focus of this sec-
tion is on how the core abstractions appear in these languages, and what additional
abstractions, if any, these languages have. Most of the information about the various
functional programming languages presented below can be found in more complete
form in a survey article [17] written by Paul Hudak.

Lisp is the oldest programming language (in fact, together with Fortran, Lisp is

the oldest high level programming language) that contains a significant functional

81t is important to note that in Lisp, this property of self-interpretation or self-understanding
is limited only to the language level. For example, only expressions that define functions can be

manipulated, and not functions themselves; that is, objects in the implementation that represent
functions.
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subset. Many dialects of Lisp have appeared since it was invented by McCarthy
in the late fifties {24]; one of the most recent ones is Scheme [6], a language which
provides one version of the basic system of functional abstractions. These are some

of the significant characteristics of Lisp:

e Lisp follows an eager evaluation strategy for all user defined functions and most
primitives. The conditional is the most notable exception to the eager evaluation
rule: in a conditional expression the predicate is evaluated first, and then,
depending on the value of the predicate, one of the consequents. This type
of laziness with respect to the second and third arguments of a conditional is

necessary for expressing recursion (otherwise a recursive call would diverge) [17].

o Lisp has a basic data abstraction mechanism consisting of the ability to name
and build pair and list structures. These structures can be created dynamically
which necessitates run-time reclamation of unused cons cells {a cons cell is a
pair of pointers, one to the first element of the pair and the other to the second).

The process of run-time storage reclamation is called garbage collection.

o Higher order functions are fully supported in Lisp, and are widely used in Lisp

programs.

e Syntax of Lisp expressions is very simple: everything is an S-expression (sym-

bolic expression). In the words of the report on Scheme [6]:

Scheme, like most dialects of Lisp, employs a fully parenthesized
prefix notation for programs and (other) data; the grammar of Scheme
generates a sublanguage of the language used for data. An important
consequence of this simple, uniform representation is the suscepti-
bility of Scheme programs and data to uniform treatment by other

Scheme programs.

Even though Lisp does support the concept of mutable state and sequencing, and
has primitives that have side-effects, it has a strong functional subset that makes it

possible to program in the functional style. The Scheme dialect is openly advertised

as supporting functional programming:
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A wide variety of programming paradigms, including imperative, func-

tional, and message passing® styles, find convenient expression in Scheme [6].

Since the appearance of Lisp numerous other programming languages that were
either purely functional or contained a significant functional subset were created.
Iswim, designed by Landin in mid sixties, was the first language of importance to
functional programming to appear after Lisp {17]. Through Iswim Landin introduced
several important ideas: support for equational reasoning!® with rules for reasoning
about expressions, a langnage design that emphasized generality, and the definition
of the SECD!! abstract machine for executing functional programs. Iswim also con-
tained syntactic improvements over Lisp: use of infix notation, use of 1et and where
clauses (incorporating mutually recursive definitions), and use of an off-side rule. The
off-side rule relies on indentation rather than commas, or other separators, to denote
scope of declarations and expressions [17]. Landin claimed that Iswim encouraged
a declarative style of programming that was preferable to the sequential imperative
style.

A little over a decade after Iswim, Backus presented FP in his Turing Award
lecture [4] as a functional programming answer to the challenge of modern software
development. A challenge, that according to him, could not be met by “word-at-
a-time programming” promoted by imperative languages. FP consists of a set of
combining forms (essentially higher-order functions [17]) used in building complex
functions from simpler ones. The idea was to provide a small set of often used
combining forms, such as map and compose, rather than an ability to define any type
of function. According to Backus, the full generality and power of defining any type
of function had the drawback of not making the programmer conscious of the most
useful combining forms and the style of programming they encourage. This was one
of the criticisms he leveled against lambda calculus based languages. The others were
that it was difficult to efficiently implement the notion of reduction (or substitution)
and handling of large data structures, and that the absence of abstraction for mutable
state limited expressiveness. As a result he augmented the purely functional FP with

the concept of state in what he called Applicative State Transition (AST) System.

®Also known as the object-oriented style

Tnformally defined by Hudak as the “...ability to replace equals with equals.” {17]
11SECD is an acronym for Stack, Environment, Control list, and Dump [18).
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Most subsequent functional programming languages did not follow FP’s philosophy
of a few combining forms [17], and instead opted for the lambda calculus style of
power and generality.

ML, which was developed at about the same time as FP, came about as a side-
effect of work on a proof-generating system that was used to reason about recursive
functions in the context of programming languages [17]. ML was the metalanguage
or command language for this proof-generating system, but it was soon realized that
ML was an interesting programming language in its own right. The most significant
feature of ML was its type system, which is strongly'? and statically typed, and which
introduced type inference and polymorphism. Like Scheme and FP, ML included the
concept of mutable state, while at the same time promoting the functional style of
programming.

Types can be associated either with objects such as functions and data, or types
can be associated with names denoting these objects and with expressions containing
these names. In Scheme programs, types are associated with objects (values) rather
than with names (variables) [6] or expressions containing these names. Unlike Scheme,
ML has a type system where types are associated with variables and expressions and
type inference is used to derive these types. Type of a variable is derived from
the defining expression of the object the variable names, and type of an expression
is derived from the types of its subexpressions. The advantage of a programming
language with type inference is that the programmer need not specify types even
though all variables and expressions in a program have a type. Another advantage
of type inference is that it accomplishes both checking and derivation of types. In
fact, the more familiar concept of type-checking can be seen as a special case of type
inference {14]: if the type of an expression can be inferred in the context in which the
expression occurs then, by definition, that expression is well typed, and if the type
cannot be inferred, the expression is ill-typed.

In addition to type inference, ML also incorporated polymorphism in its type sys-
tem, i.e. polymorphic functions and data structures. (A polymorphic function accepts

arguments of arbitrary type, and a polymorphic data structure contains elements of

12Gtrongly typed refers to languages where type checking is “complete with no chance of mis-
match” [22)
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arbitrary type.) Polymorphism gives a statically typed language such as ML the abil-
ity to apply a function to arguments of different types. In absence of polymorhism,
this advantage was reserved for dynamically typed languages such as Lisp where types
are associated with values rather than with variables [6] (in particular, variables used
as parameters in functions). It is perfectly acceptable to apply a Lisp function to
arguments of different types (provided, of course, that applying the function to dif-
ferent argument types makes sense in the first place) because a functional variable in
Lisp, by not having a type itself, can be bound to a value of any type. The advantage
of polymorphism and type inference is that it gives a statically typed language such
as ML the flexibility in typing reserved normally for a dynamically typed language,
without having to incur the type-checking cost at run-time.

ML evolved into Standard ML (SML). One of the significant new features in SML,
borrowed from Hope!® was augmenting the basic function definition and application
facilities with pattern matching in the arguments of the function. Contrast this with
a Lisp function definition which simply lists the function variables; this is because a
function application in Lisp only involves associating the function’s variables with the
corresponding arguments before the function body is executed. In languages that have
pattern matching, before the function body is executed, the function’s arguments may
additionally need to be destructured to properly match the pattern of the function
variables (for example, one function variable may be matched to the head and the
other to the tail of an argument list to which the function is applied).

At about the time of FP and ML, David Turner began work on a series of three
languages, the last of which is Miranda (notably, it is probably the only commercially
available, purely functional programming language). The key influence of this series
of languages was in promoting the use of lazy evaluation, higher order functions and
recursion equations. Significantly, these languages were first to use list comprehen-
sions as succinct ways of representing lists. List comprehensions are, essentially, a
way of describing lists in such a way that its elements can be generated (if required).
The obvious advantage in case of lists that can be represented as list comprehensions,

is that functions do not have to be written to generate elements of such lists. List

13A programming language developed by Burstall, MacQueen, and Sanella at Edinburgh Univer-
sity in late seventies. It is strongly typed, supports polymorphism, supports pattern matching (even

against data types defined by the user) and, unlike ML, requires that all functions be explicitly
typed. It is strict, but it also directly supports lazy lists.
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comprehensions, like pattern matching, are a syntactic feature that facilitates writ-
ing and reading of programs but adds no new power to a language [30]. Programs
containing list comprehensions are easily transformed into equivalent programs that
do not [30].

Many other functional programming languages appeared in the late seventies and
early eighties, which led to a need for a standard functional programming language.
The result was Haskell®,

... a general-purpose, purely functional programming language exhibit-
ing many of the recent innovations in functional (as well as other) pro-
gramming language research, including higher order functions, lazy eval-
uation, user-defined data types, pattern matching, and list comprehen-
sions. [17]

Functional programming languages have proven to have two outstanding advan-
tages. They not only express a large class of useful applications in both numeric [2]
and symbolic computing but, unlike programming languages with side effects, also
permit relatively inexpensive detection and exploitation of parallelism {20].

Furthermore, unlike imperative programming languages, whose origins are in the
von Neumann computer architecture [4], functional programming languages have as
direct ancestors mathematical formalisms, the lambda calculus of Church and the
recursion equations of Kleene [7]. As a result, a functional program can be manip-
ulated as if it were a mathematical object [4]. Because of this some researchers in
the field have noted that functional programming promises to be a sound basis for
development of automatic programming techniques such as transformations of spec-
ifications to executable programs or transformation of inefficient programs to more
efficient ones [7] [4].

Apart from research in functional programming as a source of new languages,
there was also the research in dataflow computer architectures as another source
of new languages. These languages are closely related to their respective underlying
architectures, and as a result some of them have limitations related to implementation

difficulties on the dataflow architectures [17]. For example, the language Val arising

4 Named for Haskell Curry, a mathematician who made significant contributions to combinatory
logic.
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from work on the static dataflow architecture lacks higher order functions, notion of
laziness, and even recursion [29]. On the other hand there is Id, related to the work
on tagged-token dataflow model, which, while it does not support laziness, it does

support non-strict functions [3], recursion and higher order functions [2] .

2.3 Literature on Functional Programming

Henderson provides an introduction to building programs with the functional sys-
tem of abstractions in [15]. Abelson and Sussman exercise the functional system of
abstractions in a context of programming in general in [1]. They expand the purely
functional system of abstractions to include an abstraction for building computational
objects with local state, arguing that because this supports the object-oriented view
of systems, it is justified even though the new abstractions necessitate a change from
a simple and elegant reduction evaluation model, which is suflicient for a purely func-
tional system of abstractions, to a relatively complex environment evaluation model
that supports computational objects with local state but has the disadvantage of be-
ing less theoretically tractable than the reduction model [1]. The new abstractions
they introduce are the concept of a variable as a named location, the assignment
operation for setting a named location, and sequencing of operations. In {17} Hudak
presents an excellent overview of functional programming concepts and functional

programming languages.

2.4 Conclusions

The purpose of this chapter was to describe the essential concepts of functional pro-
gramming: first, independently of any particular programming language and second,
as they appear in programming languages. These core concepts were identified as
the functional programming system of abstractions—functional abstraction and func-
tional composition, the corresponding concepts in the data domain, and the primi-
tives.

The functional subset of Lisp (more specifically, the functional subset of its dialect

Scheme) comes closest to the functional programming system of abstractions. The
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more advanced languages discussed in the previous section tend to elaborate on the
elements of that system as they appear in their most basic form in Lisp. These

languages provide the following refinements and extensions:

o Lazy evaluation of functions in general, and data constructors in particular.

e Alternative ways of defining functions using pattern matching in functional
arguments and using recursive equations. Together they facilitate equational

reasoning in building functional programs [17].

e Type system and the associated concepts of type inference and polymorphism.
Unlike Scheme where types are associated with values rather than expres-
sions [6], languages such as ML, Miranda and Haskell have a type system where
types are associated with variables. These languages use type inference to derive

and check types of expressions. They also support polymorphism.

o Data abstraction mechanisms such as user-defined data types (concrete and

abstract), and list comprehensions.

o Formal semantics as an integral part of language definition. Because of their
roots in Church’s lambda caleulus {5] functional programming languages gen-
erally have formal definitions. In fact, denotational semantics (an approach to
formal definition) and functional programming are closely related. Generally,
researchers in functional programming stress formal semantics {17]. Denota-
tional semantics is used to define non-functional languages as well; for example,
report on Scheme [6] gives “a formal denotational semantics for primitive ex-

pression of Scheme and selected built-in procedures”.

¢ Syntactic “improvements” such as use of infix rather than parenthesized prefix

notation, and use of the off-side rule.
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Chapter 3

Functional Programming

Evaluators

This chapter briefly discusses existing functional programming evaluators. These
evaluators are based on a variety of evaluation models and they run on machines
ranging in organization from conventional sequential architectures to novel reduction

and dataflow architectures.

3.1 Requirements for Implementing Functional Pro-

gramming

An executing functional program is an expression which, to be fully evaluated, needs
a related context that contains the values for all the variables and functions referenced
by name in the expression. The ensemble of expression and context constitutes the
state of computation. The context of a computation is created as the result of the use
of function abstraction and function application in the expression being evaluated.

Discounting for the moment internal definitions of functions (functions defined
within functions), the source of the static part of the context is the set of top level
function definitions. Generally, static contezt is that part of the context that comes
into existence prior to evaluation of the expression.

Function application involves establishing a mapping between variables used in
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a function body! and their corresponding values, which are the arguments in the
function application, and then evaluating the function body with above mentioned
mappings as part of the context. Because this part of the context arises at execution
time it is referred to as dynamic contezt.

The above, seemingly simple, evaluation rule for function application can be im-
plemented in surprisingly different ways. Next section shows how the differences
between evaluation models most clearly exhibit themselves in the way they handle

the dynamic context arising from function applications.

3.2 Evaluation Models and Computer Architec-

tures

The environment implementation approach is the oldest, the best understood and the
most widespread. In its sarliest form it was defined by McCarthy as a basis for an
early Lisp implementation running on an IBM 709 {24]. In the environment approach,
the environment structure is used to accumulate bindings (mappings) of variables to
their values; bindings resulting from function applications. As the program expres-
sion is evaluated the environment is written to establish new bindings and read for
the value of a variable currently required. Execution stops when the program expres-
sion is completely evaluated, i.e. when there are no more function applications left.
Because of its effectiveness on conventional machines, the environment implementa-
tion approach is a suitable yard-stick against which to judge any new implementation
approach. Also, being well understood makes it a convenient reference for presenting
new implementations. Of all the existing approaches the environment approach is the
one closest to the von Neumann hardware model. Therefore, it is not surprising that
it is the most efficient implementation approach on conventional architectures.
String reduction, graph reduction and dataflow are new approaches to the imple-
mentation of functional programming languages. They make no assumptions about
the underlying hardware model. Rather they assume a top-down, language oriented
design of the hardware architecture. In all of them, as in the environment approach,

the executing functional program is an expression. In the case of the string and graph

1FP is an exception in that it does not have variables
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reduction approaches the executing functional program is represented as a string or a
graph being reduced rather than evaluated with the help of an auxiliary environment-
like data structure. Values of variables are not bound to variable names and placed in
the environment as a function is applied; instead, the values, in case of string reduc-
tion, or pointers to these values, in case of graph reduction, are written direcily into a
new copy of the function being applied. Applying that function involves reducing the
new function body. Execution terminates when the overall program expression is in
an irreducible form. Because of its inefficiency, string reduction has not been a widely
researched approach. An exception was the group that worked on development of a
parallel machine for direct execution of the FFP (Formal Functional Programming)
language {23] {4]. Granh reduction, first presented by Wadsworth in 1971 [20], is
proving to be a more serious contender to the established environment implementa-
tion approach than the string reduction approach. As a result of the promise of graph
reduction, numerous implementations of it have appeared in recent years. Some run
on conventional sequential machines while others run on specifically graph reduction
parallel machines.

In the dataflow approach the functional expression is represented as a dataflow
graph. A result of a function application is not obtained by copying out a whole
function body and then reducing this function body with the arguments; instead the
result is obtained by passing the arguments to a dataflow graph of the function body
and then waiting for the result to flow out. Unlike a function graph in graph reduc-
tion, which gets literally reduced, a function graph in dataflow remains structuraily
the same during a function application. However, dataflow has to accommodate in
some way the dynamic aspects of a computation. In dataflow the static part is a
dataflow graph consisting of the dataflow operators and their interconnections and
the dynamic part is represented by data “flowing” along the interconnections between
the operators. Another way of looking at data flowing through a dataflow graph is as
a context being distributed over that graph. This context has to be dynamically cre-
ated if multiple invocations of a function are permitted (which is required for support
of recursion). For example in the MIT Tagged-Token Dataflow Architecture, each
time a function is invoked a new context is created and passed to the function along
with the arguments [2]. All the data values “flowing” through the graph carry along

a unique name, created at run time, identifying their context. A similar approach is
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used in the Manchester Prototype Dataflow Compnter {11}.

Arvind and Nikhil noted in [2] that “dataflow and graph-reduction are just two
different ways of implementing the same abstract concept of reduction”. It may be ar-
gued that the dataflow approach is a more efficient way of implementing a reduction
semantics than the graph reduction approach because the dataflow approach com-
pletely avoids the unnecessary copying present in graph reduction. In the dataflow
approach only those things that are inherently dynamic, i.e. associations between
arguments and variables, are created at run-time.

For creating sufficient parallelism a dataflow implementation may involve copying
of dataflow graphs over different nodes.

In contrast to the environment approach where the context is centralized in the
environment structure, the dataflow and graph reduction approaches both distribute
the context over a function graph. The centralized approach forces serialization of ac-
cesses while the distributed approach permits concurrent accesses. In fact this is why
the dataflow and graph reduction approaches are both a more natural framework for

parallel implementations of functional programming than the environment approach.

In essence the environment becomes distributed into the program struc-

ture itself, thus simplifying execution on a distributed architecture. [18]

From above it can be seen that, while the core requirements for implementation
of functional programming are few, the ways in which these requirements can be met
are many. Comparing resulting implementations is both a fascinating and necessary
exercise. Fascinating because of the variety of implementations all satisfying the same
small set of core requirements, and necessary because of the importance of functional
programming.

This thesis analyses and compares the environment and graph reduction imple-
mentation approaches. These are chosen because they are representative of two op-
posing design philosophies: execution efficiency vs semantic proximity to a high level
language, bottom-up vs top-down design, machine oriented vs language oriented, and
so on. A comparison of such diverse approaches presents both opportunities and prob-
lems. Problems because it is difficult to find a common measure or dimension along
which to compare and opportunities because the comparison may provide guidelines

for improving both of the approaches.
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Chapter 4

The fScheme Programming

Language

The purpose of this chapter is (1} to present {Scheme, the programming language
for which the environment and reduction evaluators are built, and (2) to present the

environment evaluation rules for fScheme.

4.1 fScheme (Functional Scheme)

fScheme is a small and purely functional subset of Scheme. fScheme is small and
purely functional because this thesis focuses on implementation of only the basic
elements of functional programming. It, however, inherits from Scheme static scoping
and the requirement that tail-recursive® functions evaluate in constant space, as if they

were iterative functions.

Scheme is a statically scoped and properly tail-recursive dialect of the
Lisp programming language invented by Guy Lewis Steele Jr. and Gerald
Jay Sussman. It was designed to have an exceptionally clear and simple
semantics and few different ways to form expressions. A wide variety of
programming paradigms, including imperative, functional, and message

passing styles, find convenient expression in Scheme [6].2

15tatic scoping and tail-recursion in fScheme are discussed on pages 38 and 42 respectively.
2Throughout this section, the report on Scheme [6] will be extensively quoted.
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The core of the fScheme system of abstractions consists of the twin concepts
of function and data. The key elements of the system being functional and data
abstraction, and function and data composition (as presented in Chapter 2). Of
course, in addition to means of abstraction and composition, fScheme has a set of
primitive computational objects, over which a programmer can abstract, and compose
into useful computational structures.

The form of fScheme is identical to that of Scheme:

Scherme, like most dialects of Lisp, employs a fully parenthesized prefix
notation for programs and (other) data; the grammar of Scheme generates
a sublanguage of the language used for data. An important consequence
of this simple, uniform representation is the susceptibility of Scheme pro-

grams and data to uniform treatment by other Scheme programs [6].

It is this last property that permits us to use Scheme not only as a starting
point for generating a functional programming language, but also as the language
in which the environment and reduction machines are programmed. These machines
are simulated as interpreters that process fScheme expressions, i.e. they are Scheme

programs that process other Scheme programs.

4.1.1 Variables, Locations, Name-spaces, and Regions

In fScheme, variables are names for locations that are capable of storing any object.

A variable that names a location is said to be bound to the location.

The set of all visible bindings in effect at some point in a program is
known as the environment [name-space]® in effect at that point. The value

stored in the location to which a variable is bound is called the variable’s

value.

Every location is marked to show whether it is in use. No variable or
object ever refers to a location that is not in use. Whenever this report

speaks of storage being allocated for a variable or object, what 1s meant

3In this thesis the term name-space is used instead of the term environment,
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is that an appropriate number of locations are chosen from the set of
locations that are not in use, and the chosen locations are marked to

indicate that they are now in use before the variable or object 1s made *o
denote them [6].

Objects are never explicitly destroyed in fScheme. As a result, all the objects
created during a course of a computation have unlimited extent. To avoid running
out of storage for its computations, fScheme permits the evaluator to reclaim the
locations containing those objects for which it “...can prove that the object cannot
possibly matter to any future computation [6].

Note that an fScheme variable is somewhat different from a functional program-
ming variable. In fScheme, a variable is a name for a location that contains a value,
while in functional programming, a variable is a name for a value. {Scheme inherits
its view of a variable from Scheme, which associates variables with locations because
that is a part of supporting the concept of mutable state. As far as behavior of
functional programs is concerned, however, the two views of a variable are equivalent.

A name-space is a collection of name-location bindings. The name-space, at any
point, in an fScheme computation is organized as tree-like hierarchy, with the global
name-space being at the root of that hierarchy and initially containing the name-
location bindings that define the names and values of all the primitive functions
of fScheme. Whenever a variable is referenced, the evaluator starts looking for the
binding in the local name-space, and if it cannot find the binding there, proceeds up
the hierarchy until it finds the binding.

Whenever a function is applied, a new leaf, containing the local name-location
bindings, is added to the tree (as detailed in the evaluation rule for a function appli-

cation, page 40).

Certain expression types are used to create new locations and to bind
variables to those locations. The most fundamental of these binding con-

structs is the lambda expression ... [6].

Others are the let and letrec expressions (block structure constructs) described on
pages 46 and 47, respectively. The hierarchical tree-like structure of the name-space
arises from nesting these binding constructs.

fScheme follows the same scoping rules as Scheme.
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...Scheme is a statically scoped language with block structure. To
each place where a variable is bound in a program there corresponds a
region of the program text within which the binding is effective. The
region is determined by the particular binding construct that establishes
the binding; if the binding is established by a lambda expression, for
example, then its region is the entire lambda expression. Every reference
to or assignment of a variable refers to the binding of the variable that
established the innermost of the regions containing the use. If there is no
binding of the variable whose region contains the use, then the use refers
to the binding for the variable in the top level environment, if any; if there

is no binding for the identifier, it is said to be unbound [6].

Note how static scoping is achieved (1) by organizing the name-space as a tree-like
hierarchy of name-subspaces, and (2) by applying functions in the (extended) name-
space of their definitions (as described in the evaluation rule on page 40), rather than

the (extended) name-space of their applications (as is the case in a dynamic scoping).

Memory Model

The static scoping rules of {Scheme, and the types of objects available in {Scheme
(page 50) are what defines the fScheme memory model. The intent of a memory
model in any programming language is to impose a structure on the memory of the
undzrlying machine, i.e. to provide a programmer with a useful abstraction of the low

level memory model available in hardware.

4.1.2 TFunctional Abstraction

Functional abstraction is the ability to define and then apply a function. In {Scheme,
a function is defined as follows*

(define (name)}
(lambda ({variables)) (body}))

As remarked in Chapter 2 {name), {variables), and (body) are part of the language used for
describing the syntax of Scheme, not actual Scheme expressions. The report on Scheme [6] refers to
them as syntactic variables, i.e. variables which denote valid Scheme expressions.

39



The lambda expression is what gets evaluated to a function, while it is the define
expression that names that function. In general, the define expression is used to

associate a name with any location (locations contain values).

As part of static scoping, a function value in fScheme is required to remember its
definition name-space, because that name-space is used when the function is applied.

The form and the evaluation rule of a function application are, respectively

({operator) {operand;} ...)

1. Evaluate the operator and the operand expressions in the current name-space.
The operator expression has to evaluate to a function, to which the evalualed

operand expressions are passed as arguments.

2. Extend the function definition name-space with the bindings of variables to

fresh locations.
3. Store the argument values in the corresponding locations.
4. Evaluate the expression in the body of the function in the extended name-space.
5. The result of this evaluation is the value of the function application.

The ability to build complex functions from simpler ones is called function com-

position. In fScheme, it 1s expressed by nesting function applications, as in

(f1 (£2 3))
The evaluation rule for a function composition is

e Recursively evaluate all the nested applications.

The above evaluation rules are illustrated in figure 4.1. The figure shows the
changes in the name-space as the evaluator applies the rules in evaluating the expres-
sions of the following program

(define (£f1 x) body,)
(define (£2 y) body;)
(f1 (£2 3)) = valye

40



(define (f1 x) body 1)
(define (f2y) body 2)

(f1{r2 3))
EXpression Name-space Stack
(gefine (1 x) body 1)
(define (T2 y) body 2) f1: [x,body 1, ns—ptr]
(f1(f23)) f1: [x,body 1, ns-ptr]

f2: {y,boady 2, ns-ptr]

(2 3) f1- [x,body 1, ns-ptr] L1 ]
f2: ly,body 2, ns-ptr] ‘

body 2 f1:[x,body 1, ns-ptr] (f1.)
f2: ly,body 2, ns—ptr]

|
y 3

body 1 f1:[x,body i, ns-ptr] | |

f2: ly,body 2, ns-ptr]
|

X : value of body 2

Value @ value of body 1

Figure 4.1: Example 1 Evaluation
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fScheme requires that the evaluator recognize a tail-recursive function as one that
generates a linear iterative process, and evaluate it in constant space. Even though
a tail-recursive function refers to itself in its own body, the process it generates has
a state that is fully described by a fixed number of variables, i.e. the state does not
require a stack to maintain the deferred function calls, as is the case for a recursive
process [1]. An example of a tail-recursive function is fact-iter®, which computes

the factorial of counter

(define (fact-iter product counter)
(if (<= counter 0)
product
(fact-iter (* counter product)
(- counter 1))))

For example, to compute factorial of 3, fact-iter is called with (fact-iter 1 3),
which generates the following iterative process

(fact-iter 1 3)
(fact-iter 3 2)
(fact-iter 6 1)
(fact~iter 6 0)
6

Contrast fact-iter with an equivalent function fact

(define (fact n)
(if (=n 1)
1
(* n (fact (- n 1)}))))

which generates the following recursive process when applied to 3

(fact 3)

(* 3 (fact 2))

(¥ 3 (* 2 (fact 1)))
(* 3 (* 2 1))

(* 3 2)

6

5This example is adapted from page 31 of Structure and Interpretation of Computer Programs
by Abelson and Sussman [1].
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To fully describe the computation state of fact the evaluator needs a stack, to main-
tain the deferred function applications, as well a local name-space which holds the
binding of n for each application of fact. Since each of the deferred application has
an associated name-space, there are as many instances of the binding of n as there are
deferred applications. Consequently, the amount storage for maintaining the state of
a recursive process grows with the depth of the recursion, i.e. it is not constant. This
is in contrast to fact-iter which has a state that is fully described by a fized number
of variables {namely, product and counter).

Figures 4.2 and 4.3 illustrate the difference between evaluating application of
a tail-recursive function, fact-iter 1 3, and application of a recursive function,
fact 3.

4.1.3 Expressions

A Scheme expression is a construct that returns a value, such as a vari-
able reference, literal, procedure call [function application in fScheme], or

conditional [6].

With the exception of the define expression, all the expressions in fScheme behave like
functions in that they return some value, although they may be evaluated differently
from functions. The fact that they behave like functions, means that they can be
combined into larger expressions with the same “parenthesized prefix notation” used
above to denote function composition. This leads to a certain economy of expression,
but also, some may argue, hides significant differences among expressions types.
fScheme only has a few types of expressions: variable reference, literal expression,
function application, lambda expression, conditional expression, let expression, letrec

expression, and define expression. The form and evaluation rules of each are

e variable reference
{variable}

Evaluates to the value stored in the location to which the variable is bound.
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Expression

(fact-iter 1 3)

(fact-iter 1 3)

(fact-iter 3 2)

(fact-iter 3 2)

(fact-iter 6 1)

(fact-iter & 1)

(define {fact-iter product counter)
(if (<= counter Q)
product

(fact-iter (* counter product)

(- counter 1))

Name-space

fact-iter: ..

fact-iter .

I
product : 1

counter: 3

fact-iter: ..

fact-iter: ..

]
product : 3

counter : 2

fact-iter: ..

fact-iter: ..
|

product : 6
counter: 1

Vaiue : 6

Figure 4.2: Example 2 Evaluation
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Expression

(fact 3)
(fact 3)

(fact 2)

(fact 2)

(fact 1)

(fact 1)

* 21

*32

(define (fact n)

(if (=n 1)

|

(*n (fact (- n 1NN

Name-space

fact: ..

Stack

fact: ...

*3_

*3_

*2_
*3_

®2_
*3_

®*3_

Value . 6

Figure 4.3: Example 3 Evaluation
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e literal expression
(quote {(datum}) or ’{datum}® or {constant)

Evaluates to (datum) or, in case of a (constant), to itself.

¢ function application
({operator) {operand;) ...)

Evaluation rule 1s on page 40.

e lambda expression
(lambda (formals) (body))
Evaluates to a function, with the name-space in which the lambda expression

was evaluated becoming the definition name-space part of the function.

s conditional expression
(if {test) {conmsequent) (alternate))

The if expression is the only way to accomplish conditional evaluation in fScheme.

The evaluation rule is

1. Evaluate the (test} part.

2. If the result is a true value (booleans are defined on page 50) then evaluate

the {consequent) part, otherwise evaluate the {alternate) part.

3. The result from step (2) is the value of the whole if expression.

¢ let expression
(let (bindings) (body)) where (bindings) have the form

(({variable;} {init;}) ...}

and where each {init) is an expression used to initialize the corresponding
{variable}, and (body) is the main expression. A (variable) can appear only
once in the list of variables being bound.

Evaluation rule for a let expression is similar to that of the function application
expression (page 40), with the (init)s being the arguments, the (variable)s the
function variables, and the (body) the function body:

6A quote can be seen as an annotation for controlling the normal eager evaluation, rather than
an expression with its own evaluation rule.
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1. Evaluate the (init)s in the current name-space.

2. Extend the current name-space with the bindings of {variable}s to fresh

locations.
3. Store the results of evaluating the (init}s in the corresponding locations.
4. Evaluate the (body) in the extended name-space.
5. The result of this evaluation is the value of the let expression.

Bindings of the {variable)s have the (body) as their region. Like function ap-

plications, let expressions can be nested

(let ((a 1) (b 2))
(let ({a 3) (c (+ a 1)))
(+ a c))) = 5

o letrec expression
(letrec (bindings) (body)) where (bindings) have the same form as for the
let expression
A letrec expression is different from the let expression in that it permits mutually

recursive functions to be defined. The evaluation rule for a letrec expression is

1. Extend the current name-space with the bindings of (variable)s to fresh

locations holding undefined values.
2. Evaluate the (init)s in the ertended name-space.
3. Store the results of evaluating the (init)s in the corresponding locations.
4. Evaluate the (body) in the extended name-space.

5. The result of this evaluation is the value of the let expression.

It must be possible to evaluate all the (init)s without referring to the value
of any of the (variable}s. This does not present any problem, because {init)s
are usually lambda expressions. Bindings of the (variable}s have the entire
letrec expression as their region, which permits definition of mutually recursive

functions. In a let expression this is not possible, because the region of the
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bindings of {(variable)s is only the (body} of the let expression, and not the

whole expression itself.

An example of a letrec expression is ’

{letrec ((even?
(lambda (n)
(if (= 0 n)
#t
(0dd? (- n 1)))0)
(odd?
(lambda (n)
(if (= 0 n)
#f

(even? (- n 1))}
(even? 88))

=% #t

Figure 4.4 shows the evaluation process for the above letrec expression.

e define expression
(define {name) {expression))
The define expression is the only expression that does not return a value. The

evaluation rule is

1. In the global name-space, introduce a new binding of {name) and a fresh

location.

2. Evaluate the expression {expression) and store the value in the location.

Definitions can only occur at the top level of a program. It is not permitted to

use them inside a function or a let or letrec expression.

Only top-level definitions are supported in f{Scheme, i.e. there are no internal
definitions. In particular, there are no functions defined as internal functions to

some other functions. However, this is not a limitation because programs containing

7This example is taken from page 10 of report on Scheme [6].
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{letrec ({even? {(lambda (n)
(if (=0 n)*t (odd? (-n 133
(odd? (tambda (n)
(if (=0n)*#f (even? (-n 1))))))
(even? 88))

Expression Name-space Stack
(letrec...)
(even? 88)
|
even?. ..
odd?..
(even? 88) | |
]
even?:...
odd?...
n;: 88
(odd? 87) | ]
|
even?...
0dd?...

(even? 0} | |

even?...
odd?...

Value : #t
Figure 4.4: Example 4 Evaluation
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functions with internal definitions can be converted to those containing only functions

defined at the top level. The conversion is the process of lambda lifting, defined by
Johnsson as:

...a technique for transforming a functional program with local function
definitions, possibly with free variables in the function definitions, into a

program consisting only of global function (combinator) definitions which

will be used as rewrite rules. [19]

4.1.4 Types of fScheme Objects

fScheme objects have one of the following types: symbol, boolean, pair, number (inte-

ger), and function. ® For each object type there is a predicate that tests for the type
(listed on page 54).

Symbol

Symbols are objects with only one attribute: name. As a result, in fScheme (as in
Scheme) symbols are mainly used as identifiers. However, they can also be used “the

way enumerated values are used in Pascal.” [6] Consider an example of both uses of
the symbol type,

(define Names ’{(John Mary Sue))

where Names is the identifier for an enumeration {a list) of names (John Mary Sue).

Boolean

There are only two boolean objects: #t and #f.

An if expression accepts other than boolean objects as arguments. In an if ex-
pression, a true value is any value other than an empty list {denoted by () or nil)
or the boolean #£f; and, a false value is the boolean #f or an empty list.

The set of primitive predicates {functions that return boolean values) includes

the type predicates, the equivalence predicate, and the null-list predicate. These are

listed on page 54.

8Gcheme has the type procedure in place of function, additional data types, and a more complex
number system [6].
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The equivalence predicate eq?,
(eq? obji obf)

tests for equivalence of its two arguments. Eq? returns #t if the arguments are
equivalent, and #f otherwise.
The only primitive boolean function in fScheme is not, which returns #t when

applied to a false value, and returns #f otherwise.

Pair

The pair object type, denoted by (ell . el2), is the only data structure of {Scheme,
and the sole support it provides for data abstraction (Scheme, additionally, has the
string and vector data structures). The fScheme primitives for constructing, and
accessing pairs are cons, car, and cdr (all of which were defined in Chapter 2, on
page 17).

A subtype of the pair object type is the list type, denoted by (ell el2 el3 ...).
In addition to above primitives, the list type has an associated test for an empty list,
null?. When applied to an object, null? returns #t if the object is an empty list,
and returns #£ otherwise. The empty list is denoted as () or with the symbol nil.

In fScheme, the empty list serves an important purpose: (1) it is used in terminat-
ing lists (as described in Chapter 2, on page 18), and (2) together with the boolean

#£f, it is treated as a false value by the if expression.

Number

For reasons of simplicity, fScheme only supports integer arithmetic®: all the numbers
are integers and the operations on them are +, -, ¥, quotient, remainder®’, and the

relational operators =, < and <=.

9Scheme, however, has a much more complex number system, with a full complement of numeric
types (complex, real, rational, and integer) and associated operations. [6]

1When applied to integers ny and ny, which satisfy n; = nang + n4, the behavior of quotient
and remainder operations is

(quotient my n3) => ng
(remainder n; ng) == ny
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Numbers evaluate to themselves, 1.e. they are self-evaluating, so that they do not
need to be quoted.

Function

An object of type function is like any other object in fScheme. This view is inher-

ited unchanged from Scheme, whose procedures (the Scheme equivalent of a fScheme

functions)

...are objects in their own right. Procedures can be created dynamically,

stored in data structures, returned as resulits of procedures, and so on. [6].

Functions have the unique property of being applicable, i.e. able to accept objects
as arguments and return objects as results.
4.1.5 Summary of fScheme

Tables 4.1 and 4.2 summarise fScheme by listing its expression types and primitive

functions, respectively. The keywords of fScheme (quote, lambda, if, let, letrec,
and define) should not be used as variables.
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e variable reference
(variable)

literal expression
(quote (datum)) or ’{datum)

function application
({operator) {operand;) ...)

lambda expression
(l1ambda {formals) (body))

conditional expression
(if (test) (consequent) {alternate))

let expression
(let (bindings) (body}) where (bindings) have the form

(({variable;) (init1)) ...)

letrec expression

(letrec (bindings) (body)) where (bindings) have the same form as for the
let expression

¢ define expression
(define {name) (expression))

Table 4.1: {Scheme Expression Types
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type predicates
symbol?, boolean?, pair?, number?, and function?

equivalence predicate
eq?

null list predicate
null?

boolean function
not

pair operations
cons, car, and cdr

arithmetic operations
+, ~, % quotient, and remainder

arithmetic relational operations

=, < and <=

Table 4.2: fScheme Primitives
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Chapter 5

Environment and Reduction

Evaluators for fScheme

In this chapter two radically different evaluators for fScheme are defined. The first
is based on an environment evaluation model and the second is based on a reduction
evaluation model. Each evaluator accepts an fScheme expression and returns either
a value or a message that a name-value binding was entered into the name-space.
The environment evaluation model was described in the last chapter, so for the
Environment Evaluator only the following are discussed: organization, execution be-
havior, and monitoring execution. For the Reduction Evaluator, the abstract reduc-

tion rules for f{Scheme are described before describing the evaluator itself.

5.1 The Environment Evaluator

The Environment Evaluator for fScheme is based on the environment evaluation
model [15] [1]. Recall that the fScheme evaluation rules of Chapter 4 assumed an

underlying environment evaluator.

5.1.1 Organization

The evaluator consists of five objects that communicate using message passing., Or-
ganization of the Environment Evaluator is shown in figure 5.1, and the code for each

of the objects is in Appendix A.
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Each object in the evaluator is responsible for a significant function in evalua-
tion of an fScheme expression. For example, *eval-mgr* manages the evaluation
process according to the evaluation rules specified in Chapter 4, *name-space-mgr*
manages the name-space (name-space corresponds to environment in the environment
evaluation model), and so on. In the case of the evaluator, an object-based design
permitted a natural division of responsibilities among the objects. Here is a more

detailed description of the function of each object:

*evaluator* accepts a request to evaluate an fScheme expression, and returns a

value or displays a message that a binding was entered into the name-space.

xavaluator first sends an evaluate request to *eval-mgr*, and after it receives
a value, it either passes that value back to the sender of the request, or (in
case of a define expression) sends a request to add a name-value binding to

kname-sp a.ce-mgr* .

*eval-mgr* manages the evaluation process. It contains the knowledge of evaluation

rules of fScheme in the form of a collection of internal procedures.

*aval-mgr* accepts a request to evaluate an expression in given name-space,
and returns the value of the expression. First, *eval-mgr* obtains the type
of the expression by sending a get-type message to *exp-mgr*, and then dis-
patches on the type to an appropriate procedure. Each expression type (except
for the define expression, which is handled in the *evaluator#) has a corre-

sponding procedure,
The evaluation routines in *eval-mgr* embody the evaluation rules. Any

changes to the evaluation rules of fScheme can all be made in *eval-mgr*.

*name-space-ngr* handles all name-space updates and accesses. It contains the

knowledge of name-space representation.

Name-space is an internal state of *name-space-mgr*, and *eval-mgr* which
sends access and update requests as it evaluates an expression in a given envi-

ronment, has a pointer

into the name-space (ns-ptr). This pointer defines that part of the name-space

corresponding to the environment in which the expression is evaluated.
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*name-space-mgr* accepts the following requests: add (add a binding to the
global name-space), lookup (lookup a binding in a given name-space), add-list
(add a list of bindings to the top frame in the given name-space), extend-ns (ex-
tend a given name-space with a new frame containing a given list of bindings),
get-global-ns-ptr (get a global name-space pointer), and print-ns (print a given

name-space).

*primitives* handles application of primitive functions, and their instantiation in

the name-space. *primitives* contains a table of all the primitive functions,

table-of-primitives.

table-of-primitives is the only place in the environment evaluator where

primitives are stored. Any new primitives can simply be added to the table.

*primitives* accepts the following requests: apply (apply a given primitive
to given arguments), enter-primitives (enter the primitive names in the name-

space).

*exp-mgr* handles all expression manipulation. It contains all the knowledge of

expression representation, so that any changes to expression representation can

all be made in *exp-mgr*.

kexp-mgr* accepts the following requests: exp-access (make a given type of
access to a given expression), get-typ (get the type of a given expression),
make-closure (make a closure from a given lambda expression and name-space

pointer), closure? (test if a given argument is a closure), and define? (test if a

given expression is a define expression).

A consequence of the object-based design of the evaluator is that changing the
evaluation rules, the set of primitives, expression representation or name-space rep-
resentation can be done in a systematic way.

5.1.2 Execution Behavior

This section describes the behavior of the Environment Evaluator in terms of actions

that are performed for each fScheme expression type.
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To evaluate an expression eval request is sent to the *evaluator* object, which
delegates all evaluation to *eval-mgr*, and simply passes the result of the evaluation
back to the sender. However, in case of the define expression, *evaluator* first
requests *name-space-mgr* to enter a name-value binding in the global name-space,
and then displays a message that a binding was entered in the name-space.

The format below follows the description of the form and evaluation rules for

fScheme expressions on page 43 of Chapter 4.

o define expression

(define (name) (expression})

1. Obtain a pointer to the global name-space by sending a get-global-ns-ptr

request to the *name-space-mgr*.

2. Evaluate {expression) in the global name-space by sending an evaluate

request to *eval-mgr*.

3. In the global name-space, introduce a new binding of {(name) to the result of

evaluating (expression), by sending an add-binding request to *name-space-mgr*,

o self-evaluating expression
(boolean) or (integer)

Return the expression as is (booleans and integers evaluate to themselves).

¢ variable reference
(variable)
Lookup the value of the variable in its name-space by sending a lookup request
to the *name-space-mgr*. The *name-space-mgr* returns either an associa-
tion of the variable to its value or a flag indicating that the variable has no
association. In case there is no association an error is signaled with a message

“unbound variable”, else the value part of the association is returned.

o literal expression
(quote (datum)) or ’{datum)
Extract the literal part of the expression, i.e. {datum)}, by sending an access

request to *exp-mgr*. Return that as the result.
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¢ lambda expression
(lambda (formals) (body))
Send a make-closure request to *exp-mgr+*. Return that closure as the result.

A closure consists of 'closure tag, the lambda expression and a pointer to the

lexical name-space of the lambda expression:

(!'closure (lambda (formals} (body)) . ns~-ptr)

¢ function application!

({function) (argument;} ...)

1. Send requests to *exp-mgr* to access (function) part and (argument,)

part.

2. Recursively invoke the *eval-mgr*, by sending an evaluate request for the

function-part of the expression and for each of the arguments.

3. If the function is a primitive, apply the primitive and return that as the
result of the application. Otherwise, the function is a closure. Proceed to

step 4.

A primitive is applied by sending an apply request to *primitives* with
a given name and arguments, which either returns the result of applying
the primitive function (corresponding to the name) to the arguments, or

causes and exception if the name is not a primitive function name.

4. Extend the name-space of the closure with bindings of variables to argu-
ment values, by first sending a request to *exp~mgr* to access the variables
and the name-space in the closure, and then by sending a request to the
*name-space-mgr# to extend the closure name-space with the bindings of

variables to corresponding argument values.

5. Evaluate the function body in this extended name-space by sending a re-
quest to *exp-mgr#* to access the function body in the closure, and then

send a request to *eval-mgr* to evaluate the function body in the ex-

tended name-space.

1The fScheme evaluation rule in Chapter 4 corresponding to the following steps is on page 40.
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¢ conditional expression
(if {test} (comsequent) (alternate))

1. Send a request to *exp-mgr#* to access test-part.

2, Recursively invoke *eval-mgr* by sending an evaluate request for the
(test) part.

3. If the result is a true value then recursively invoke *eval-mgr# to evaluate

the (consequent) part, otherwise evaluate the (alternate) part.

o let expression
(let (bindings) (body)) where (bindings) have the form

(({variable;) (init1}) ...)

The behavior in evaluating a let expression is similar to that in evaluating a
function application expression, because of the similar semantics of the two
expressions. Recall that (variable,) corresponds to a function variable, (init,)

corresponds to a function argument, and (body) to function body.

1. Send requests to *exp-mgr* to access {init)’s, (variables), and (body).

2. Recursively invoke *eval-mgr* by sending an evaluate request (in the

name-space accompanying the let expression) for each of the {init}’s.

3. Extend the name-space of the let expression with bindings of (variables} to

(init) values by sending an extend name-space request to the *name-space-mgr*.

4. Evaluate the let body in this extended name-space by sending an evaluate

request to *eval-mgr*,

¢ letrec expression
(letrec (bindings) (body}) where (bindings) are as in the let expression
Recall that a letrec expression is different from the let expression in that it
permits mutually recursive functions to be defined. This is possible because each
(init) is evaluated in the name-space extended by bindings of each (variable) to

the corresponding (init).
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1. Send requests to *exp-mgr* to access (init)’s, (variables}, and (body) (let
bedy).

2. Extend the current name-space with an empty list of bindings by sending

an extend name-space request to the *name-space-mgrx*.

3. Recursively invoke *eval-mgr* by sending an evaluate request (in the

extended name-space) for each of the (init)’s.

4. Add thelist of bindings of {variables) to (init) values to the extended name-
space by sending an add-list-of-bindings request to *name-space-mgr*.
Note that this is the same name-space (same ns-ptr) as the one in which
the (init)’s were evaluated. This is so because in responding to the add-list-
of-bindings request, *name-space-mgr* does not add a new frame, rather
it adds a list of bindings to the top-most frame.

5. Evaluate the let body in this extended name-space by sending an evaluate

request to *eval-mgr*,

5.1.3 Monitoring Execution Behavior

To be able to analyse the execution behavior of the Environment Evaluator we have
instrumented each of the objects in the evaluator. We track significant activity in

each of the objects. In chapter 6 we relate these statistics to the computational space
and time cost.

» *eval-mgr*: maximal recursion depth, number of recursive calls (excluding

tail-recursive calls), and number of evaluations.

Assuming a stack is used to save *eval-mgr* state, maximal recursion depth
gives an indication of maximal stack size, and number of recursive calls indicates
the number of saves and restores from the stack. The number of evaluations

gives roughly the number of steps required to evaluate an expression,

Maximal recursive depth assumes that if *eval-mgr* used a stack to explicitly
control recursive evaluation of expressions, that *eval-mgr* would not stack
anything in case of tail-recursive calls. Hence, recursion depth counter is not

incremented when a recursive call to *eval-mgr* is the last call in an evaluation
rule routine.
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¢ *name-space-mgr*: number, average and maximal depth of Jookups, total num-
ber of bindings added, number of frames added, average and maximal depth of

frames, and total number of frames added.

e *primitives*: number of primitive applies, and in particular number of cons

operations.

e *exp-mgr*: total number of expression accesses, average and maximal depth of
accesses, total number of expression type operations, and total number of cons

cells used.

5.2 The Reduction Evaluator

The Reduction Evaluator is based on a version of graph reduction adapted to handle
a block-structured, statically scoped functional language such as fScheme. To our
knowledge, graph reduction has not been used as a basis for a source-level evaluator
(interpreter) for a statically scoped language. In general, graph reduction evaluators
accept translated forms of high level functional programming languages. The transla-
tion step is used to transform a program into a form in which reduction can be done
more efficiently than for a high-level functional language. However, this approach
pays for the gain in efficiency by a loss in the ability of directly interacting with the
evaluator. For our purposes of studying execution behavior of evaluation models it
was more important to be able to interact directly with the evaluators than to have

have them evaluate efficiently.

5.2.1 An fScheme Reduction Model

In the case of the string and graph reduction approaches the executing functional
program is represented as a string or a graph being reduced rather than evaluated
by changing its name-space. Values of variables are not bound to variable names
and placed in the updated name-space as a function is applied; instead, the values,
in case of string reduction, or pointers to these values, in case of graph reduction,

are written directly into a new copy of the function being applied. Applying that
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function involves reducing the new function body. Execution terminates when the
overall expression is in an irreducible form.

The unusual aspect of the reduction model is that an an expression is being changed
as it is being evaluated. This is in contrast to an environment evaluator where the
name-space is being changed as an expression is being evaluated; the expression
itself is left intact (it is read-only). In the environment model it is the name-space
that reflects the progress of the computation, while in the reduction model it is the
expression itself that does that.

Another difference between the two models is in the way they treat names. Names
in the environment model are all treated equally, whether they were defined statically
(using a define expression) or whether they came to life dynamically as variables in a
function application or as variables in let or letrec block invocation. Their bindings are
all found in the name-space. On the other hand, in the reduction model the dynamic
and static names are treated differently. The static names are found in the name-
space, while the dynamic names are rewritten with the corresponding arguments in
a function application or the corresponding init expressions in a let or letrec block
invocation. As a result, the name-space in the reduction model is a static, read-only
structure as an expression is being evaluated, and in the environment model it is a
dynamic, read-write structure. Because it is responsible for maintaining the dynamic
bindings, the environment name-space is more complex than the reduction name-
space. In the reduction model that complexity is transferred to the expression itself
during the reduction process through rewriting names with corresponding values. It
is interesting to observe that the dynamic name-value associations are distributed
over the expression, where they are needed, incurring the access cost at the time of
function application rather than at the time at which the name is referenced.

The following abstract reduction rules for {Scheme expressions are presented in the

same format as the abstract environment evaluation rules on page 43 of Chapter 4.

¢ self-evaluating expression
(boolean) or {integer)

Return the expression as is (booleans and integers evaluate to themselves).

@ variable reference

{variable)
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Rewrite the expression with the value of the variable in the name-space.

e literal expression
(quote {(datum)) or ’(datum)

Rewrite the expression with the literal part of the expression, i.e. (datum).

¢ lambda expression
(lambda (formals) (body))

Rewrite the expression with the corresponding functional value.

¢ function application?

({function) (argument;) ...)

1. Reduce the arguments.
2. Copy out the function body expression.

3. Rewrite all free occurrences of the function’s variables in the new function
body with pointers to the corresponding arguments.
All free occurrences of the variables includes all the free occurrences in all
the subexpressions, including lambda, let and letrec subexpression. This is
the step that ensures that static scoping is maintained. Contrast this with
the environment model which ensures static scoping by (1) extending the
function definition name-space with the variable-argument associations,
(2) and using that name-space when evaluating the function body. This is
the central difference between the two models: one rewrites the expression,

and the other the name-space.

4. Rewrite the function application expression with this new function body.

5. Reduce this new version of the expression.

s conditional expression

(if (test) {consequent) (alternate))

1. Reduce the test-part of the expression.

*The fScheme envirommnent evaluation rule for a function application is on page 40. in Chapter 4
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2.

3.

If the the test expression reduced to a true value, rewrite the if expression

with the consequent-part, else rewrite with the alternate part.

Reduce this new expression.

¢ let expression
(let (bindings) (body)) where (bindings) have the form

(({variabler) {init;})) ...)

The rule for evaluating a let expression is similar to that of evaluating a function

application, the only difference being that there is no need to copy the let body.

1.
2.

3.
4.

Reduce the init expressions.

Rewrite all free occurrences of the let variables in the let body expression

with pointers to the corresponding init expressions.

The meaning of all free occurrences of the variables is the same as in the

case of the function application.
Rewrite the let expression with this new let body expression.

Reduce this new version of the let expression.

¢ letrec expression

(letrec (bindings) (body)) where (bindings) are as in the let expression

Recall that a letrec expression is different from the let expression in that it

permits mutually recursive functions to be defined.

1.
2.

Reduce the init expressions.

In each of the init expression, rewrite all the free occurrences of all the
letrec variables with the corresponding init expressions.

This step is the only difference between the let and letrec reduction rules.
It ensures that mutually recursive functions can be defined. Again, the

meaning of all free occurrences of the variables is the same as in the case

of the function application reduction rule.

Rewrite all free occurrences of the letrec variables in the letrec body ex-

pression with pointers to the corresponding init expressions.
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4. Rewrite the letrec expression with this new letrec body expression.

5. Reduce this new version of the letrec expression.

The define expression is different from the other expression types in that it does
not have a reduction rule of its own. It is evaluated for the effect of entering a name-
value association in the name-space. Only the names defined through the define

expressions are in the name-space.

¢ define expression

(define (name) (expression))

1. Reduce the value part of the define expression, {expression).

2. Enter the association of the name and the reduced expression into the

name-space.

The Reduction Evaluator does not directly reduce the fScheme expression. It first
translates them to a graph form, which just involves adding an an extra cons cell. By
choosing cons cells as graph nodes in the Reduction Evaluator, fScheme expressions
were almost in graph form. An extra cell was required to be added as the root cell of

the graph; the cell that is rewritten with the value of the reduction.

5.2.2 Organization

The Reduction Evaluator has the same general organization as environment evaluator:
it consists of five objects that communicate using message passing. The organization
of the Reduction Evaluator is shown in Figure 5.2, and the code for each of the objects
is given in Appendix B.

Each object in the evaluator is responsible for a significant function in reduction
of an fScheme expression. For example, *red-mgr* manages the reduction process
according to the reduction rules specified in previous section, *name-space-mgr*
manages the name-space, *graph-mgr* manages all the operations directly dealing
with the graph representation, and *primitives* deals with application of primitive

functions. Here is a more detailed description of the function of each object:
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*evaluator* as in the Environment Evaluator, it accepts a request to evaluate an
fScheme expression, and returns a value or displays a message that a binding

was entered into the name-space.

xevaluator* first sends a translate and a copy request to the *graph-mgr* to
transform the fScheme expression into a fresh graph. It then sends a reduce re-
quest to the xred-mgr*. When the *red-mgr* finishes, the graph is in a reduced
form. *evaluator* then either passes the value in the reduced graph back to
the sender of the original evaluate request, or (in case of a define expression)

sends a request to add a name-value binding to *name-space-mgr*.

*red-mgr* manages the reduction process. It contains the knowledge of reduction

rules of fScheme in the form of a collection of internal procedures.

*red-mgr* accepts a request to reduce a graph (pointed to by gr-ptr). First,
*red-mgr* obtains the type of the expression by sending a get-type message
to *graph-mgr*, and then dispatches on the type to an appropriate procedure.

Each graph type has a corresponding procedure.

The reduction routines in *red-mgr* embody the reduction rules. Any changes

to the reduction rules of fScheme can all be made in *red-mgr*.

*name-space-mgr* handles all name-space updates and accesses. It contains the

knowledge of name-space representation.

Name-space is an internal state of *name-space-mgr*. This name-space is a
simpler structure than the name-space in the Environment Evaluator because
it needs to maintain only the static bindings. During graph reduction, the

name-space-mgr only deals with lookup requests.
*name~-space-mgr* accepts the following requests: add (add a binding to the

name-space), lookup (lookup a binding in the name-space).

*primitives* as in the Environment Evaluator, handles application of primitive
functions, and their instantiation in the name-space. *primitives* contains a

table of all the primitive functions, table-of-primitives.

*primitives* accepts the following requests: apply (apply a given primitive
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to given arguments), enter-primitives (enter the primitive names in the name-

space).

*graph-mgr* handles all graph manipulation. It contains all the knowledge of graph

representation, so that any changes to graph representation can all be made in

*graph-mgr*.

*xgraph-mgr* accepts the following requests: translate (translate an expression
to an equivalent graph), gr-access (make a given type of access to a given graph),
copy {copy a given graph), rewrite! (rewrite one graph with the value of another
graph), mark! (mark a graph as reduced), rewrite-and-mark! (rewrite one graph
with the value of another graph and mark as reduced), get-typ (get the type

of a given graph), and find-repl (find and replace all the free occurrences of a

given variable in a given graph).

As pointed out for the Environment Evaluator, a consequence of the object-based
design is that changing the reduction rules, the set of primitives, graph and expression

representation or name-space repre:eniation can be done in a systematic way.

5.2.3 Execution Behavior

This section describes the behavior of the Reduction Evaluator in terms of actions
that are performed for each fScheme expression type.

To evaluate an expression eval request is sent to the *evaluator* object, which
(1) sends a translate request to *graph-mgr* to translate the expression into a
graph form, (2) sends a red request to *red-mgr* to reduce the graph, (3) sends an
access request to *graph~-mgr#* to obtain the value from the reduced graph, which it
then passes to the original sender of the eval request. In the case of the define ex-
pression *evaluator, after performing the steps (1)-(3) above, sends an add request,
to *name-space-mgr* to enter a name-value association in the name-space, and then
displays a message that an association was entered in the name-space.

Step 2, reduction of the graph, (managed by *red-mgr#*) is detailed in the format

of the evaluation rules for fScheme expressions on page 43 of Chapter 4.

¢ self-evaluating expression
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(boolean) or (integer)

Mark the graph as reduced by sending a mark! request to *graph-mgr*.

variable reference

{variable)

Lookup the value of the variable in the name-space by sending a lookup request
to the *name-space-mgr*. The *name-space-mgr* returns either an associa-
tion of the variable to its value or a flag indicating that the variable has no
association. In case there is no association an error is signaled with a message
“yunbound variable”, else the variable graph is rewritten with the value part

of the association by sending a rewrite! request to graph-mgr.

literal expression
(quote {datum)) or ’(datum)
First, access the literal part of the graph by sending a gr-access request to

*graph-mgr*. Then, rewrite! with the literal part.

lambda expression
(lambda (formals) (body})
Simply mark the graph as reduced.

In the Reduction Evaluator lambda graphs are the way functions are repre-

sented.

function application

({function} (argument;) ...)

1. Send requests to *graph-mgr* to access (function} and (argument,) sub-

graphs.

2. Recursively invcke the *red-mgr*, by sending a red request for the func-

tion subgraph and for each of the a,rgumént subgraphs.

3. If the function graph is a primitive function, apply the primitive and
rewrite~and-mark! the application graph with the result of the primi-
tive application. Otherwise, the function is a lambda graph. Proceed to

the next step.
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Copy the function-body graph by sending a copy request to the *graph-mgr*.

Replace the variables in the new function-body graph with the correspond-

ing argument graphs by sending a find-repl request for each variable to

the *graph-mgr*.
Rewrite! the application graph with this new function body graph.

Reduce this new version of the application graph.

o conditional expression

(if (test) (consequent) (alternate))

1.
2.

4.

Send a request to *graph-mgr* to access the test subgraph.

Recursively invoke *red-mgr* by sending a reduction request for the test

subgraph.

If the the test subgraph reduced to a true value, rewrite the if graph with

the consequent subgraph, else rewrite with the alternate subgraph.

Reduce this new graph.

e let expression
(let (bindings)} (body)) where (bindings) have the form

(({variable;) (inity}) ...)

. Send requests to *graph-mgr* to access (init}’s, {variables), and (body}

subgraphs.

Recursively invoke *red-mgr# to reduce each of the (init) subgraphs.

Rewrite all free occurrences of the let variables in the let body graph with
pointers to the corresponding init graphs by sending find-repl request to

the *graph-mgr*.

Rewrite the let graph with this new let body graph by sending a rewrite!
request to the *graph-mgr*.

. Reduce this new graph.
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e letrec expression

(letrec (bindings} (body)) where (bindings) are as in the let expression

1. Send requests to *graph-mgr# to access (init)’s, (variables), and (body)

subgraphs.
2. Recursively invoke *red-mgr# to reduce each of the (init) subgraphs.

3. In each of the init subgraphs, rewrite all the free occurrences of all the

letrec variables with the corresponding init subgraphs.

4. Rewrite all free occurrences of the letrec variables in the letrec body graph

with pointers to the corresponding init graphs.
5. Rewrite the letrec expression with this new letrec body expression.

6. Reduce this new version of the letrec expression.

5.2.4 Monitoring Execution Behavior

As in the case of the Environment Evaluator, all significant activity in each of the

objects was monitored:

o *red-mgr*: exactly the same statistics were gathered as for the *eval-mgrx
in the Environment Evaluator., Namely, maximal recursion depth, number of

recursive calls (excluding tail-recursive calls), and total number of evaluations.
e *name-space-mgr*: number, average and maximal depth of lookups.

e *primitives*: number of primitive applies, and in particular number of cons

operations. (same as in the Environment Evaluator)

e *graph-mgr*: a number of parameters were gathered relating to replacing vari-
ables during function application, and during let and letrec block invocation,
total number of copy operations, total number of translate operations, total

number of graph nodes used, total number of graph accesses, and average and

maximal depth of graph accesses.
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Chapter 6
Experiments

In this chapter we present the test programs used in generating the execution profiles,
the execution profiles themselves, and an analysis of execution costs of one particular

execution profile.

6.1 Test Programs

The test programs used in generating the execution profiles were {unctions fact,
fact-iter, mrec-even?, deriv, and tak.
Functions fact, fact-iter were already seen before, in Chapter 2, in a discussion

on tail-recursion. They are used because they demonstrate that the two evaluators
are tail-recursive.

{(define fact

(lambda (n)
(if (= n 1)
1

(* n (fact (- n 1)IMN))

(define fact-iter
{lambda (product counter)
{(if (<= counter 0)
product

(fact-iter (* counter product)
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(- counter 1}))))
Function mrec-even? was chosen to test for mutual recursion.

(define mrec-even?

(lambda (x)
(letrec ((even?
(lambda {(n)
(if (=n O
#t
(odd? (- n 1)))))
{0dd?
(1ambda (n)
(if (=n 0)
#f

(even? (~ n 1))))))

{even? x))))

Function tak is a small tree recursive function. It is used in testing function call

and recursion. This version was taken from [9].

(define tak
(lambda (x y z)
(if (not (< y x))
zZ
(tak (tak (- x 1) y 2)
(tak (- vy 1) z x)
(tak (- 2z 1) x ¥INN

Function deriv (given in Appendix C) is a medium sized function adapted from
Structure and Interpretation of Computer Programs [1]. Deriv computes a symbolic
derivative on its argument with respect to a variable specified by its second argument.
It is typical of most functional programs in that it is heavily recursive, and that there

are a many small functions called by the main function.
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Exp: (deriv '(* x (+ y 1)) 'x)
Value: (+ y 1)

eval-mgr* statistics:

number of recursive calls: 224
maximum recursion depth: 7
number of evaluations: 291

name-gpace-mgr* statistics:
lookup stats: tot 160, avg depth range (10,11), max depth 31

avg frame depth range (0,1), max frame depth 1
number of bindings added: 44
number of frames added: 33

primitives* statistics:
nunber of primitive applies: 52
number of cons operations: O

exp-mgr* statistics:

expression access stats: tot 341, avg depth range (1,2)
max depth 4

number of type-ops: 291

number of cons cells used:

Table 6.1: Example Execution Profile

6.2 Execution Profiles

Execution profiles from fifteen test runs were generated. An example of an execution
profile generated by environment *evaluator* is shown in Table 6.1.

The runs are given in Table 6.2. The test runs were made by first adding the
appropriate function or functions into an empty name-space, and then submitting an
eval request to *evaluator* object. The name-space was emptied before each run by
reloading the *name-space-mgr+* object into the Scheme interpreter. This was done
to make sure that there are no bindings left in the name-space from previous runs
that would affect the statistics for the current run.

The execution profiles were all gathered into a log file for each of the two evaluators

by a special log function. The log files are given in their raw form in Appendix D .
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Expression Run
(fact 1) 1
(fact 5) 2
(fact 10) 3
(fact-iter 1 1) 4
(fact-iter 1 5) 5
(fact-iter 1 10) 6
(mrec-even? 1) 7
(mrec-even? 10) 8
(mrec-even? 81) 9
@eriv (¥ 9) CX (Fy ) W | 10
(deriv ’(* x (+ y 1)) 'x) 11
{tak 12 3) 12
(tak 3 2 1) 13
(tak 2 4 8) 14
(tak 8 4 2) 15

Table 6.2: Test Runs

Data from the log files was collected into the following tables. Table 6.2 shows
the runs made and gives a numeric key used to index into the other tables. Table 6.3
and Table 6.4 contain data collected from the environment evaluator. Table 6.5 and

Table 6.6 contain data from the Reduction Evaluator.

6.3 Analysis of Execution Costs

This section demonstrates how execution profiles can be used to study execution
costs. Fxecution profiles could also be used in fine-tuning the evaluators, deriving
requirements for a language-oriented machine architecture, understanding the mech-
anisms used in evaluating fScheme, and so on. The specific execution profile analyzed

for execution cost was generated from evaluating the following fScheme expression:

(deriv ’(x (+ x y) (* x (+ y 2))) ’x)

6.3.1 Environment Evaluator

Table 6.7 shows the execution profile analyzed in this section.
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r *eval-mgr* l L *name-space-mgr¥ 7
Run | a b c Run!i a b c d |e| | g

1 6| 2 9 1 3] L2 401 [1] 1 1
2 54| 6| 65 2 31 23]} 8|[01]]1] 5| 5
3 114 [ 11| 135 3 66 | (23] 8|[0,4}|1]| 10] 1C
4 20 2] 25 4 12] 23] oipl1] 4] 2
5 720 2 85 5 44| [2,3]] 910,11 ]| 12] 6
6 137 2| 160 6 84| [23]| 9[04 ]1] 22| 11
7 19 2] 26 7 10 23112 [3] 5| 4
3 100 | 2| 125 8 315 3,4 [11 | [1,2] 13| 14| 13
9 739 2| 906 9 410 B4 11 ]{1,2]|3] 8| 84
10 472 9| 608 10 338 | (10,11} [31 [ [0,1] |1 | 90| 68
11 | 224 7| 201 11 160 | [10,11) | 31| [0,1] [ 1] 44| 33
12 10| 3 13 12 6 {34]115]1[0,1] |1 3 1
13 59| 4| 70 13 41 45 [15([0,0) 1] 18] 5
14 10| 3| 13 14 6| [34]{15)[01}]1] 3| 1
15 | 1676 | 9| 1951 15 11196 | [4,5] | 15 | [0,1] | 1 | 411 | 137

a — total number of lookups

b — average lookup depth range

¢ — maximal lookup depth

d — average frame depth range

e — maximal frame depth

f — total number of bindings added
g — total number of frames added

a — number of recursive calls
b — maximum recursion depth
¢ — number of evaluations

Table 6.3: Environment Evaluator Execution Data (Part 1)
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*primitives* | | *exp-mgr* |

Run| a | b Run| a b |{c| d |e
1 110 1 02 4] 9]0
o | 13]0 2 62|12 | 4| 650
3 28| 0 3 127 11,2} 4] 13510
1 1| 0 3 B2 (4] 2510
5 16| 0 5 5 L2 ]a]| 850
6 311 0 6 140 [ [1,2) 14| 160 |0
7 3|1 0 7 29 1[2,3] | 6 26 | 8
g | 21 0 8 | 128|[1,2]6] 1258
q9 1631 0 9 909 | [1,2] | 6| 906 | 8
10 111 6 10 | 709 | [1,2] 4] 6080
11 | 52| 0 11 | 341|[1,2|4]| 201 |0
9 | 2] 0 12 | 12|24 3]0
13 | 13]0 13 | 62,2 |4| 700
14 210 14 12 11,2} | 4 1310
15 |316] 0 15 1712 | [1,2]] 4| 1951 | o

a — total number of accesses
a — number of primitive applies b — average access depth range
b — number of cons operations ¢ — maximal access depth
d — number of type operations
e — total number of cons cells used

Table 6.4: Environment Evaluator Execution Data (Part 2)
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|  *red-mgr* | *name-space-mgr* | *primitives |

Run| a b c d e f g h

1 6] 2 9 2 (1,2] 3 1 0
2 54 | 6 65 || 18 [3,4] 71 13 0
3 1411 135{ 38| [3.4| 7| 28 0
4 20| 2 25 6 [2,3] 7 4 0
5 72| 2 85 || 22 [3,4] T 16 0
6 137 | 2| 160 42| [3.4]| 7 31 0
7 19| 2 26 4 (3,4] 7 3 0
8 100 | 2| 125 22 [4,5] Th 21 0
9 739 | 2| 906 | 164 [4,5] 71 163 0
10 472} 91 608 || 179 | [17,18] | 30 || 111 6
11 224 | 7| 291 | 85 |[17,18]} 30| 52 0
12 0| 3 13 3 [4,5] 12 2 0
13 59| 4 70 || 18 5,6} | 124 13 0
14 101 3 13 3 [4,5] | 12 2 0
15 1676 | 9| 1951 || 513 [5,6] 12 || 376 0

a — number recursive calls

b — maximum recursion depth
¢ — number of reductions

d — total number of lookups

e — average lookup depth range
f — maximal lookup depth

g — number of primitive applies
h — number of cons operations

Table 6.5: Reduction Evaluator Execution Data (Part 1)
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*graph-mgr*

Run| a b c d e f g h i ] k {1
1 3 1] [15,15) | 15| (3,3] | 3 40 2 25 18| 1,2] [ 4
2 15 51518 |15 [[33)| 3| 172 141 121 | 152 |[1,2] |4
3 30| 10 [15153) |15 |([3,3]| 3| 337 | 29| 241 | 583 |[1,2] |4
4 10 4 1[16,16] | 16 | [4,4] | 4 79 3 52 | 630 | [1,2] | 4
5 30| 12| [16,16] {16 { [4,4] | 4| 219 | 17| 152| 793 |[1,2] | 4
6 55| 22 |[16,16] | 16 | [4,4] | 4| 394 | 32| 277 |1101 ;[1,2] |4
7 8 9| [12,13] [ 30 | [5,5) | 13| 150 4 87 11150 | [1,2] | 7
8 26 | 18 [ [12,13] |30 | [4,4]) |13 ] 393} 22| 258 11397 | [1,2] | 7
9 168 | 89| [12,13] | 30 | [3,4] | 13 } 2310 | 164 | 1607 | 3206 | [1,2] | 7
10 344 | 90| [27,28] | 65 | [7,8] | 16 | 3289 | 112 | 1857 | 4629 | [1,2] | 7
11 177} 44|{29,30] | 65 | [8,9] | 16 | 1700 | 53 | 951 | 5310 | [1,2] | 7
12 12 31[34,34) [ 34 | [4,4] | 4 82 3 48 | 5334 | [1,2] { 7
13 60 | 15 (34,34) 134 | [4,4] | 4| 366 | 14 | 213 | 5468 [ {1,2] | 7
14 12 3| [34,34] 134 | [44] | 4 82 3 48 | 5492 | {1,2] | 7
15 | 1644 | 411 | [34,34] | 34 | [4,4] | 4 | 9738 | 377 | 5658 | 9256 | [1,2] | 7

a — total number of replaces

b — total number of searches

¢ —— average search size range

d — maximum search size

e — average search depth range

f — maximum search depth

g — number of copy operations

h — number of translate operations

i — number of graph nodes (cons cells) used
j — total number of graph accesses

k — average graph access depth range
| — maximum graph access depth

Table 6.6: Reduction Evaluator Execution Data (Part 2)
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Exp: (deriv *(* (+ x y) (x x (+ y 2))) ’x)
Value: (+ (* (+ xy) (+y2)) (*xx (+y 2)N

eval-mgr* statistics:

number of recursive calls: 472
maximum recursion depth: 8
number of evaluations: 608

name-space-mgr* statistics:
lookup stats: tot 338, avg depth range (10,11}, max depth 31

avg frame depth range (0,1), max frame depth 1
nunber of bindings added: 80

number of frames added: 68

primitives* statistics:
number of primitive applies: 111
number of cons operations: 6

exp-mgr* statistics:

expression access stats: tot 709, avg depth range (1,2)
max depth 4

number of type-ops: 608

number of cons cells used: O

Table 6.7: Environment Evaluator Execution Profile for Run 10

82



Each evaluator object provides statistics related to use of space and time compu-

tational resources:

*eval-mgr* :
Timeis a function of the number of evaluations(608)and number of recursive
calls (472). Maximal space requirement at any one time is a function of
maximum recursion depth (9). Total space cost is related to amount of stack

activity, which in turn is related to number of recursive calls (472).

*name-space-mgr¥ :
Time is dominated by the product of total number of lookups (338) and
average depth of lookup (in therange of [10,11])for a total of [3380,3718].
number of bindings added and number of frames added also contribute to
the time cost. Total amount of space (in terms of cons cells) is exactly the sum

of number of bindings added (90) and number of frames added (68).

*primitives* :
Time i1s a function of number of applies (111), and space is a function of

nunber of cons operations (6).

*eXp-MgT* ;
Time is a function of two factors. First, the product of total number of
expression accesses(709)and average access depth (intherange of [1,2])
for a total in the range of [709,1418], and second of number of type operations

(608). Space is exactly a function of number of cons cells used (0).

Aggregate time and space costs can be obtained by adding the costs from each
object. It is important to realize that such an analysis is highly dependent on how
the costs are derived for each object. Therefore, in demonstrating how the execution
profile in Table 6.7 can be used to obtain aggregate costs, we need to detail how the
costs were computed.

The following eqnations were constructed using the statistics from the execution
profile, the evaluator code in Appendix A, and assumptions about stack operation.

The constants in the time cost equations for each object were taken directly from the
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execution profile in Table 6.7, and the values of various variables were either derived
from the code in Appendix A or from assumptions made about stack operation.

‘The aggregate time cost can be expressed as:

Total time = Teval—-mgr + Tname—s;pace-—-mgr + Tprimitives + Tea':p—mgr (61)

Time cost equation for *eval-mgr* is

Tevnl—mgr = 608%., + 472tstack

where 1., = average number of steps in each evaluation

tstack = cost of a single stack operation

tstack ~ (frame size)

x cost of each push or pop

= 3x2
= b6

The frame size is estimated at 3 because, in case of recursive calls, the *eval-mgr+
would need to save and restore on the stack three elements: name-space pointer,
argument list pointer, and return point. Cost of each push or pop is estimated to be
2 because two operations are performed in each case; for example, for pop, move top
stack element and decrement stack pointer.

Average number of steps in each evaluation, f.,, is estimated to be the average over
each evaluation type. The time cost for evaluation type was calculated by counting
the number of operations in the corresponding evaluation routine in *eval-mgr*. It
was assumed that the number of arguments is 2 in case of a function apply, while for

let and letrec it was assumed that they had 2 variables.

1
tc" = §(tvﬂl + tvar + th’t + t!am + tapp + tpnpp + tcon + tlet -+ t!etrec)

tval = 0
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tyar = 3

tie = 1
tam = 1
tapp = 19

toapp = 8

teon = 6
tlee = 19
bietree = 19

Therefore, tey = £, and the time cost for the *eval-mgr# is

Tevai-mgr = 608 x @ +472 x 6

9
e 7426

Time cost equation for *name-space-mgr* is

Tname—-space—mgr = 338 x [107 ]-]-] X t!ookup + gotadd-bind + 68tadd-framc

where  tiookup ~ 1 (for lookup of depth 1)
tadd—bind R

todd-frame = 8 (assuming 2 bindings per frame)
~ 4453 with {10, 11] averaged to 10.5

Time cost equation for *primitives* object is

Tpr:’mit:’ues =111 X tappiy

where o551y = time to dispatch + time to apply
141
2

Tprimih’ves ~ 111 x 2

= 222
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Time cost equation for *exp-mgr object is

Tezpomgr = 709 X [1,2] X taccess + 608 X tiype

where faccess = 1 (access of depth 1)
type = = (average number of steps

in determining an expression type)

20
Tczp—mgr = 709 x [1,2] % 14608 % ?

2584with[1, 2]averaged tol.5

Q

The total time is a sum of Tevar—mgr, Tname-space—mgry Lprimitivess a4 Tezp_mgr:

Total time = 7426 + 4453 4- 222 4 2584 = 14685

The time cost distribution across the objects is

PoTevalomgr ~ 51%

% Tname—space=mgr  ~  30%
T L primitives = 1%

T erp-mgr =~ 18%

A similar space cost analysis can be performed:

Tota,l space = chai'—mgr -+ Snume«—spa,ce—mgr + Spr:'m:'tives + Se..":p—mgr (6.2)

Space cost equation for *eval-mgr* is

Seual—mgr = 47253:ack—fmme

where  Sstack—frame = average stack frame size

[

~ 3 (as for Tepati—mgr above)

Scual—mgr R 472X3
= 1416
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Space cost equation for *name-space-mgr*

Sname—space—mgr = gosbinding + 683fmmcs

where  Spinging = size of binding
1 {cons cell)
Sframes = size of {frame

= 1 (cons cell)

Sname—space—mgr = 90468
= 158

Space cost equation for *primitives#

Sprimitives = number of cons operations

= 6

Total space 1s 1580. The space cost distribution across the objects is

%Seual—mgr = 90%
%Sname--spuce--mgr ~ 10%

6.3.2 Reduction Evaluator

Table 6.8 shows the execution profile analyzed in this section.
As in the previous section, it is shown how the execution profile depicts the time

and space computational costs:

*red-mgr#* :
Timeis a function of the number of reductions(608)and number of recursive
calls (472). Maximal space requirement at any one time is a function of
maximum recursion depth (9). Total space cost is related to amount of stack

activity, which in turn is related to number of recursive calls (472).
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Exp: (deriv ’(x (+ x y) (* x (+ y 2))) ’x)
Value: (+ (* (+ x y) (+y 2)) (*x x (+y 2)))

red-mgr statistics:

number of recursive calls: 472
maximum recursion depth: 9
number of reductions:; 608

name-space-mgr* statistics:
lookup stats: tot 179, avg depth range (17,18), max depth 30

primitives* statistics:
number of primitive applies: 111
number of cons operations: 6

graph-mgr statistics:
variable find-and-replace stats: tot number of replaces iz 344
tot number of searches is 90
avg search size range (27,28), max search size 65
avg search depth range (7,8), max search depth 16
number of copy operations: 3289
number of translate operations: 112
number of graph nodes (cons cells) used: 1857
graph access stats: tot 4629, avg depth range (1,2)
max depth 7

Table 6.8: Reduction Evaluator Execution Profile for Run 10
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*name-space-mgr¥ :
Time is dominated by the product of total number of lookups (179) and

average depth of lookup {in the range of [17,18])for a total of [3043,3222].
There is no space cost incurred.

*primitives* :

Time is a function of number of applies (111), space is a function of number

of cons operations (6).

*graph-mgr* :
Time is a function of 5 factors. First, product of total number of searches
(90) and average search size (in therange of (27,28))for a total of (2430,2520).
Second, number of copy operations (3289). Third, number of translate
operations (112). Fourth, product of total number of graph accesses
(4629) and average depth (in the range of (1,2)) for a total of (4629,9258).

Space is a function of total number of graph nodes used (1857).

As for the Environment Evaluator, aggregate time and space costs were obtained
for the Reduction Evaluator by combining the costs from each of its object. The
following time and space cost equations were constructed using the statistics from the
execution profile in Figure 6.8, the evaluator code in Appendix B, and assumptions
about stack operation. The constants in the time cost equations for each object
were taken directly from the execution profile in Table 6.8, and the values of various

variables were either derived from the code in Appendix B or from assumptions made

about stack operation.

The aggregate time cost is
Total time = Tred—mgr 4+ Tnamc—space—mgr + primitives + Tgraph—mgr (63)

Tred—mgr = 608tred + 472t3m¢k

where t,.4 = average number of steps in each reduction

tstack = cost of a single stack operation
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tstaek = (frame size)

x cost of each push or pop

= 2x2
= 4

The frame size is estimated at 2 because, in case of recursive calls, the *red-ngr*
would need to save and restore on the stack the graph pointer, and the return point.
Cost of each push or pop is estimated to be 2 as for the Environment Evaluator.

Average number of steps in each reduction, t,.4, is estimated to be the average
over each type of reduction. The time cost for type of reduction was calculated by
counting the number of operations in the corresponding reduction rule routine in
*red-mgr*. As for the Environment Evaluator, it was assumed that the number of
arguments is 2 in case of a function apply, while for let and letrec it was assumed
that they had 2 variables.

1
tred = '§(tuul + tuar + t!it + t(am. + tapp + tpapp + tcon + tlet + tletrec)

twat = 1
tyor = 4
tie = 2
tam = 1
tapp = 16
tpapp = 6
teon = 9
tee = 13
tietree = 10

Therefore, t,.s = &, and the time cost for the *red-mgr* is
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Lregmgr = 608 x % + 472 x 4
6076

¥

Time cost equation for *name-space-mgr is

Tnamc—spacc = 179 x [17, 18] X tlookup = [3043,3222]
3133 with [17,18] averaged to 17.5

&

where tiokp ~ 1 (for lookup of depth 1)
Time cost equation for *primitives*

Tprimitives =111 x tapply

where oy = time to dispatch + time to apply
4+ time to translate

& 3

Time cost equation for *graph-ngr+

Tgraph-—-mgr = 90 X [27,28] X t.‘i‘Bﬂ.TCh + 3289 X tcopy
+112ttranalate + 4629 x [1, 2] X tacccss
+344 X trep!ace

where tiecrch = average number of steps for each search type
tiranstate = 1
foccess = 1 (access of depth 1)
Lcopy = 3 (average number of steps for a copy operation)
Lreplace = 1
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1
tsearch = E(tsual +Estit + Lsreduced + Lsvar + Lstam + Lster + Lsletrect T Lstetrecz T Lscon + tsapp)

tsval =1

I
—

totit =
toreduced =
towar =
tsfa.m =
lstet =
Loletrect =
tsletrec2 =

tSCDﬂ. —

i

!
G2 W 00 W G R W

sapp T

Therefore, #ycarch, = 22, and the time cost for the *graph-mgr* is
10 graph-mg

Tgraph-mgr = 90 X [27,28] x % + 3289 x 3
112 + 4629 x [1,2] + 344
= [22971,27897]

~ 25434 average of [22971,27897)

The total time is a sum of Tred—mgr: Tgraph—mgra Tprimitives, and Tname-spa,ce—mgr:

Total time = 6076 + 3133 + 333 + 25434 = 34976

The time cost distribution across the objects is

ToTredomgr = 17%
% Tname-space = 9%
R primitives = 1%
KToraphomer = T3%
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As for the Environment Evaluator, a similar cost analysis can be performed:

Total 5pace = Sred-—mgr + Sﬂame—space-—-mgr + Sprimitl'ues + S_qra.ph—m_qr (6‘1)

Sred—mgr - 47235tack—f1‘ume

where  Seack—frame = average stack frame size
2

2

S,-ed_mg,. ~ 472 %2
944

Q

Sﬂame—space-mgr =0

Sprimitives = number of cons operations
= 6
Sgraph-mgr = number of graph nodes (cons cells) used
= 1857

The total space cost is is 2807. Only the *graph-mgr* and red-mgr* contribute
significantly to the space cost

%Sgraph—mgr = 66%
%Sred—mgr = 34%
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| Environment J Reduction
Tenv 14685 Trea 34976 | 2.387n, ‘
%Tcual—mgr 51% %Tred—-mg'r 17%
%Tﬂamc—space-—mgr 30% %Tname—space—mgr 9%
%Tprimiﬁves 1% %Tprimiiives 1%
%Temp—mgr 18% %Tgraph—mgr 73%
Senu 1580 Sred 2807 _1.%_’
%Seual—mgr 90% %Sred—mgr 34%
%Sprimitiues 10% %Sgraph—mgr 66%
T.., — total environment time cost T..qs — total reduction time cost
Seny — total environment space cost Syea — total reduction space cost

Table 6.9: Summary of Execution Costs for Run 10

6.4 Discussion of Experiments

The execution profile from Table 6.7 is similar to the other execution profiles (refer
to Appendix D for details) in terms of distribution of activity among the different
evaluator objects. Because of that, the above cost analysis would yield similar cost
distribution for the other test cases. This applies to the Reduction Evaluator as well.

From Table 6.9, which summarizes the execution cost derived in the previous sec-
tion, we can see that the dominant costs in both space and time in. the Environment
Evaluator are incurred in *eval-mgr* and *name-space-mgr*. Together they ac-
count for 81% of the time cost and nearly 100% of the space cost. If we were to
improve the performance of the Environment Evaluator, the greatest payoff would be
obtained from optimizing the *eval-mgr* and the *name-space mgr* objects.

In the Reduction Evaluator, the costs are even more unevenly distributed. *red-mgr+*
and *graph-mgr* account for 90% of the time cost and nearly 100% of the space cost.
Clearly, these two objects are the key to performance of the Reduction Evaluator.

As expected the Environment Evaluator was more efficient than the reduction
one. The reduction time cost was roughly 238% of the environment time cost, and
178% of the space cost. Considering that the Reduction Evaluator implemented a
source level reduction of a statically-scoped language, the results are encouraging for
the reduction model.

The requirement for static scoping was unfair towards the reduction model because

static scoping is cheaper to implement under the environment model than under the
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reduction model. In the Environment Evaluator all it required was an extra element in
the functional value to hold the pointer to the definition environment of the function;
essentially incurring only a small space cost. In the reduction model it required an
expensive search and replace over a graph each time a function was applied or a let
or letrec were invoked. And there appears to be no way around incurring this cost if
static scoping is to be supported under a naive reduction model such as ours. The
cost involved in this operation can be estimated to be 33% of the total time cost
associated with the *graph-mgr* (33% figure is derived in the next paragraph). This
cost would be largely eliminated if dynamic scoping was used because that would
eliminate the need for searching through a graph to substiiute for the variables, and
a more efficient mechanism could be used for establishing a relationship between
arguments and variables (such as an argument stack, i.e. spine stack [20]). This
would make the reduction time cost closer to 200% of the environment time cost.
The percentage of the time cost attributable to find and replace operation (re-
sponsible for supporting static scoping) is derived from the time cost equation for

*graph-ngr* as follows. Recall the time cost equation for *graph-mgr*,

Tgraph-mgr = 90 x [277 28] X tsearch + 3289 x tcopy
+112ttranslate + 4629 x [1;2] X taccess
+344 x treplace

where search = :;_g'
tiranslate = 1
taccess = 1
teopy = 3
trcplacc = 1

The cost of find and replace operation, ¢ find—repl s
tfind—repl =90 x [277 28] X search -+ 344 x trcplucc
Hence the percentage of the time attributable to find and replace is

tfind—-repl = 33%

Tgraph—mgr
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Ultimately, the reason for the relatively large costs of the Reduction Evaluator are
that the reduction model is inherently more expensive than the environment model.
Given equal degrees of optimization, the reduction model will always be more expen-
sive, because it distributes the computation, and hence pays correspondingly higher
management overheads. These costs could be decreased by restricting reduction only
to the dynamic parts of the computations (as in the dataflow model). This would indi-
cate that dataflow is a more promising approach to distributing computation because
it achieves parallelism without paying the high costs of the purely reduction-based
model.

Another approach to optimizing the reduction evaluation model is through reduc-
ing the complexity of functions. Called combinator reduction, this model requires
that all free variables are compiled out from functions, so that the behavior of func-
tions (combinators) is determined solely by their arguments and not by statically
scoped free variables.

Here we intentionally followed a naive approach to implementing the two evalua-
tion models. We were interested in first studying the the unoptimized versions of the
two approaches, and then using the time and space costs (however poor they may be)
to identify opportunities for optimization.

The reduction model is more expensive because it is a more general evaluation
model than the environment model. The reduction model is less a function of the
underlying architecture than the environment model, and more a function of the
semantics of functional languages. In fact, the promise of the reduction model lies
precisely in its semantic proximity to functional languages. It is because of that it can
be mapped to a wide array of sequential and parallel machine architectures. However,
it will always pay a higher total cost than the environment model. These costs may
be distributed over time as is the case for a sequential architecture or they may be

distributed over space as would be the case on a parallel architecture.
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Chapter 7
Conclusions

This chapter first presents an overview of the thesis and its results. It then briefly
describes related work, the scope of the methodology used in this thesis, some possible

extensions, and future research.

7.1 Thesis Overview and Results

In this thesis a methodology was developed to analyse, compare and prototype evalu-
ation models for functional programming. The first step was to identily the essential
abstractions of functional programming and to embody them in a programming lan-
guage. The programming language used was fScheme, a small functional subset of
the Scheme dialect of Lisp. The next step was to analyse different evaluation models
and to develop a framework for building corresponding evaluators. As a result, Envi-
ronment and Reduction Evaluators were built and instrumented to provide statistics
on varjous critical operations in the evaluation process. Statistics were gathered for
a number of fScheme programs. These statistics were the basis for an execution cost
analysis and comparison. They were also used to identify how the execution activity
was distributed over different elements of the evaluators. The process of designing,
building, and instrumenting the evaluators is essentially the process of prototyping
functional programming language implementations.

Towards identifying the essential abstractions of functional programming an in-

depth analysis of the functional programming paradigm was conducted. This analysis
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served a twofold purpose: first, it established an approach to analyzing program-
ming paradigms in general, and second, it provided a starting point for studying any
prospective evaluation models for functional programming languages. The analysis
hinged on the observation that a programming language is essentially a system of ab-
stractions that is used to build programs that execute on some evaluator. Given that
the first step in the design of any programming language evaluator is to identify the
abstractions that constitute the language, ithe methodology that was developed here
for specifically investigating functional programming evaluation models is equally well
suited for investigating evaluation models for other types of programming languages.

The Scheme programming language was used both as a source of language elements
for fScheme (the programming language designed here to embody the core system of
functional abstractions), and as the implementation language for the evaluators of
fScheme (MIT Scheme' was the specific dialect of Scheme used). It was natural to

choose Scheme in both roles for three reasons:

1. the core of Scheme is a small lambda-calculus based functional programming
language.

2. Scheme can accept its own expressions as data, and manipulate them just like
any other data object.

3. Scheme, like all other Lisps, is an interpreted language, allowing for interactive

and relatively fast program development.

After analyzing the functional programming paradigm, various evaluation models
were surveyed and an object based approach was used in designing two instrumented
fScheme evaluators embodying, respectively, the environment and reduction evalu-
ation models. These evaluators were later used to generate execution profiles for a
number of fScheme programs. The execution profiles gave an indication of the com-
putational cost and its distribution amnng different objects of the evaluators. In this
way a finer view of the execution cost was obtained than one given by such aggre-
gate statistics as total time and total memory cost (such as obtained in {12] in a

comparison of execution efficiency of an environment and reduction evaluators). Our

'MIT Scheme and other dialects of Scheme are available from altdorf.ai.mit.edu by anonymous
ftp.

08



figures on cost distribution identified which objects in the evaluator needed to be op-
timized or which objects required support from an underlying machine to be feasible.
Hence. the execution profiles were shown to be a way of exposing the consequences
on computational cost of design decisions made at the evaluation model level.

The object-based organization of the Environment and Reduction Evaluator has

the following advantages:

o flexible with respect to changes in a given programming language in that new
expression types (constructs) or new primitives could be introduced by changing
only the relevant objects and reusing all the other ones. For example, if fScheme
was to be extended with a new expression type, the following changes would
be made to the Environment Evaluator: new evaluation rule in *eval-mgr*
object, and new expression access and type determination message handlers in
*exp-mgr*. *Primitives*object would be unchanged, and so would *name-space-mgr*
object if the new expression did not require a special type of name-space op-
eration. Also, a new fScheme primitive can be added by simply changing the

table-of-primitives structure in the *primitives* object.

o flexible with respect to programming languages in that similar types of objects

can be used to evaluate languages other than fScheme.

o flexible with respect to each evaluation model in that each evaluator object
can be at an arbitrarily low level, making it possible to provide an arbitrarily
refined view of that part of the execution process for which the object is re-

sponsible. Also, different tactics for implementing the evaluation model can be
investigated.

e versatile in that different evaluation models can be studied in a common object-

based framework.

* amenable to instrumenting. Each evaluator object manages statistics gathering

for the part of the execution process it is responsible. The statistics are part of

an object’s local state.

Use of the same functional programming language as a starting point for develop-

ment of two different evaluators is unique to this thesis. There are quantitative studies
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of functional programming systems, however, with the exception of [12] (discussed in
more detail in the next section), they study one evaluation model at a time.

The Reduction Evaluator for fScheme is unique in the following ways:
¢ defines a reduction semantics for a lexically scoped language.

e defines an (almost) source level reduction interpreter for fScheme. It is “almost”
a source level interpreter because the translation step from fScheme source form
to graph form simply involves adding an extra cons cell to the fScheme expres-

sion representation.

¢ offers a basis for a reduction semantics for Scheme, a non-functional program-

ming language.

Computation costs of simulations are the major cause of their limitations. The
two object-based evaluators are no exception. Even though the execution process
was monitored at a fairly high-level the time it took to evaluate even the smallest
programs was significant (much greater than running the same programs directly
in the Scheme interpreter itself). Monitoring the execution process at a lower level
would have been even slower. However, when viewed as the first step, a prototype,
a simulation serves important goals: to test design concepts, validate ideas and help

structure the final implementation.

7.2 Related Work

The only other study that we are aware of that conducted a quantitative analysis of
the environment and reduction based evaluators for functional programs is presented
in Comparing Two Functional Programming Systems [12]. The authors investigated
execution efficiency of complete functional programming systems, and therefore con-
centrated on obtaining aggregate performance figures. They compared execution
efficiency of an environment-based evaluator for FP[4] to that of a graph reduction-
based one for SRL (Simple Reduction Language). The evaluators were implemented
using different languages, ran on different machines and accepted different functional
languages. To isolate execution efficiency of the evaluation approaches a comparison

was made between execution times of
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“...a set of benchmarks written in the source languages to the same

benchmarks written in the underlying implementation language of the
interpreter.” {12]

The ratio of execution times effectively factored out the underlying machine and
implementation language. And so the comparison of the ratios for the two systems
gave a measure of relative execution efficiencies of the two implementation approaches
with respect to a set of typical applications.

The figures they obtained are useful more in choosing a specific functional pro-
gramming system, than in understanding the evaluation mechanism for functional
programs. In this thesis, we were interested more in understanding the reasons for a
given execution behavior than in obtaining data about aggregate performance.

Performance and Evaluation of Lisp Systems [9] is another related study. However,

its methodology was closer to the one used in this thesis because it was based on the

premise that

... benchmarking is most cffective when performed in conjunction with an

analysis of the underlying Lisp implementation and computer architecture.

Consequently, the aggregate performance figures of the twelve Lisp systems that were
considered were explained only after an analysis of general Lisp implementation re-
quirements and of the way in which each system met these requirements. The results
were useful both for choosing an appropriate system, and, with the accompanying

analysis, for understanding the reasons for differences in performance.

7.3 Scope of the Methodology

The methodology was developed to aid in making the initial, high level decisions in
language implementation: the type of evaluation model to use, identifying the major
components in an implementation, defining high level behavior and architecture of
the implementation. However, it can also be used in studying lower level evaluators.
For example, the high-level *eval-mgr* of the Environment Evaluator, can be ex-
tended to explicitly implement control passing, rather than rely on underlying Scheme

mechanisms for control passing. This could be done by including a *stack* object
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on which *eval-mgr* could save the state of its computation as it passes control
to another part of itself. To continue the suspended computation it would simply
restore its state from the *stack* object (much as is done in the Explicit-Control
Evaluator of Abelson and Sussman [1]). Conceivably, even such low level evaluators
as processors could be studied this way. At some point it becomes computationally
infeasible to study increasingly lower level evaluators, and one must use a combination
of interacting tools: high level evaluators using the information either from lower level
simulators or from measurements on actual prototype hardware to predict execution
behavior.

With addition of a translator between the programming language and the evalua-
tor, the implementation of compiled high level programming languages can be studied.
In this case the interaction between the compiler and the evaluator can be analyzed:
varying the compiler while keeping the evaluator constant to see the effects on execu-
tion behavior of different compilation strategies, and similarly varying the evaluator
while keeping the compiler constant to see the effects of different implementation
techniques for the same evaluation model.

While this thesis focused on studying existing evaluation models for existing func-
tional programming languages, another way in which the methodology could be used
is as way of prototyping new evaluation models and developing new tactics for imple-
menting existing evaluation models. It could also be used for developing implemen-
tations of new language features and for quantifying their execution costs.

The object-based framework can be more than just a medium for experimenting
with evaluation models. It can also be a tool for a language designer to experiment
with new language features, as well as a medium for communicating application and
language level requirements to the computer architect. As such, it has a potential
in education, helping students get a quantitative perspective on interaction among

programming language, its implementation, and underlying system.

7.4 Extensions

In the short term the following additions and improvements could be made:

¢ compare the evaluators more extensively.
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analyse and compare the suitability of the two evaluators as a basis for parallel
evaluation of fScheme programs. Develop simulations for parallel evaluators

and instrument them to provide parallelism profiles.

study extensions to fScheme and their cost.

o extend to other programming paradigms and corresponding languages. In par-

ticular, extend to the object oriented paradigm and study the costs of supporting
it.

related to above, extend to study of implementations of multiparadigm program-
ming languages. There is clearly promise in unifying different programming
paradigms in a single programming language. One approach to implementing
such a programming language is by developing a unified evaluation model that
would incorporate the functionality of all the individual evaluation models for
all the different paradigms supported in the language. By first developing that
unified evaluation model and then studying its execution behavior over real
applications we expose different implementation approaches. In presence of dif-
ferent paradigms and different options for the underlying computer architecture
it is important to be able to formulate and quantitatively (even if only at a high
level) evaluate different implementation approaches. Exposing alternatives for
the unified evaluation model of multiparadigm programming languages may be

the way toward true “general purpose” computers of the future.

¢ obtain a more refined view of the execution behavior of the two evaluators by
introducing lower level objects that represent actual machine elements. Statis-
tics could be gathered at this level. In view of the computation cost of the

high-level simulation, particular attention needs to be paid to making the low
level simulation feasible.

7.5 Future Research

In the long term the following research directions appear promising:
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o develop an object-based framework for studying distributed High-Level Lan-
guage evaluators, similar to the The High-Level Language Architecture proposed
in [25].

e develop an object-oriented database of evaluators, like An Object-Oriented
VLSI CAD Framework in [10]. The database could serve as a repository for

different evaluation models and their evaluators.

o develop flexible executors that chose evaluators that best match the underlying
machine organization. For example environment evaluator for von Neumann
type architectures, reduction evaluator for a graph reduction machine, and so
on. This flexibility could possibly be extended to applications, i.e. an executor
that that chooses an evaluation model that matches the application to the
underlying architectures.

o use the object-based evaluators as a basis for developing a system for visualizing
the execution behavior of functional programs. This could be similar to the

MulTVision system developed for visualizing programs written in Multilisp [13].
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Glossary

data abstraction (p 16): is the ability to name and manipulate compound data

objects.

data composition (p 16): is the ability to build a data structure out of simpler data
objects.

evaluation model (p 4): an abstract model of execution behavior of programming

language components and their combinations.

evaluation rules (p 4): a set of rules for a programming language that define be-

havior of all the language abstractions.

functional abstraction (p 9): the ability to define and then apply a function.

function composition (p 9}): the facility for combining simpler functions into com-

plex expressions.

mutable state (p 13): is an abstraction for a read/write memory location. In im-
perative programming languages it is supported by the following: variable as a
named location, assignment operation for setting a named location, and sequenc-

ing of operations. In functional programming there is no concept of mutable
state.

programming language (p 3): a medium for communicating with a computer and

a system of abstractions that is used to build programs that execute on that
computer.

referentially transparent (p 14): a property of expressions of a programming lan-
guage such that
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... each expression denotes a single value which cannot be changed by
evaluating the expression or by allowing different parts of a program

to share the expression [8].

109



Appendix A

Environment Evaluator Code

This appendix contains the Environment Evaluator code consisting of the *evaluator#,

*aval-mgr*, *name-space-mgr*, *primitives#*, and *exp-mgr+* objects.
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A.l

*evaluator® object
i accepts: eval (fScheme expression), init-stats, and get-stats
; Teturns: value of the expression

(define (make-evaluator)

(define (dispatch m)
(case m
{(eval) eval)
(else (error "Error in *evaluator®: received unknown message " m})))

; msg handlers

(define (eval exp)
; initilise statistics

*eval.mgr™ 'init-stats

{( 3

{(*name-space-mgr™ ‘init-stata))

((®primitives™ *init-stats}}

((®exp-mgr* ‘init-stats))

; evaluate expression

(let {(value

((*eval-mgr™ 'eval}

((®exp-mgr™ ’exp-:c::eu) ’value-part exp)
. (’nami-s%nc;;-:q’g)r g;:t-gleba]-m-pu))))
i exp-mgr efine?) exp

; if define expression send message to ™name.space-mgr*
; to enter the name-value association into the name space
(let ((name ((“exp-mgr* 'exp-access) ‘name-in exp)))
((®name-space-mgr™ ‘add) name value)
{newline)
{display "added variable ")
(write name)
(display " to the name.space"})
4 else it is not a define expression, so simply return the
; value of the expression.
(begin
{newline}
Edis{play ’I'Va)lue: ")
write value
(newline) {newline}
(display "™eval-rngr™ statistics: ™)
(n:wlinc) .
(4 eval-mgr 'ggt-atats))
(newline) (newline)
Edinplay "*name-space-mgr* statistica: ?)
newline)
((*name-space.-mgr* 'get-stats))
{newline) (newline)
Edisplay )’”primitiven‘ statistics: ™)
newline
{{*primitives™ 'get.stats})
{newline) (newline)
Edinpi.ay )""‘cxp-mgr' statiatics: )
newline
((mexp-mgr™ "getstats))))))

dizpatch) ; end make-evaluator

; create “evaluator® object

{define ®evaluator™ (make-evaluator))
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A.2

LT -

*eval-mgr* object

accepts: eval (exp, na-ptr}, init-stats, and get-stats

eval: evaluate the expression exp in the name-space peinted to
by ns-ptr. Return the value.

internal state: evaluation statistics

iii
Vit
Hi
i
T

(define (make-eval-mgr)

(define (dicpatch m)
{case m
((eval) (inc-num-of-evaluations) eval)
glnil-uatn) init-stars)
E get-stats) get-ptats)
{elae (error "Etror in "red-mge™: received unknown messags " m))))

; mig handlets

(define (eval exp ns-ptr)

; evaluste exp I name-space pointed to by ns-per.
; First obtain the type of the expression, and then dispatch
; to the appropriate evaluation routines. Each evaluation rule,
; has a cotreaponding routine,

{let ((exp-type

(("exp-mgr* 'gei-typ) exp)})

(case exp-type

{{val) {eval-val oxp}}
{{var) (eval-var exp ns.ptr}))
{1it) (eval-lit exp))
;(lam (eval-lam exp na-ptr);
(app} (eval-app exp ns-ptr)
(con} (eval-can exp ns-ptr}))
(let) (eval-let exp ns-ptr))
((letrec) (eval-letrac exp ns-ptr))
(else (error "Error in ™eval-mgr™: received
unknewn exp type from "eval-mgr*: " exp-type)))))

(define (init-stats)
(set! num-of-evala 0)
set! nume.of-rec-calls 0)
Eaet! rec-depth 0)
(set! max-rec-depth 0))

(define (get-atats)
(display "number of recuraive calls: )
write num-of.rec-calla)
nowline)
(display "maximum recursion depth: ")
(write max-rec-depth)
newline)
fdlsplny "number of evaluations: ")
(write num-of-evals})

; evaluation rules

i value
; return the exp as ia.
{define (eval-val exp)
exp)

; variable reference
i if var has an association in the name-space (ns-ptr), return
i the value part of the association, else sigral an error.
(define (eval-var exp ns-ptr)
(le(t_‘((auoc (("name-space-mgr* "lookup) exp ns-ptr)))
i
(equal! assoc 'not-in.name-apace)
{error "Error in "eval-mgr*: attempting to evaluate unbound variable” exp)
i ¢lee it i3 a bound variable. Return value in association.
(edr sssoc))})
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; literal

; return the literal part of the expression.
(define (eval-lit exp)

{(™exp-mgr™ 'exp-access) 'lit-part exp))

1 lambda
; return a closure.
(define {eval.lam exp ns-ptr)
({™exp-mgr* 'make-closure) exp ns.pir))

; application
; (1) evaluate function-part, and the arguments.part of the
application expression in the accompanying name.space.
(2) if she function is a primitive, apply the primitive
and roturts that as the result of the application.
Otherwise, the function is a closure, i.e. a pair of
lambda expression and ns-ptr (a user function
and 3 pointer to ita lexical name space).
(3) extend the name-space of the closure with bindings of
variables to argument values.
{4} evaluate the function body in this extended name-space.

{define {eval-app exp ns-pir)

(let {{f (("exp-mgr* ‘exp-accesz) “In-part exp))
(args ((™exp-mgr™ 'exp-access) 'arg-part exp))
(arg-values ()})

; evaluate function part.
(inc-rec-depth)
(set! 1 ((*eval-mgr* 'eval) f ns-pir))
{dcr-rec-depth)

; evaluate arguments.
{for-each
{lambda {arg)
{inc-rec.depth)
(set! arg-values
{cons ({®eval-mgr™ 'eval) arg ne-ptr)
arg-values))
{der-rec-depth))
args)
; Note: arg-values list has arguments in reverse order.

; at this peint f is either a closure or a primitive function name.
(if (symbol? f)

5 If £is a name, it is & primitive. Apply it and return

; that as the value of the application expression.
((*primitives™ 'apply) { arg-values)

; else 1 is a closure.

(let {{fbody ((“exp-tngr™ 'sxp-access) 'fhody 1))
(fvars ((*exp-mgr™ 'exp.access) 'fvars f))
(f-ns-ptr ((Texp-mgr¥ 'exp-access) '-na-pir 1))
(ext-ns-ptr '())}

; extend the function name-space with the bindings of
; variables to corresponding argument values.

(set! ext-ns.ptr
{{*name-space-mgt* ‘extend-ns)
f-ns-pir
fvars
(reverse arg.values))) ; reverse arg-values list to

i Tecover argument order.

+ evaluate the function body in the extended name-space,
i Return that as the value of the application expression.

((™eval-mgr* ‘eval) fbody ext-ns-ptr)))))

;4 conditional
3 (1) evaluate the test-part in the current name-space.
; (2) if the result is true value evaluate the consequent part, else
H evaluate the alternate part (in the current name.space}.

(define (eval-con exp ns-ptr)
define condition #f}
inc.tec-depth) ; making a recuraive call

(set! condition
((*eval-mgr* 'eval)
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({*exp-mge™ 'exp-access) 'tesi-part exp)

ne-ptr))
(dcr.rec.depth)

Gt

conditien

; evaluate the consequent
((*eval-mgr™ 'cval)
((*exp-mgr* 'exp-access} 'consequent exp)
na-ptr)

; evaluate the alternate

{{™eval

-mgr™ 'eval}

{(®exp-mgr™ ‘exp-access) "alternate exp)
ns-ptr))}

: let

{defl

block

(1) evaluate the inits in the curreat name.space.

{2) extend the current name-space with the bindings of variables
to the respective inita.

{3) evaluate the let body in the extended name-space.

tie (eval-let exp ns-ptr)

(let ((inita ((*exp-mgr* *cxp-access) ’inita exp))

; “exp-mgr™ returns a liat of individual init expressions

{vars ({“exp-mgr™ 'exp-access) 'let-vars exp)}

; vars is a list of the let-variables

(let-body ({“exp-mgr® 'exp-access) 'let-body exp))

i

lat-body is the expression in the let beody

(init-values '())

i init-values is a list of evaluated jnit expressions,

{ext-na-ptr '()))

{inc-r
(per?

; ext-na-ptr ia a pointer 1o the extended name.space,

;i evaluate each of the init expressions.
(for-each
{lambda (init)
ec-depth}
init-values
{cons ({*eval-mgt* 'eval} init ne-ptr)

init-values})
{der-rec-depth))

«

inits})
(set! init-values (reverse init-values)) ; restore init order

; extend the current name-apace with the bindings of
; vatisbles to corresponding init values.

{set! ext-nes-ptr
*name-space-mgr™ ‘extend-ns)

ns-ptr
vars

nit-values))

; evaluate the let body in the extended name-space.
; Return that as the value of the let expression.

{{"eval-mgr* ‘eval) let-body ext-ns.pir)))

; letrec block

(1) extend the current name.space with an empty liat of
bindings.

2} evaluate the init expressions in the extended narme-space.

3) add the bindings of variables with corresponding init values
to the extended natne-space.

i (4) evaluate the letrec-body in the extended name-apace.

{define {eval-letrec exp ns-ptr)
(let ((inits ({*exp-mgr* 'exp-access) 'inits exp))
i Mexp-mgr® returna & list of individual init expressions

(var

3 (("exprmgr® 'exp-access) 'let-vars exp))
; vars is a list of the letrec variables

(letrec-body {{®exp-mgr™ 'exp.access) ‘let-body exp))
; lotrec.body is the expression in the letrec body
(init-values '())

; init-values ia a list of evaluated init expressiona.

(extens-ptr '()))

i oxt:ne-pir is a pointer to the extended name-space.

1 extend name-space with empty lists of names and values
{set! ext-ns-ptr

{(*name-space-mgr® 'extend-nn)
napir

')
')
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; evaluate each of the init exprecsions in the extended name-space.
(for-cach
(lambda (init)
(in¢-rec-depth)
(set! injt-values
{cona (("eval-mgr* 'cval) init ext.ns-ptr}
init-values))
(der-rec-depth}}
inita)
{set! init-values (reverse inil-values)) ; recever order of inits.

; add to the extended name-space the bindings of
; variables to corresponding init values.

(("name-space-mgr™ 'add-list)
extans-ptr
vars
init-valuea)

; evaluate the letre¢ body in the extended name-space,
i Return that as the value of the letrec expression.

((®eval-mgr™ ‘eval) letrec-body ext-ns-ptr)))

; end evaluation rules
; instrumentation functions and initialisations
(define num-of-evals 0) ; number of evaluations

{define inc-num-of-evaluations
i incenum.of-evaluations aborts execution when it receives a "stop”
; argument and when num-of-evaluations
; exceeds the limit given in the argument list
(lambda (4#!rest x)
(set! num.of-evals {4+ 1 num-of-evals))
(if (not (null? %))
(if (and
{equal? (car x) 'atop)
(; nom-of-evals (cadr x)))
(error "Abort execution in ®eval-mgir™: exceeded maximum number of evaluations,” (- nuin-ol-evals 1))))))

(define rec-depth 0)

{define max.rec-depth 0)
(define num-of-rec-calls 0)

(define (inc-rec-depth)
(set! num-of-rec-calls {4+ 1 num-of-rec-calls))
(set! rec-depth (4 1 rec-depth))
(set! max-rec-depth (max rec-depth max.rec-depth)})

(define (dcr-rec-depth)
(set! rec-depth (- rec-depth 13)))

i end instrumentation functiona and initialiaation

dispatch) ; end make-eval-mgr
i create %eval-mgr® object

(define ™eval-mgr™ {make-eval-mgr))
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A.3

o O o o O T L

ITTUT IR EL L E L L Ll Ll

i; “name-space-mgr object

iii accepts: get-global-ne-ptr, add (name, value), lookup (name, ns-ptr),
add-list (ns-ptr, name-list, value.liat),

extend-ns (ns-ptr, name.list, value-list),

i print-ns {ns-ptr), init-stats, and get.stats

iij returns: na-per (get-get-global-ns-ptr), binding (lookup),

namesspace (get-name-space)

iis internal state: name-space

(define (make-name-space-mgr)

{define {diapatch m)
(case m
((get-global-ne-ptr) global-ns-pir)
{{add) sdd)
({lookup) (inc-n-lockups} (init-lookup-depth) lookup)
((add-list) add.liat)
(%extend-nl) extend-ns)
{(print-ns} print-ns) ; print name-apace
; NOTE: name-space is a c¢ircular list whenever
; it contains bindings of names to closures.
{(init-stats) init-stats)
((met-stats) gei-stats)
{¢lson (error "Error in “"name-space.mgr*: received unknown message ' m}))))

; msg handlers

(define (add name value)
; add binding to global name-space by adding a binding to the
; global frame.
{set.car!
global-ne-ptr
(cons (comns name value) {¢ar glabal-ns-ptr)})))

(deflne (lockup name ns-ptr}
; start looking for the binding in the top frame.
(lot ((top-frame-pir {car na-pir))
(binding '#1))
i search sequentially through the top-frame
{set! binding (search-frame name top-frame-ptr))
; binding is #{ if name is not bound, and its a pair of
; name and value if it is bound.
(if binding
(begin
(set! depth.list (cons (cons lookup-depth f-lookup.depth)
depth-list})
binding)
; binding is #f. Coniinue looking, up the name.space tree,
; until !top has been reached,
if
((cqunu {cdr ns-ptr) 'ftop)
‘nol-in-name-space
(begin
(inc-f-lookup-depth) ; increment the frame depth of lookup counter
{lookup name (cdr nas.ptr}})))))

(define (roarch-frame name frame)
(cond {{null? frame) #{)

{{eq? name (caar frame)) (car frame))

olee

¢ inc.lookup-depth)

ilenrch-lrnme name (cdr frame))}))

{define (add-list ns-pir name-list value.list)
; make the list of bindings formed by name.list and value-list
; the top-most frame of the name-space.
(let {(bindings '(}))
; make a list of bindings. 1f name and value lists are empty,
; bindings will remain an empty list ().
(for-cach
(tambda (name value)
{inc-n-bindings}
{s0t! bindings
(cons {cons name value) bindings)))
name-list valuo-list)

; make bindings the top-most frame.
(set.car! ns-pir bindings)})
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{define (extend-ns ne-ptr name-list value-list)
; extend the name-space with a new frame conaisting of
; a list of bindiags made from name-list and value-list.
(let ((bindings *())}
; make a list of bindings. If name and value lists are empty,
; bindings will remain an empty list ().
(for-each
(lambda (name value)
(itc-n-bindings)
(set! bindings
(cons (cons name value) bindings}})
name-list value-list)
; extend the name-space with a new frame.
{inc-n-frames)
{cons bindings ne-pir)))

{define (print-ns ns-ptr)
; print the name-space by printing one frame at a time.
(tet ((top-frame-ptr (car ns.ptr))
{print-bindings '())) ; & non-civeular list of bindings

; build print-bindinga from the bindings in the top.most frame.
(for-each

; make a safe binding from each individual binding.
(lambda (binding)
(let {(name {car binding))
{value (cdr binding)}))
(if ((*exp-mgr* 'closure?) value)
; value is a closure, which may have a peinter back to
; its own name-space, making the name-space a circular
; list. In making a printable binding replace ihe ns-ptr
3 with 'x.ns.ptr.
{set! print-bindings
(cons {cons {cons "name: " nawme)
; make a printable closure
{cons "value: "
(cons 'Iclosure
{cons (cadr value) ; lambda
'x-name-space.ptr)}}}
print-bindings))
; else value is not a cloaure.
(set! print-bindings
(cons (cons {coms "pame: " name)
(cons "value: " wvalue))
print-bindings})}))

i frame from which individual bindings are obtained,
top-frame-ptr)

; print a new frame.
(newline)
(display ”{rame i»:”)
(newline)
(if (null? print-bindings)
{begin
(display "empty")
(newline})
{tor-each
(lambda (print-binding)
(let ((print-name (car print-binding))
(print-value (¢dr print-binding)))
{write print.name}
{newline)
{write print-value)
(newline)))
print-bindings})

-E stop when top of the name.space is reached.
if

(equal? (edr ne-pir) *!op)

(write '!top)

(print-ns (cdr ns-ptr)))))

{define (init-stats)
(set! n-lookups 0}
(set! depth-list '())
(set! max-lookup.depth 0)
(set! max-f-lookup-depth 0)
(set! n-bindings 0}
(set! n-frames 0))

(define (ges-stata)
(display "lookup stats: tot ")
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(write n-lookups)
(let ({d-pair (avg-lookup-depth}))
(display ", avg depth rangs ")
(let ((avg (car d.pair)))
(write-string (string-append
(ssring #()
(number-;string {floor avg))
(string #,)
{number-;string {ceiling avg))
(string #)0)))
(disptay ", max depth ")
{write max-lookup-depth)
{newline)
display " avg frame depth range ")
let ({avg (cdr d-pair)))
(write-string (string-append
(string #()
(number-;string (foor avg))
string #,)
nux'nber-;_string {ceiling avg))
{string #))))))
(display ", max {rame depth ")
{write max-f-lookup-depth)
(newline)
display "number of bindings added: ")
writs n-bindings)
rewline)
display “number of frames added: )
write n-frames))

; end message handlers

: local state

(define globalens-ptr (cona '{(} 'ltap))

; end Jocal state

; inatrumentation fungtions and initialisations

Edoﬁna n-lockups 0) ; number of lookupa
define lookup-depth @)

(define flookup-depth 0)

Eduﬁne max-lookup-depth 0)

define max-f-lookup-depth 0)

define depth-list '(}))

define n-bindings 0}

define n-frames Q)

{define (inc-n-lockops)
(set! n.dookups (+ 1 n-lookups)))

{define (inc-n-bindings}
(set! n-bindings (+ 1 n-bindings)))

(define (inc-n-frames)
(set! n-frames {4+ 1 n-frames}})

(define (init-lookup.depth)

slell lookup-depth 0)

set! {-lookup.depth 0)
(define (inc.lookup-depth

(set! Jookup-depth (+ 1 lockup-depth))

(set! max-lockup-depth (max lookup.depth max-lockup-depth)))
(define (inc-f-lookup-depth)

(set!? f-lookup-depth (+ 1 f-lookup-depth))

{sot! max-f-lockup-depth (max f-lookup-depth max-f-lookup-depth)))

(define (avg-lockup-depth}
(if (zero? n-lookups)
‘(aip . wip)
(let ((b-avg 0)
(f-avg 0})
{for-each
(lambda (depth-pair)
Eulr b-avg {+ b-avg (car depth.pair}))
sott f.avg (+ f-avg (cdr depth-pair))))
depth-liat)
(cons (/ b-avg n-lookups) (/ f-avg n-lookups))}}))

{define (avg-f-lookup-depth)
(if (zero? n.lookups)
'ai,

{/ (reduce + 0 depth.list) n-lookupa)}))

; end instrumentation functions and initialisation
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dispatch) ; end make.name-space-mgr

; create *name-space-mgr* object

(define *name-space-mgt* {make-name-space-mgr})

; enter primitives intoe the global name-space

({*primitives* ’enter-primitives))
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*primitives® object
accepts: apply ({ args), enter-primitives, get-primitives,
init-stats, and get.stata
returns: result-expression (apply), table-of-primitives (get-primitives)
i internal state: table-of-primitjves

(define (make-primitives)

(define (dispatch m)
(case m

E(apptv) apply)
(enter-primitives} enter-primitives)
((get-primitives) table.of-primitives)
((init-stats) init-stats)
(Ege:--uu) get-stats)

{else (error "Error in "primitives™: received unknown message " m))))

; msg handlers

(define (apply [ args)
(let ((prim-entry
(aseq { table-of-primitives})}
; assq returns #{ if it did not find an association
{inc-n-p-apply-ops)
(if prim.entry
i Tis a primitive. Apply it to the args.
((cdr prim-entry) args)
; T is not a primitive. Signal error.
{error "Error in *primitives™: attempting to
apply non.existent primitive” f))})

(define {enter-primitives})

i enter the primitives into the global name-space.
; NOTE: this means that primitive names are treated like
' any other names, i.e. they can be used as variable
1 names.

(for-each

(lambda (entry)
((*name-space-mgr™ 'add) (car entry) {car entry)))

table-of-primitives))

{define (init-stats)
set! n-p-apply-ops 0)
set! n-cons.ops 0))

{define (get-stats)
display "number of primitive applies: ")
write n-p-apply-ops)
newline)
display "number of cons operations: ")
write n-cons-ops})

; end message handlers
i local state
; NOTE: arguments passed 1o primitives are in reverse order.

{define table-of-primitives

(list

{cons 'symbol? (lambda (arg) (symbol? (car arg))))

{cons 'baclean? (lambda (arg) (boclean? (car arg))))

{cons 'pair? (lambda (arg) {pair? (car arg))))

(cons 'number? (lambda (arg) (integer? {car arg))))
i arg graph is a function if it is a primitive name,
i or if it is a lambda graph.

(cons 'function? (lambda (arg)

or
(primitive? (car arg))
({*exp-mgr™ 'closure?) (car arg)))))
{cons 'eqt (lambda (arg)
(eqv? (cadr arg) (car arg))))
{cons 'null? (lambda (arg
{nullt (car arghl})
(cons 'not (lambda (arg)
{not (car arg)))}
(cons 'cons (lambda (arg)
{inc-n-cons-ops)
{cons (cadr arg) (car arg))))
{cons 'car {lambda (arg}
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(car (car arg))))
(cons 'cdr {lambda {arg)
[cdr {car arg))))
(cons "+ (lambda (arg)
(+ (cadr arg) (car arg)))}
{cons - {lambda (arg)
(- (cadr arg) (car arg))))
(cons '* (lambda (arg)
(* (cadr arg) (car arg))))
(cons 'guotient {lambda (arg)
(quotiens (cadr arg} {car arg))})
{coms 'remnainder (lambda (arg)
(remainder (cadr arg) {car arg)}))
(cons ‘= (lambda (arg)
{= (cadr arg) {car arg))}}
(cons *; (lambda (arg)
(i (cadr arg) (sar arg))})
{cons ;= (lambda (arg}
(i= (Cﬁdr arg) (car arg))))

; end local state

; instrumentation functions and initialisations
{define n-p-apply-ops 0)
{define n-cons-ops 0)
(define (inc-n-p-apply-ops)

(set! n-p-apply-ops {+ 1 n-p-apply-ops)))
(define (inc-n-cons-ops)

(set! n-cons-ops (4 1 n-cons-ops)))

; end instrumentation functions and initialisations

dispatch) ; end make-primitives

; create *primitives™ object

(define ®primitives® (make-primitives))
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"exp-mgr* object

; All expression manipulation is handled by the ™exp-mgt* object.
; Expressions themselves, however, are not local to the Mexp-tngt™:

whoever has an expression pointer (exp) can manipulate the expression.

i accepls: exp-access (access-typ, exp), get-typ {exp),

make-closure {exp, ns-pir), closure? (exp),
define?({exp), get-stata, init-stats

; Teturns: exp (exp-access), exp-type {get-typ}, closure (make-closure),

#t or #1 (closutc?, define?)

; internal atate: expression manipulation statistics

(define (make-exp-mgr)

(define (dispatch m)

{ctse m

((exp-access) (inc-n-e-accessea) exp-access)

geit-1yp) (inc-n-e-type-ops) get-typ)
{ make-closure) make-closure)
(Eclosure?) closure?)
((definet) define?)
({inis-stats} init.stats)
((get-ntate) get-stats)
(else (error "Error in “exp-mgr™: received unknown message " m))))

; msg handlers

(define {exp-access access-typ exp)
; invoke the appropriate expression.-access procedure. The
; value of the variable "access-typ” is the name of the
; procedure to be invoked.
({eval access-typ (the-environment)}) exp))
; Warning: this works in MIT Scheme, and I suspect is more
3 efficiont than a dispatch using a case. However,
i Scheme itsell does not
; support environmenis as first-class objects.
i For compatibility with Scheme as defined
; in the Revised'4 Report, this can be recoded as
H & case on acceas-iyp:
H {case access-typ
: {(value) (valuc exp))
i ((lit-part} (lit-part exp)
H

(else i'e.ll'ror "Wrong expression access type"))))

{define (get-typ exp)
{cond

i vali expression is either a boolean or an integer
((or (boolean? exp)
(integer? exp))
‘val)
; var: expression is a variable
((symbol? exp) ‘var)
; check for invalid expression
{(and {nat (pair? exp)} (not {aymbol? (car exp))))

{error "Error in “exp-mgr®: received get-typ request for ¥ exp))

i bit: axp form ia (quete literal-part)
{{equal? (cat exp} 'quote) ’lit}

i lam: exp form is {lambda (varl ... varN) body)
{{equal? (car exp) 'lambda} 'lam}

i let: oxpression form is (let {{varl initl) ... (varN initN¥N)) body)
({equal? (car exp) 'let} 'let)

; similarly for letrec
((equal? (car exp) ’letrec) 'letrec)

j con: expression form is (if test-part consequent alternate}
({equal? {car exp) ’if) 'con)

; app: elss exp is an application
(else 'app)))
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(define {make-closure lambda-exp ns-ptr})
; a closure i a list of !closure, lambda-exp and nas-pir.
(inc-n-cona) (in¢-n-cons)
{cons 'lclosure {cons lambda-exp ns-ptr)}}

(define (closure? pair)
{and
(pair? pair)
(equal? {car pair) 'tclosure}}}

(define (define? exp)
(if (pair? exp)
(eq)t):al? {car exp) 'define)

(define (init-astats)
{set! n.e-accesses Q)
{set! n.e-type-cps 0)
(set! n-cons 0}
(set! access-depth-list '()))

{define {get-stats}
(display "expression access stats: tot ")
(write n.e-accesses)
(diaplay ", avg depth range ")
(let ({avg 0) (maxd 0})
(for-each
{lambda (depth)
(eet! avg (+ depth avg))
(set! maxd (max maxd depth)))
access-depth-list)
E““!t “f _(I a{vE ‘(lengsh a;ceaa-depth-list)))
write-atring {string-appen
(string #()
(number-;string (floor avg))
(string #,) -
(number-;string (ceiling avg))
(string #))))
(newline) (display * "y
(display "max depth ")
(write maxd})
{newline)
(display "number of iype.ops: "}
(write n-e-type-ops}
(newline}
{display "nun)1;>er of cons cells used: )
(write n-cons

i end message handlers

; expression Access routines

( H vﬂ?e part: e:l:prel)linn form is (define name value-part)
define {value-part exp
(if (define? exp)
(begin
(cons-access-depth.liat 3)
{caddr exp)) ; extract value part of expression
{begin
(cons.access-depth.list 0)

exp)))

(define (name-in exp)
(cont.access-depth-list 2)
(cadr exp))

; literal part: expression form is {quote literal-part}
(define (lit-part exp)

(cons-access.depth-list 2)

(cadr exp))

; lev: expression form is (let ((varl init1) ... (varN initN))} bedy)
{define (inits exp)
{let ((inits '())
{bindings (let-bindings exp))
(tot-access-depth 2})
i for each binding in the list of bindings extract the
; init expression and add to the inits expression list.
; Return inits.
(for-each
(lambda (binding)
{set! tot.access-depth (4 2 tot-access-depth))
{inc-n-cone)
{set! inits (cons (cadr binding) inits)))
bindings)
(cons-access.depth.list tot.access.depth)
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inita)) ; return inits

(define (let-vars ¢xp)
(let {{vars ()}
(bindings (let-bindings ¢xp))
(tot-access-depth 2))
; for each binding in the list of bindings extract the
; var part and add to the vars list. Return vars list.
(for-each
(lambda (binding)
(set! tot-access-depth (+ 2 tot-access-depth))
{inc-n-cons)
{20! vars {cons (car binding) vars)))
bindinga)
{cons-access-depth-list tot-access-depth)
vars)) ; return vars

{define (let-body exp)
{cons-access-deprh-lisn 3)
{taddr exp))

{define (let-bindings exp)
{cons.access.depth.list 2)
{cadr exp)}

; conditional: expression form is {if test-part consequent alternate)
{define (test-part exp)

{#one-atcess-depth-list 2}

{cadr exp))

{deflue (consequent exp)
{cons-accese-depth.list 3)
{taddr exp))

{define (alternate exp)
(cons-access-depth-list 4)
(cadddr exp))

i application: expression form it (fn argl ... argN)
(define (fn-part exp)

(cons.access-depth-list 1)

(car exp))

(define (arg-part exp)
(cona.access-depth-list 1)
(cdr exp))

; by the time requests for fbody and fvars are received
3 1 is & closure, which has the form:
; (!closure . ((lambda {varl ... varN) body) . ns-ptr))

{define (fbody I}
{cons.access-depth-list 4)
(caddar (edr }}) ; body

(define (fvars 1)
(cons-access-depth-list 3)
(cadar (ede 1))} ; (vart ... varN}

(define ({-na-ptr {}
(cons.accens-depth-list 2)
(cddr £))

; end expression exp-acceas routines

i instrumentation functions and initialisations

(define n-¢-accesses 0)
{define n-e-iype.ops 0}
(define n-cons 0)

{define access-depth:list *())

{define (inc-n-e-accesses)

(set! n.e-acceases (+ 1 n.e-accesses)))
{define {inc.n.e-type-opa)

(2¢4! n-o-type-ops (4 1 n-e-type-ops)})
{define (inc-n-cons)

{set! v-cons (4 1 n.cons)))

(define (cons-access-depth:list depth)
(set! access-depth-list {cons depth access-depth-list)))

i end instrumentation functions and initialisation

dispatch) ; end make.exp-mgr
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j create ®exp-mgr™ object

{define ®exp-mgr* {make-exp-mgr))
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Appendix B
Reduction Evaluator Code

This appendix contains the Reduction Evaluator code consisting of the *evaluator,

*red-mgr#*, ¥name-space-mgr*, *primitives*, and *graph-mgr* objects.
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B.1

“; N
;i Mevaluator®™ object

333 accepts: eval (IScheme expression), init-stata, and get-stats
i35 returns: value of the expression

i;; internal state: evaluation statistics

{define {make-evaluator)

(define (dispatch m)
(cate m
({eval) eval)
((init-stata) init.stata)
((get-stats) get-stats)
(else (error "Error in ®evaluator™: received unknown message " m))))

; mag handlera
{define (eval exp)

; initilise the statistics
((*red-mgr™ 'init-stats))
{(®*name-space-mgr* 'init-atats))
((“graph-mgr* ‘init-stats))
{(*primitives* 'init-stats))
; reduce the expression
(llel ((gr-ptr
; first translate exp to graph, and let gr-ptr be
; the pointer to that graph
((*graph-mgr™ 'copy) : need a freah copy so as not to
7 reduce (mangle) the incoming expression.
((™graph-mgr* 'translaie) (value-part exp}))))
; reduce the graph
((*red-mgr* 'red)} gr-ptr)
i check if gr-ptr has been reduced. Signal error if not.
(if
(not (equal? 'reduced ((*graph-mgr* 'get-typ) gr-ptr)))
(error "Error: "evaluator™ received an unreduced
graph sz?d";led-,mgr")’ gr-ptr})
i efine? exp
i if define expression send message to ™name-space-mgt*
; to enter the reduce graph into the name space. Entries
@ ;_in the name space are {name, gr-ptr).
egin
((*name-space-mgr* 'add) (name-in exp} gr-ptr)
(newline)
(display "added variable ")
{write (name-in exp))
(display " to the name-space”))
; else jt is not a define expression, so sitply return the value
; in the reduced graph.
(begin
{newline)
(display "Value: ")
Ewrit; (()“g(rapl\]:mg)r‘ 'gr-access) 'value gr-ptr))
newline) (newline
(display "*red-mgr statistics: ")
(newline}
((®red-mgr™ 'get-stats))
(newline) (newline}
(display ""name-space-mgr* statistics: ")
(newline)
((*natme-space-mgr* 'get-stats))
(newline) (newline)
(display **
(n-ewl_ing)_ .
{( primitives get-stats))
(newline) (newline)
(display "*graph-mgr statistics: ”}
(newline)
((*graph-mgr™ “get-statz))))))

primitives™ statistica: ")

(define (init-stata)

(newline)

(display "doing init-stats"))
(define (get.stats)

(newline)

(display "doing get-stats”))
; auxillary functions

(define (value-part exp)
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(if {define? exp)
(caddr exp) ; extract value part of expreasion

exp))

(define (name-in exp)
(cadr exp)) ; what defines are allowed?

(define (define? exp)
(if {pair? exp)
(equal? (car exp) ’define)
L0)))

; end auxillary functions

dispateh) ; end make-evaluator

; create "evaluator® object

(defina "evaluator™ (imake-evaluator))
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B.2
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i1 "red-mgr* object

it accepta: red (gr-ptr), init-stats, and get-stats
wii red: reduce graph gr-ptr

(define (make-red-mgr)

(define (dispatch m)
(case m
((red) (inc-num-of-red) red) ; increment reduction counter
({init-stats) init-stats)
((get-stats) get-atats)
{elae (error "Error in "red-mgr*: received unknown message * m))))

; mag handlers

(define (red gr-ptr)

i reduce graph (pointed to by gr-ptr).

3 First obtain the type of the graph, and then dispatch

i to the appropriate reduction routines. Each redugtion rule,
; has a corresponding reduction routine.

(et {{graph-type
((*graph-mgr® 'get-typ) gr-ptr}})
{case graph-type
((reduced) '()) ; in reduced form already
({val) (red-val gr-pir))
((var) (red-var gr.ptr))
((lit) (red-lit gr-pse))
((lam) {red:-lam gr-ptr)}
((app) (ved-app gr-ptr))
E(con) (red-con gr-ptr))
(let) (red-let gr-ptr))
{{lattec) (red.letrec gr-ptr))
(else (error "Error in ™red-mgr™: received unknown graph
type from *graph-mgr™: " graph-type)))))

(define (init-stats)
(set! num-of-red 0}
(set! num-of-rec-calls 0)
(set! rec-depth 0}
(set! max.rec-depth 0))

(define (gei-atats)
(display "number of recursive calle: 7)
(write num-cf-rec-calls)
(newline)
(display "maximum recursion depth: ")
(write max.rec-depth)
{newling)
(display "number of reductions: ")
(write num-of-red)}

s reduction rules

; value
; simply mark! the value graph, to indicate that it has been reduced.

(define (red.val gr-ptr)
({*graph-mgr® 'mark!) gr-ptr))

; variable reference
; if var has an association in the name.space, rewrite! with the
i corresponding graph, else aignal an error.

(define (red.var gr-ptr)
(let ((var-name ({*graph-mgr™ ’gr-access} ‘var-in gr-ptr)))
Gt (let {(assoc {(*name-space-mgr™ 'lockup)} var-name}})
i
(equal? astoc 'not.in-name-apace)
; var-name is not a bound variable. Signal error.
(else (error "Error in "red.mgr™: attempting to reduce
unbound variable” var-name)}
; else it is a bound variable. Rewrite! with the graph (assoc).
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((“graph-mge™ 'rewrite!) gr-ptr assoc))}))

; literal
; rewrite and mark! literal graph with the subgraph containing the
; literal-part.

(define (red-lit gr-ptr)
(("graph-mgr* 'rewrite-and-mark?)
£7-ptr
(("graph-mgr® 'gr-access) 'lit-part gr-ptr)))

i lambda
: simply mark! the lambda graph as reduced.

(define (red-lam gr-ptir}
((®graph-mgr* 'mark!) gr-ptr))

; application
1) reduce funetion graph.
2) reduce argument graphs.

i
3 3) if the function graph in a primitive, apply the primitive
H and rewrite and mark! the application graph, then exit.
4 4) alse the function graph is & Yambda graph,

i i.e. a uner function, so copy the function body.

i

i

»

H

i

5) replace the variables in the function-body graph with the
corresponding argument graphas.

6) rewrite! the application graph with this new function body
graph.

7) reduce this new version of the application graph.

(define (red-app gr-ptr)
(ler ((f ((“graph-mgr™ ’gr-access} '{n-part gr-ptr))
(arg-gr-list {make-gr-list
((*graph-mgr® 'gr-access) 'arg-part gr-ptr)))
{args {("graph-mgr™ ’gr-access) 'arg.-part gr-pir)))

; reduce function f
(inc-rec-depth}
({®*red.mgr® 'red} 1)
(dcr-rec-depth)

; Teduce arguments
(for-each
(lambda (arg-gr-ptr}
{incerec-depth)
((*red-mgr® ‘red) arg-gr-ptr)
(der.rec-depth)}
arg-gr-list)

at El;:’n;};il.’ ?(o'i'ma{p;‘m‘g::n":f‘ SHP)}I.Q:‘ & primitive function name.
H Br- - ~access) ‘value {
s If £ is & name apply the primitive, »
(("graph-mgr* ‘rewrite-and.mark!)
gr-pir
{("primitives™ 'apply)
(('g;;ph—m;r"' ‘gr-access) 'value f) ; get primitive name
args
; else f is & lambda.
(let {{fbody (("graph-mgr* 'gr-access} 'fbody {
¥ 13}
(let ((new-tbody ; copy function body
{(*graph-mgr* 'copy)
fbody))
{vars (("graph-mgr" ‘gr-access) ‘fvars f)})

; replace vars in the copy of the body
(for-each
{lambda [var arggt-pic)
({*graph-mgr* 'find.repl) new-fbody var arg-gr-ptr))
vars arg-gr-list)

; rewrite! the graph with this new graph

(("graph-mgr* ’rewrite!} gr-ptr new-fbody)
; reduce the new version of the graph

(("red-mgr™ 'red) gr-pir))))})

(define (make-gr-list linked-grs)
; convert a linked list of graphs into a list of graphs
(if (null? linked-grs)

i in case of empty gr-list return empty list.
{cons linked-grs (make-gr-list {cdr linked.grs}))))
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; conditional
; rewrite! the if graph with either the result of reducing the
; conasgquent part, ¢t the result of reducing the alternate
; part, depending on whether the test part reduced to a true value
; or not.

(define (red-con gr-ptr)

; reduce the test-part.
(inc-rec-depth}
{(*ted-mgt* ‘red)
((*graph-mgr™ 'gr-access} 'test-part gr-ptr))
(dcr-rec-depth)

; reduce ecither the consequent or alternate parts.
(et ((branch-gr-ptr ; depends on result of test-part reduction
(if (("graph-mgr* 'gr-acceas)
'value
“graph-mgr* 'gr-access) 'test-part gr-ptr
grap 14 g 3
((®graph-mgr® 'gr-accesa) ’consequent gr-ptr)
(("‘graph-mg:' 'gr-a_cceu) ‘alternate gr-pir))))
((*graph-mgr* ‘rewrite!) gr-ptr branch-gr-ptr))
({(*red-mgr* 'red) gr-ptr))

i let block

1) reduce the init graphs.

2) replace the variables in the let body with the corresponding
init grapha.

3) rewrite! the let graph with this changed let-body graph.

4) reduce this new version of the let graph.

(define (red-let gr-ptr)
(let {(inita ((“graph-mgr* 'gr-access) 'inits gr-ptr))
; “graph-mgr™ returns a list of individual init graphs
(vara {{"graph-mgr® 'gr-access) 'let-vars gr.ptr))
; vars is a list of the let-variables
(let-body ((*graph.mgr* 'gr-access) 'let-body gr-ptr)))
; let-body is the graph of the let body

; firat reduce each of the inita
(for-each
(lambda (init-gr-ptr)
(inc-rec-depth)
((“red-mgr* 'red} init-gr-ptr)
(dcr-rec.depth})
inits)
; replace vars with the corresponding init graphs in the let-body
{for.each
{lambda (var init-gr-ptr}
(("graph-mgr” 'find-repl) let-body var init-gr-ptr))
vars inits)
; tewrite the let graph with the let body graph
{(*graph-mgr* ‘rewrite!} gr-pir let-body)
; reduce this new graph
({*red-mgr* 'red) gr-ptr)))

i letrec block
5 1) reduce the init graphs.

; 2) replace each letrec.variable with the corresponding init
H in each of the init grapha. {this is the only difference
i between the let and the letrec reduction rules)
i
P
’
i

~—r

3) replace the variables in the letrec body with the corresponding
init graphs.

rewrite! the letrec graph with this changed letrec-body graph.
reduce this new version of the letrec graph.

4
5

—rr—r

(define (red-letrec gr-ptr)

(let {{inits ((™graph-mgr* 'gr-access} 'inits grepir))
(vars (("graph-mgr™ 'gr-access) 'let-vars gr-ptr))
{letrec.body {("graph-mgt* ’g.r-_a.cceu) ‘let-body gr-ptr)))

; reduce each of the init graphs
{for-each
(lambda (init-gr-ptr)
(inc-rec-depth)
({*red-mgr™ 'red) init-gr-pir}
(der-rec-depth))
inita)

; replace each variable with the corresponding init
; in each of the init graphs
(for-each
(lambda (gr-pir}
(tor-each
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(lambda (var init-gr-ptr)
(("graph-mgr™ 'find-repl) (cons (cdar gr-ptr) ()
var init-gr-ptr))
vars inits))
inits}
1 replace vars with the corresponding init graphs in the letrec-body
{{or-each
(lambda (var init-gr-ptr)
((*graph-mgr™ 'find.repl) letrec-body var init-gr-ptr)}
vars inits)
; rewrite the letrec graph with the letrec-body graph
((®graph-mgr* 'rewrite!} gr-ptr letrec-bedy)
; reduce this new graph
((*red-mgr™ 'red)} gr-pir)))

; end reduction rules
; inatrumentation funciions and initialisations

{define num-of-red 0) ; npumber of reductions

(define inc-num-of-red
i inc-num-of-red aborta executionr when it receives a "stop”
; argument and when num-of.reductions
; exceeds the limit given in the argminent list
(lambda (#!rest x)
(set! num-of-red (+ 1 num-of-red))
(if (mot (null? x))
(if (and
(equal? (car x) 'stop)
(. num-of-red (cadr x)))
(error "Abort execution in “red-mgr*: exceeded maximum number of reductions,” (- num.of-red 1))))))

{define rec-depth D)
(define max-rac-depth 0)
(define num-ol-rec-calls 0)
(define (inc.rec-depth)
set! num-of-rececalls (+ 1 num.of-rec-calls))
set! sec-depth (+ 1 rec.depth))
set! max-rec-depth (max rec-depth max.rec-depth)))

(dofine (dcr-rec-depth)
(set! rec-depth (- rec.depth 1)})

; end instrumentation functions and initialisation
dispaich) ; end make-red-mgr
i create *red-mgr* object

{deflne *red-mgr* (make-red-mgr))
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T
i “name-space-mgr* object

i1 accepta: add (name gr-ptr), lookup (name}, init-stats, and get-stats
;i returns: gr-pir (leokup)

iis internal state: name-space

(define (make-name-space-mgt)

{define {dispatch m}
(case m

{(add) add)
{(lookup) {inc-n-lackups) (init-lookup-depth) lookup)
{{get-name-apace} name-space) ; return current value of name-space
{{init-stats) init-stats}
{{get-stats) get-stata)
(else {error "Error in “name-space-mgr*: received unknown message " m))})

3 msg handlers

(define {add name gr-ptr)
(set! name-space
(cons (cons natae gr-ptr} name-space)))

(define (lookup name)
(let ({binding '#1))
; binding is #{ if name is not bound, and its a pair of
; name and gr-ptr if its bound.
(s2t! binding (search name name-space))
{if binding
{begin
(set! depth-list (cons laokup-depth depth-list))
(cdr binding))
'nat-in-name-space}})

(define {search name bindings-list}
(cond ({null? bindings-liat) #f)
E(]eq? name (caar bindings-list)) (car bindings.list}))
elae
(inc-lookup-depth)
(search name (cdr bindings-list)})j))

(define (init-stats}
(set! n.lookups 0)
(set! depth-list '())
(set! max.lookup-depth 0))

(define {get-stats)
{display "lookup stats: tot ")
(write n-lookups)

(display ", avg depth range ”)
(let ((avg (avg-lookup-depth)})
(write-string {etring-append

{string #()

{number-;string {fioor avg))
(string #,)

number.jstring {ceiling avg))
{string £)))
{display ", max depth )
(write max-lookup-depth))

; end message handlers

i local state

{define name-space *())

; end local atate

; instrumentstion functions and initialisations
(define n-lookupe D) ; number of lookups
(define lookup-depth 0)

{define depth.ilat '(})

(define max-lookup-depth 0)

(define (inc-n-lookups)
(set! n-lockups {+ 1 n-lockups)))

(define (init-lookup-depth)
{set! lookup-depth 0))
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{define {inc-lookup-dapth)
(set! lookup-depth (+ 1 lockup-depth))
(set! mex-lookup-depth (max lookup-depth max-lookup-depth))}
(define (avg-lookup.depth)
(if (zero? n-lookups)
‘zip
{/ (reduce 4 0 depth:list) n-lockups}))

; end imstrumentation functions and injtialisation

dispatch) ; end make-name-space-mgr
; creste "name-space-mgr* object
{define "name-space-mgr* (make-name-space-mgr))
; enter primitives into the name-space

{{*primitives* ’enter-primitives})
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i *primitives® object
i3 accepta: apply (f args), enter-primitives, get-primitives,

11 init-atats, and get-atats
333 returns: result-graph (apply),
HH table-of-primitives (get-primitives)

133 internal state: table-of-primitives

{define {make-primitives}

{define (dispatch m)
(case m
({apply) 2pPly)
({enter-primitives) ¢nter-primitives)
({get-primitives} table.of-primitives}
((init-stata} init-stats)
((get-stats) get-stats)
(else (error "Error in ™primitives®: received unknown message » m))))

; msg handlers

(define (apply T args)
(let ({prim-entry
(asaq f table.cf-primitives)))
; asaq returns #f if it did not find an association
(inc-n-p-apply-ops)
(if prim-entry
; £ is a primitive. Apply it to the args.
((®graph-mgr™ ’translate)
(let ((arg-values '(}))
; arg-values is a list of arguments without the !r nodes.
3 NOTE: arguments in arg-values list appear in reverse order.
(for-each
{lambda (arg-gr)
(set! arg-values (cons (cdr arg-gr) arg-values}))
args)
; apply the primitive to the list of arguments,
{(¢dr prim-entry) arg-valuea)))
; 1 is not a primitive. Signal error,
{error "Error in *primitives®™: attempting to apply
non-existent primitive” {))))

(define (enter-primitives)

enter the primitives into the name-space.

NOTE: this means that primitive names are treated like
any other names, i.e. they can be used as variable
names.

(for-each
(lambda (entry)
((*name-space-mgr™ 'add) {car entry)
(cona (cons '!r (car entry)) (1))}
table-of-primitives))

(define (init-stats}
(set! n-p-apply-ops 0)
(set! n.cons.aps 0))

define (get-stats

E . age
(display "number of primitive applies: ")
(write n-p-apply-ops)
(newline)
(display "number of cons operations: ")
{write n-cons-ops}}

; end message handlers
s local state
i1 NOTE: arguments passed to primitives are in reverse order.

{define table-of-primitives
(liat
Econa symbol? (lambda (arg) (symbol? (car arg)})))
cons ‘boolean? (lambda (arg) (boolean? (car arg))))
(cons 'pair? (lambda (arg) (pair? (car arg))))
{coma 'number? (lambda (arg) (integer? (car arg))))
; arg grapk is a function if it is a primitive name,
; or if it is a lambda graph.
( (cons *function? {lambda (arg)
or
(primitive? {car arg))
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(equal? ((“graph-mgr* 'get-typ) arg)
"lam))))
(cons ‘eq? (lambda {arg}
(eqv? (cadr arg) (car arg))))
{cons 'null? (lambda (arg)
{null? (car arg))))
{cons 'net (lambda (arg)
(not (car arg))))
(cons 'cons {lambda (arg)
(inc-n-cons-ops)
(cons (cadr arg) {car arg)))})
{cons 'car (lambda (arg)
{car {car arg))}))
{cons 'edr (lamuda (arg)
(cdr (car arg))))
{cons '+ (lambda (arg)
{4+ (cadr arg} {car arg))))
{cons '- (lambda (arg)
(- (cadr arg) (car arg))))
(cons '™ (lambda (arg)
(* (cadr arg) (car arg))))
(cons 'quotient (lambda (arg)
(quotient {cadr arg) (car arg))))
{cons 'temainder (lambda (arg)
(remainder (cadr arg} (car arg))))
(cons '= (lambda (arg)
{= {(cadr arg} {car arg))))
(cons '} (lambda (arg)
(i (cadr arg) {car arg))))
(cona '|= (lambda (arg)
(= (Cﬁdr arg) (car arg))))

; end local state

dispaich) ; end make-primitives

; instrumentation functions and initialisations

(define n-p-apply-ops 0)
(define n-cons-ops 0)
(define (inc-n.p-apply-ope)

(set! n-p-apply-ops {+ 1 n-p-apply-ops)))

(define (inc-n.cons-ops)

(set! n.consops (+ 1 n-cons-ops}))

; end instrumentation functions and initialisations

; create "primitives™ object

(define "primitives™ (mak.- 3rimitives))
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B.5
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i3y “graph-mgr* object

337 All graph manipulation is handled by the *graph.mgr® object. Graphs
i themselves, however, are not local to the *graph.mgr®: whoever hag
it @ graph peinter (gr-pir) can manipulate the graph,

accepts: translase (exp), gr-access (access-typ, gr-pir), copy {gr-pir),

rewrite! (gr-ptr, gr-ptr), mark! (gr-prr),
rewrite-and-mark! (gr-ptr, gr-ptr),

get-typ (gr-ptr), find-repl {(gr-ptr, var, gr-ptr), get-stais,
init-stats

333 returna: gr-ptr except: name (gr-access var-in}, value (gr-access value),

graph-typ (get-typ), and 'do-nething (find-repl in some cases)

345 internal state: graph manipulation statistics

(define (make-graph-mgr)

(define (dispatch m)
{case m

((translate) translate)

({gr-accesa) (inc.n.g-accesses) gr-access)
{(copy) (inc-n-copy-ops} copy)
({rewrite!) rewrite!)

({mark!) mark!)

({rewrite-and-mark!) rewrite-and-mark!)
((get-typ) get-typ)

{{find-repl) find-repl)

({init-stats} init-stats}

((get-atats) get-stats)

(else (error "Etror in "graph-mgr*: received unknown message " m))N

; msag handlers

{define (translate exp)

a graph is an exp plus a cons cell

(inc-n-translates)
(inc-n-nodes-used)
(cons exp ()))

(define (gr-access access-lyp gr-pir)

; invoke the appropriate graph-access procedure. The
value of the variable "accets-typ” is the name of the
procedure to be invoked.

({eval access-typ (the-environment)) gr-ptr))

; Warning: this works in MIT Schetne, and I suspect is more
; efficient than a dispatch using a case. However,

H Scheme itself does not

f support environments as first-class objects.

; For compatibility with Scheme as defined

H in the Revised"4 Report, this can be recoded as
H 3 Cast ON access-iyp:

H {case access-typ

: ((value) (value gr-ptr))

H ((lit-part) (lit-part gr-ptr}

H
H

(else (error "Wrong graph access type”))))

(define (copy pir)

i copy graph or subgraph by obtaining fresh nodes for all
; the unreduced parts, while rensing all the reduced parts.

(if (pair? ptr)
(if (equal? (car ptr} ')

; reuse the reduced graph

ptr

; else create a new node

(begin

(ine-n-nodes-used)
(add2-n.copy-opa)
(cons (copy {car ptr))

(copy (cdr ptr)))))
; ptr is a value, simply return it

ptr))

define (rewrite! to-gr-pir from-gr-ptr
3 gr-p
{set-car! to-gr-ptr (car from-gr-ptr)))

define (mark! gr-ptr
B
(inc-n-nades.used)
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(set-car? gr-ptr (cone "'r (car gr-pir))))

(define (rewrite-and-mark! to-gr-ptr from-gr-ptr)
(inc-n-nodes-tsed)
(set-car! to-gr-ptr (car from-gr-ptr})
{set-car! to-gr-ptr (cons '!r (car to-gr-ptr}))}

(define {(get-typ gr-ptr)
(cond

; trap non-graphs
((not (pair? gr-ptr))
(error "Error in “graph-mgr™: received get-typ request for ” gr-ptr}}
{(null? gr-ptr)
(error "Error in “graph-mgr™: received get-iyp request for ¥ gr-ptr))

; val: graph form is {boolean . ) or (integer . ™)
{(or (boolean? (car gr-ptr)}
(integer? (car gr-ptr)))
'val)
; var: graph form is {variable . =
((and {nos {equal? (car gr-ptr) '!r))
{symbel? (car gr-ptr))) 'var)

i check for invalid graph of the form (invalid-object . =)

({not {pair? (car gr-ptr}})
(error "Error in "graph.mgr™: received get-typ request for ” gr.pir})

i reduced: graph form is (('r . *))
{{equal? (caar gr-ptr) *!r)
‘reduced)

; lit: graph form is {{quote literal-part) . =}
{{equal? {caar gr-ptr) 'quote) 'lit)

; lam: graph form is {{lambda (varl ... varN) bedy) . =)
{{equal? (caar gr-ptr} "lambda) 'lam)

s les: graph form is ((let ({varl initl1) ... (varN initN)) body) . =)
((equal? (caar gr-ptr) 'let) ‘let)

; similarly for letrec
((equal? (caar gi-pir) ‘letrec) "letrec)

1 con: graph form is ((if test-part consequent alternate) . ™)
equal? (caar gr-pir} 'if) "con
q E

;i app: ¢lse the graph must be an application
(elee "app)))

(define (find-repl gr-pir var arg-gr-ptr)
; find each var-type subgraph in gr-pir that containg a free
; occurrence of var and repiace it with arg-gr-ptr.
(init-search)
(search-repl gr-pir var arg-gr-ptr)
(set! search-list (cons (cons search-size max-search-depth) search-list))
(set-Zmax-search-depth))

{define (inis-stats)
(se1! n-var-replaces 0)
(set! max-search-depth 0)
(set! 2max-search-depth 0}
(set! max-search-size D)
(ses! search.list ()}
{aet! n-copy-ops 0)
(set! n-translates 0)
(#et! n.nodes-used 0))

(define (get-stats)
{display "variable find-and-replace stats: tot number of replaces is ")
{write n-ver-replaces)

{newline)

(display ™ tot number of searches is ")
(write (length search-list))

(newline)

{lev ((s-pair {avg-search}))
(if (mot (eq? a-pair "no-searches))
{begin
(display " avg search size range ")
(et ((avg (car s-pait)))
{write-string (string-append
{string #()
{number-;string (floor avg))
(string #,)
(number-jstring (ceiling avg))
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(string #)))))

(display ", max search size ")

(write max-search-size)

(newline)

(display " avg aearch depth range ")

{let {(avg (cdr a-pz%ir)))
(write.string (string-append
{siring #(}
Enux_nber#-,'_;lring {floor avg))
string #,
Enumbe;;,)sit)r)i)ng (ceiling avg))
string
(display ", max search depth ")
Ewril; RTax-search-depth))))
newline
(display "number of copy operations: ")
{write n-copy-¢ps)
{newline)
(display "number of translate operations: ")
%writle_ n-)lr.moluea)
newline
(display "number of graph nodes (cons cells) used: ™)
Ewritle. n-)nodea-uled)
newline
(display "graph access stats: tot ")
(write n-g-accesses)
(display ", avg depth range ")
(le(t‘ ((avsho) (maxd 0))
or-eac
{lambda (depth)
{set! avg (+ depth avg))
(set! maxd {max maxd depth)))
access-depth-list)
(set! avg (/ avg (length access.depth.list)))
{write-atring (string-append
(string #()
(number-isiring (floor avg))
(string #,)
(nul:nber-;_nring (ceiling avg))
. ., (string #))))
(n_ewlme) (display ")
(display "max depth ")
(write maxd)))

;: end message handlers

; graph access routines

i value part: graph form is (value . *) or ((!r . value} . ™)
(define (value gr-ptr)
{if (and (pair? (car gr-ptr)) (equal? (caar gr-pir) ’Ir))
(begin
{cona-access.-depth-list 2)
(cdar gr-ptr))
{begin
{cons-access-depth.list 1)
(car gr-ptr))))

; literal part: graph form is ((quote literal-part) . ™)
(define (lit-part gr-ptr}

(cons.access-depth.list 2)

{cdar gr-ptr))

; variable part: graph form is {variable , =) or ((!r . variable) . =)

(define (var-in gr-ptr)

(if {and {pair? (car gr-ptr)} (equal? (caar gr-ptr) ''r))

{begin
(cons-access-depth-list 2)
(cdar gr-ptr))

(begin
(cons-access-depih-list 1}
(car gr-pir))})

i let: graph form is {{let {{varl iniex} ... (varN initN)) body) . ~)
(define (inits grepir)
(et ((inits '())
(bindings (let-bindings gr-ptr))
(tot-access-depth 3))
i for each binding in the list of bindings extraci the
; init graph and add to the inita graph list. Return inits.
(for-cach
(lambda (binding)
(set! tot-access-depth (4 2 tot.access-depth)}
{set! inits {cons (cdr binding) inits)))
bindings)
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(cons-access-depth-list tot-access.depth)
inits)) ; return inits

(define {let-vars gr-ptr)
{let ((vars *()}
(bindings (let-bindings gr-ptr)}
(tot-accoss-depth 3))
4 for each binding in the list of bindings extract the
; var part and add to the vars list. Return vars list.
{for-each
{lambda {binding)
(set! tot-access-depth (+ 2 tot.access-depih})
(set! vars (cons {car binding) vars}}}
bindinge)
{cons-access-depth-list tot-agcess-depth}
vars)) ; return vars

{define (let-body gr-ptr)
(cons-access-depth-liet 3}
(cddar gr-pte))

(define (let-bindings gr-ptr}
(cons-access-depth-list 3)
(cadar gr-ptr}}

;. conditional: graph form is ((if test-part consequent alternate) . ™)
(define (test-part gr-ptr)

{cons-access-depth-list 2)

(cdar gr-ptr))

(define {consequent gr-pir)
{cons-accees-depth-list 3)
(eddar gr-ptr))

(define {alternate gr-pir)
{conn-accest-deprh-tist 4)
(cdddar gr-ptr))

; application: graph form is ((fn argl ... argN) . *)
(define (fn-part gr-ptr)

(cons-access-depth-list 1)

(car gr-ptr))

{define (arg-part gr-pir}
cons-access-depth-list 2)
cdar gr-pir})

by the time requests for fbody and fvars are received

i {is either a reduced lambda graph (requesi coming from *red-mgr*

H red-n.pp) routine} or a lambda graph (request coming from the search-repl
; routine):

; ((1r . (Jambda (varl ... varN) body))}) er

i ((Jlambda (varl ... var) bedy))

(define (fhody £}
(if (equal? (casr f) '!r)
{begin
(cons-access-depih-list 4)
(cdddar 1))
(begin
cons-access.depth-list 3)
(caner O (o)

(define ({vars f)
(if (equal? (caar f) 'Ir)
(begin
(cons-access-depth-list 4)
(caddar 1)}
(begin
(cons-access-depth-list 3)
(cadar 1)})} ; {varil ... varN}

; end graph gr-access routines

; replace-variable-in-graph funciions

(define {sesrch-repl gr-ptr var arg-gr-ptr)
i wearch for a {ree occurence of var in gr-ptr, and replace
; i% with arg-gr-ptr.
inc-search.size)
case {(*graph.mgr* 'get.typ) greptr)
{(val lit reduced) *do-nothing)

{{var) ; rewrite! if the variable in gr-ptr is var
(if (eq? (var.in gr-pir) var)
{begin
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{inc-n-var-replages)
((“graph-mgr™ 'rewrite!} gr-ptr arg-gr-pir))
‘de-noihing))

((lam) ; replace only if var does not beleng to the list of
+ bound variables.
{if (memgq var {fvars gr-ptr))
'do-nothing
(begin
{add-search-depth 3)
(search.repl (fbody gr-ptr) var arg-gr-ptr)
(sub-search-depth 3))))

({let} ; replace var in each init graph, and then replace var in
; the let-body only if var does not belong to the list
; of bound variables.
(add-search-depth 3)
(for-each
(lambda (binding)}
(add-search-deptk 1)
(search-repl (cdr binding) var arg-gr-ptr)
(sub.search.depth 1))
(let-bindings gr-ptr))
{sub-search-depth 3)
(if {memq var (let-vars gr-ptr))
'do-nething
(begin
(add.search-depth 3}
(2earch-repl (let-body gr-ptr) var arg.gr-ptr)
(sub-search-depth 3))))

((ietrec) ; if var belongs to the list of bound variables do notling,
; otherwise replace var in each init and in the letrec bedy.
(if (memgq var (let-vars gr-ptr))

‘do-nothing

{begin
{add-search-depth 3}
(for-each
{lambda (binding)

(search-repl (cdr binding) var arg-gr-pir))

(let-bindings gr-ptr))
(search.repl (let-body gr-pst) var arg-ge-pir}
{sub-search-depth 3))})

{{con) ; replace var in test, consequent and alternate parte.
; There is opportunity for optimisation, since only one branch
; is ever taken. I suspect, however, that it i3 more expensive
3 to do the optimisation than to do the replacement.

{add-search-depth 2)

(search-rep] (test-paté gr-pir) var arg-gr-ptr)

(add-zearch-depth 1)

(search-repl {consequent gr-ptr) var atg-gr-pir)

{add-search-depth 1}

(search-repl (alternate gr-ptr) var arg-gr-ptr)

(sub-search-depth 4)}

({app) ; teplace var in fn-part and in each arg.
+ This works because the fn.part is either a variable
; or a lambda graph.
{add.search-depth 1)
(search.repl (fn.part gr.ptr) var arg-gr-ptr)
{sub.search-depth 1)
{search.repl.on.list {arg-part gr-ptr} var arg-gr-ptr))))

(define (search-repl-on.list list-of-grs var arg-gr-ptr)
(if (nuli? list-of-grs)
)
{begin
{add-search-depth 1)
{search-repl list-of-grs var arg-gt-ptr)
(sub-search-depth 1)
(search-tepl-on-list (cdr list-of-gra) var arg.gr-ptr)}))

; end variable replace functions

: instrumentation functions and jnitialisations

{define n-var-replaces 0) ; number of times a variable is replaced
i in a graph.

(define (inc-n-var-replaces})
(set! n-var-replaces (4 1 n-var-replaces)))

(define search-size 0)
{define max-search-size 0)
(deline search.depth 0)
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(define max-scarch.depth 0)
(define 2max-search-depth 0)
{define (inc-search-size)
(sel! search-size (+ 1 search-size))
(set! max-search-size (max search-size max.search-size)))
{define (init-search) (set! search-depth 0}
(#et! search-size 9) (#et! max-search-depth 0))
(define {add.scarch-depth n}
(set! search-depth (+ n search.depth}}
(set! max-search-depth (max search-depth max-search-depth)))
(define (sub-search-depth n)
(set! search-depth (- n search-depth)))
(define {s¢t-2max.search.depth)
(set! 2max-search-depth (max max-search-depth 2max-search-depth)))

(define search-lint °(})

{define (avg-search)
(lat ((n-searches {length search-list})}
(it (zero? n-searches)
'no-searches
(let {{sizc.avg 0)
{depth.avg 0))
(for.-each
(lambda (search-pair)
{set! size-avg (4 size-avg (car search-pair)))
(set! depth-avg (+ deptheavg (cdr search-pair))))
search-list)
(cons (/ size-avg n-searches) (f depth-avg n.searches)))}))

(define n-copy-ops 0)
define n-translates 0)
define n-nodes-used 0)
define n-g-accesses 0}
(define sccess-depth.list '())
define {inc-n-copy-ops) (sst! n-cepy-ops (+ 1 n-copy-ops)))
define (add2-n-copy-ops) (set! n-copy-ops {+ 2 n-copy-ops}))
(define (inc-n-translates) (set! n-translates (4 1 ne-translates)))
{define (inc-ti-nodes-ussd) {det! n-nodes-used (+ 1 n.nodes-used)))
{define (inc-n-g-accesses)

(set! n-g-accesses {4+ 1 n-g-accesses)))
(define (cona-access-depth-liat depth)

(aet! access-depth.list (cons depth access-depth-list)))

; end instrumentation functions and initialisation

dispatch) ; end make-graph-mgr
; create "graph-mgr* object

(define *graph-mgr® {(make-graph-mgr))
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Appendix C

Symbolic Derivative

This appendix contains the symbolic derivative program:

(define deriv
(lambda (exp var)
(if (constant? exp) 0
(if (variable? exp) (if (same-variable? exp var) 1 0)
(if (sum? exp)
(make-sum (deriv (addend exp) var)
(deriv (augend exp) var))
(if (product? exp)
{make-sum
{make-product (multiplier exp)
(deriv (multiplicand exp) var))
(make-product (deriv (multiplier exp) var)
(multiplicand exp)))
’invalid-expression))))))

(define constant? (lambda (x) (number? x)))
(define variable? (lambda (x) (symbol? x)))

{define same-variable?
(lambda (vi v2)
{if (variable? wvl)
(if (variable? v2)
(eq? v1 v2)
#f)
#£)))

{define sum?
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(lambda (x)
(if (pair? x) (eq? (car x) '+) *())))}

(define addend (lambda (s} (car (cdr s))))
(define augend (lambda (s) {(car (cdr (cdr s)})})

(define product?
(lambda (x)
(if (pair? x) (eq? (car x) ’*) *()}))

(define multiplier (lambda (p) (car (ecdr p))))
(define multiplicand (lambda (p) (car (cdr (cdr pl)})))

(define make-sum
(lambda (a1l a2)
(if (number? al)
(if (number? a2)
{+ al a2)
(if {= ai 0) a2 (cons '+ {cons al (coms 22 *{))})))
{(if (number? a2)
(if (= a2 0) al (cona ’+ (coms al (coms a2 >N}
(cons '+ (cons al (cons a2 *())IINN

(define make-product
(lambda (m1 m2)
(if (number? mi)
(if (number? m2) (* ml m2)
(if (=m1 0) ©
(if (= m1 1) m2
(cons ’* ml m2))))
(if (number? m2)
(if (+=m20) 0
(if (= m2 1) m1
{cons ** {cons m1 (coms m2 (D))
(cons *# (cons m1 (cons m2 *(I))INN
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Appendix D
Log Files

This appendix contains the log files as they are generated by the Environment and
Reduction Evaluators.
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D.1 Environment Evaluator

Exp: (fact 1)
Value: 1

eval-mgr® statistics:

number of recursive calls: 8
maximum recursion depth: 2
number of evaluations: 8

name-space-mgr™ statistics;
lookup stats: tot 3, avg depth range (1,2), max depth 4
avg frame depth range (0,1}, max frame depth 1
number of bindings added: 1
number of frames added: 1

primitives™ statiatics:
number of primitive appliea: 1
number of cons operations: 0

exp-mgr* statistics:

expression sccess stats: tot 10, avg depth range (1,2)
max depth 4

number of type-ops: 9

number of cone cells used: 0

TEERIEES

Exp: {fact §5)
Value: 120

aval-mgs™ statistica:

number of recussive calls: 54
maximum recursion depth: @
number of evaluations: 65

name-space-mgk™ statistics:
lockup stats: tot 31, avg depth range (2,3), max depth 8
avg frame depth range (0,1), max frame depth 1
number of bindings added: 5
number of frames added: 3

primitives™ statistics:
number of primitive applies: 13
number of cons operations: 0

exp-mgr® statistics:

expression access stats: tot 82, avg depth range (1,2}
max depth 4

number of type-opa: 65

number of cons cells used: 0

E3-1 311 3-1 ¢ J}

Exp: (fact 10)
Value: 3628800

eval-ingr™ statistics:

number of recursive cally: 114
maximum recursion depth: 11
number of evaluations: 135

name-space-TET™® shatistics:
lookup stats: toi 66, avg depth range (2,3), max depth 8
avg frame depth range (0,1), max frame depth 1
aumboer of bLindings added: 10
number of frames added: 10

primitives™ statistics:
number of primitive applies: 28
number of cons operations: 0

oxp-mgr™ statistice:

sxpression access stats: tot 127, avg depth range (1,2)
max depth 4

numbar of type-ops: 138

number of cons cell used: 0

EEEDEESEEEEORITE==

Exp: (factiter 1 1)
Value: 1

aval-mgr™ statistica:
number of recursive calla: 20
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maximum recursion depth; 2
number of evaluations: 25

name-space-mgr® statistics:
lookup state: tot 12, avg depth range (2,3), max depth ¢
avg frame depth range (0,1), max frame depth 1
number of bindings added: 4
number of frames added: 2

primitives™ statistics:
number of primitive applies: 4
number of cons operations: 0

exp-mgr* statistics:
expression access stats: tot 23, avg depth range (1,2)
tmax depth 4

number of type-ops: 25
number of cons cells used: 0

Exp: (fact-iter I 5)
Value: 120

aval-mgr* statistics:

number of recursive calls: 72
maximum recurzion depth: 2
number of evaluations: BS

name-space-mgr™ statistics:
lookup stats: tot 44, avg depth range (2,3), max depth 9
avg frame depth range (0,1), max frame depth 1
numbet of bindings added: 12
number of frames added: 8

primitives™ statistics:
number of primitive applies: 16
number of cons aperations: 0

exp-rgr* statistics:

expression access stats! tot 75, avg depth range (1,2)
max depth 4

number of type.ops: BS

number of cons cells used: ¢

Exp: (fact-iter 1 10)
Value: 3628800

eval-mgr® statistica:

number of recursive calls: 137
maximum recursion depth: 2
number of evaluations: 160

name-space-mgt™ statistics:
lookup stats: tot 84, avg depth tange (2,3), max depth @
avg frame depth range (0,1), max frame depth 1
number of bindings added: 22
number of frames added: 11

primitives™ statistics:
number of primitive applies: 31
number of cons operations: 0

exp-mgr™ statistics:
expression access stats: tof 140, avg depth range (1,2)
max depth 4

number of type-ops: 1680
number of cons cetls used: 0

Exp: (mrec.even? 1)
Value: ()

eval-mgr* statistics:

number of recursive calle: 18
maximum recursion depth: 2
number of evaluations: 28

name-space-mgr™ statistics:
lookup stats: tot 10, avg depth range (2,3), max depth 11

avg frame depth range (1,2), max frame depth 3
number of bindings added: 5
number of frames added: 4

primitives™ statistics:

number of primitive applies: 3
number of cons operations: 0
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exp-mgr* statistics:
expressinn access stats: tot 29, avg depth range (2,3)
max depth 8
numbaer of type-ops: 26
number of cons cells used: 8
OO S s R S R R R R R E R Rl S S S S s s === === === =====2F

Exp: {mrec-even? 10)
Value: #T

eval-mgr® statistics:

number of recursive calls: 100
maximum recursion depth: 2
number of evaluations: 125

hame-space-mgr® statiskics:
lookup stats: tot $5, avg depth range (3,4), max depth 11
avg frame depth range (1,2), max frame depth 3
number of bindings added: 14
number of frames added: 13

primitivae® statistics:
aumber of primitive applies: 21
number of cons operationa: 0

exp-mgr* statistics:

expression access stats: tot 128, avg depth range (1,2)
max depth 6

number of type-obs: 125

number of cons cells used: 8

Exp: (mrec-¢ven? B81)
Value: ()

eval-mgr* atatistics:

number of recursive calla: 738
maximum recursion depth: 2
number of evaluations: 808

name-space-mgr* statistics:
lookup stats: 1ot 410, avg depth range (3,4), max depth 11
avg frame depth range (i,2), max frame depth 3
number of bindings added: 85
number of frames added: 84

primilives™ statistics:
numbar of primitive applies: 163
number of cons operations: 0

exp-mgr* statistics:

expression access stats: tol 909, avg depth range (1,2)
max depth 8

number of type-ops: 806

number of cont cells used: 8

Exp: (deriv *(* (+ x ¥) (* x (+ ¥ %)) 'x)
Value: (+ (* (+ x ¥) (+ ¥ 2)) (* x (+ vy z)))

eval-mgr™ statistics:

number of recursive calls: 472
maximum recursion depth: 8
number of evaluations: 608

name-space-mgr™ statistics:

lookup stats: tot 338, avg depth range (18,11), max depth 31
avg frame depth range (0,1), max frame depth 1

number of bindings added: 90

number of frames added: 68

primitives* siatistica:
number of primitive applies: 111
number of cons operations: &

axp-mgr® statistics:
expression sccess statsl tot 709, avg depth range (1,2)
max depth 4
number of type.ops: 808
number of cons cells used: O
-1t 1+ 1 1+ 1ttt 1ttt 1 5 1T T rrrerrr i rer

Exp: (deriv (™ x (+ y 1)) 'x)
Value: (+ y 1)

aval-mgr™ statistics:
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nutnber of recursive calls: 224
maximum recursion depth: T
number of evaluations: 29}

Dame-space-TEr" statistics:

lookup stats: tot 160, avg depth range (20,i1), max depth 31
avg {rame depth range {D,1), max frame depth 1

number of bindings added: 44

number of frames added: 23

primitives® statistics:
number of primitive applies: 52
number of cons operations: 0

exp-mgr™ statistics:

expression access stats: tot 341, avg depth range (1,2)
max depth 4

number of type-ops: 291

number of cona cells unsed: 0

Exp: (tak 1 2 3)
Value: 3

eval-mgr™ atatistica:

number of recursive calls: 10
maximum recursion depth: 3
number of evaluations: 13

name-space-mgr™ statistics:
lookup stats: tot 8, avg depth range (3,4), max depth 15
avg frame depth range (0,1), max frame depth 1
number of bindings added: 3
number of frames added: 1

primitives™ statistics:
number of primitive applies: 2
number of cons operations: ¢

exp-mgr* statistica:

expression access etats: tot 12, avg depth range (1,2)
max depth 4

number of type-ops: 13

number of cons cells used: @

Exp: (tak 3 2 1)
Value: 2

eval-mgr* statistics:

number of recursive calls: §9
maximum recursion depth: 4
number of evaluatione: 70

name-space-mgr* statistics:
lookup stats: tot 41, avg depth range (4,5), max depth 15
avg frame depth range (0,1}, max frame depth 1
number of bindings added: 15
number of frames added: 5

primitives® atatistica:
number of primitive applies: 13
number of cons operations: 0

exp.-mgr* atatistics:

expression access statsa: tot 62, avg depth range {1,2)
max depth 4

number of type-ops: 70

number of cons cells used: 0

Exp: (tak 2 4 B)
Value: 8

eval-mgr™ statistics:

number of recursive calls: 10
maximum recarsion depth: 3
number of evaluations: 13

hame-space-mgr™ statistics:
lockup stats: tot €, avg depth range {(3,4), max depth 15
avg frame depth range (0,1), max frame depth 1
number of bindings added: 3
number of framee added: 1

primitives™ statistics:
number of primitive appliea: 2
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number of cons operatione: 0

exp-mgr™ statistics:

expression access stats: tol 12, avg depth rangs (1,2)
max depth 4

number of type-ops: 13

number of cons cells used: O
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Exp: (tak 8 4 2)
Value: 3

eval-mgr™ atatistics:

number of recureive calls: 1676
maximum recursion depth: 8
number ¢f evaluations: 1951

name-space-mgr® statistics:

lockup stats: tot 1166, avg depth range (4,5), max depth 15
avg frame depth range (0,1), max {rame depth 1

num™er of bindings added: 411

number of frames added: 137

primitives™ statistics:
number of primitive applies: 376
number of cons operations: 0

exp.-mgr* statistics:

expredsion access stata: tot 1712, avg depth range (1,2)
max depth 4

number of type-opa: 1851

number of cons cells used: 0
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D.2 Reduction Evaluator Log File

Exp: (facs 1)
Value: 1

ted-mgr statiatics:

number of recursive calls: &
maximum recursion depth: 2
number of reductions: 9 .

]
name-space-mgr® statistica:
lcokup gtats: tot 2, avg depth rapge (1,2), max depth 3

primitives™ statistics:
number of primitive applies: 1
number of cons operations: 0

graph-mgr statistics:
variable find-and-replace stats: tot number of replaces is 3
tot number of searches is 1
avg search size range {15,i5), max search size 15
avg search depth range (3,3), max search depth 3
number of copy operationa: 40
number of translate operations: 2
number of graph nodes (cons cells} used: 25
graph agceas state: tot 18, avg depth range (1,2)
max depth 4

Exp: (fact &)
Value: 120

red-mgr statistics:

number of recursive calls: 54
maximum recursion depth: 6
number of reductions: €5

name-space-mgr* statistics:
lockup stats: tot 18, avg depth range (3,4), max depth 7

primitives* statistics:
number of primitive applies: 13
number of cons operations: 0

graph-mgr statistica:
variable find-and-replace stats; tot number of replaces is 15
tot number of searches is 5
avg search size range (15,15), max search size 15
avg search depth range (3,3), max search depth 3
number of copy operations: 172
number of translate operations: 14
number of graph nodea {cons cells) uped: 121
graph access stats: tot 152, avg depth range (1,2)
max depth 4

Exp: (fact 10)
Value: 3828800

red-mgr statistics:

number of recursive calls: 114
maximum recuraion depth: 11
number of reductions: 135

name-space-mgr* statistics:
lookup stats: tot 38, avg dapth range (3,4), max depth 7

primitives™ statistics:
number of primitive applies: 28
number of cons operations: 0

graph-mgr statistics:
variable find-and-replace stats: tot number of replaces is 30
tot nmumber of searches iz 10
avg search size range (15,15), max search size 15
avg search depth range (3,3), max search depth 3
number of copy operations: 337
number of translate operationsa: 29
number of graph nodes (cons cells) used: 241
graph access stats: tot 583, avg depth range (1,2)
max depth 4




Exp: {fact-iter & 1)
Value: 1

red-rmgr statistics:

numbet of recursive ¢alls: 20
maximum recursion depth: 2
number of reductions: 25

name-.space-mgr* statistics:
Iookup stats: tot 8, avg depth range (2,3), max depth 7T

primitives™ statistice:
number of primitive applies: 4
number of cons operations: 0

graph-mgr statistics:
variable find-and.replace stats: tol number of replaces iz 20
tot number of searches is 4
avg search size range (16,18), max search size 18
avg search depth range (4,4), max search depth 4
number of copy operations: 78
number of translate operations: 5
number of graph nodes (cons cells) used: 52
graph access stats: tot 630, avg depth range (1,2)
max depth 4

R e P s L e

Exp: ({fact-jtar 1 5)
Value: 120

red-mgr statistics:

number of recursive calls: 72
maximum recursion depth: 2
number of reductions: 85

name-space-mgr'* statistics:
lookup stats: tot 22, avg depth range (3,4), max depth 7

primitives* statistica:
number of primitive applies: 18
number of cons operations: 0

graph-mgr statistics:
variable find-and-replace stats: tot number of replaces is 30
tot number of searches is 12
avg search size range (16,15), max search size 16
avg search depth range (4,4), max search depth 4
number of copy operations: 219
number of translate operations: 17
number of graph nodes {cons cells) used: 152
graph acccss stats: tot 793, avg depth range (1,2)
max depth 4

Exp: (fact-iter 1 10)
Value: 3828800

red.-mgr statistics:

number of recursive calla: 137
maximum recursion depth: 2
number of reductions: 160

name-space-mgr* statistics:
lookup atats: tot 42, avg depth range (3,4), max depth 7

primitivea™ statistice:
number of primitive appliea: 31
number of cona operations: 0

graph.mgr statistics:

variable find-and-replace atats: tot number of replaces is 55
tol number of searches is 22
avg search size range (16,16), max search size 16
avg search depth range (4,4), max search depth 4

number of copy operations: 394

number of translate operations: 32

number of graph nodes {cons celis) used: 277

graph access atats: tot 1101, avg depth range (1,2)

Exp: (mrec-even? 1)
Value: ()

red-mgr statistics:
number of recursive calls: 19



maximum recursion depth: 2
number of reductions: 26

name-space-mgr* statistics:
Jookup stats: tot 4, avg depth range {3,4), max depth 7

primitives® statistics:
number of primitive applies: 3
number of cons eperations: 0

graph-mgr statistica:
variable find.and.replace stats: tot number of replaces is 8
tot number of searches is 8
avg search size range (12,13), max search zize 30
avg search depth range {5,5), max search depth 13
number of copy operations: 150
number of transtate operations: 4
number of graph nodes (cons cells) wsed: 87
graph accesa atata: tot 1150, avg depth range {1,2)
max depth 7

Exp: (mrec-even? 10)
Value: #T

red-mgr statistics:

number of recursive calls: 160
maximum recursion depth: 2
number of reductions: 125

name-space-mgr® statistics:
lookup stats: tot 22, avg depth range (4,5), max depth 7

primitives™ statistics:
number of primitive applies: 21
number of cons operations: 0

graph-mgr statistics:
variable find-and-replace stata: tot number of replaces is 26
tot number of searches is 18
avg search size range (12,13), max search size 30
avg search depth range (4,4), max search depth 13
number of copy operations: 383
nurnber of translate operations: 22
rumber of graph nodes {cons cells) used: 258
graph access stata: tot 1397, avg depih range (1,2)
max depth 7

Exp: (mrec-even? 81)
Value: ()

red-mgr statistics:

number of recursive calls: 733
maximum recursion depth: 2
number of reductions: 506

name-space-mgr® statistics:
lockup stats: tot 164, avg depth range (4,5), max depth 7

primitives™ statistica:
number of primitive applies: 163
number of cons operations: 0

graph-mgr statistics:
vatiable find-and-replace stats: tot number of replaces is 168
tot number of searches is 89
avg search size range (12,13}, max search size 30
avg search depth range (3,4}, inax search depth 13
number of copy operations: 2310
number of iranslate operations: 164
number of graph nodes (cons cells) used: 1607
graph access stats: tot 3206, avg depth range (1,2)
max depth 7

Exp: (detiv (* {(+ x ¥) (* x (+ ¥ 2))) "x)
Value: (+ (* (+ x ¥) (+ y 7)) (' x (+ ¥ 2))

red-mgr statistica:

number of recursive calls: 472
maximum recursion depth: 9
number of reductions: 608

name-space-mgr™ statistics:
lookup stats: tot 179, avg depth range (17,18), max depth 30



primitives™ statistics:
number of primitive applies: 111
number of cons operations: €

graph-mgr statistice:
variable find-and-replace stats: tot number of replaces is 344
tot number of searches is 90
avg search size range (27,28), max aearch size 85
avg search depth range (7,8), max search depth 1€
number of copy operations: 3289
number of translate operations: 112
number of graph nodes (cons cella)} used: 1857
graph access stats: tot 4629, avg depth range (1,2)
max depth 7

Exp: {deriv '(™ x (+ y 1)) ’x)
Value: (4+ ¥ 1)

red-mgr statistics:

number of recursive calls: 224
maximum recursion depth: 7
number of reductions: 291

name-space. mgr™ siatistics:
lookup stats: tot 85, avg depth range (17,18), max depth 30

primitives® atatistics:
number of primitive applies: %2
number of cons operations: 0

graph-mgr statistica:
vatiable find-and-replace stats: tot number of replaces is 177
tot number of aearches is 44
avg search size range (29,20}, max search size 65
avg search depth range {8,8), max search depth 16
number of copy operatiens: 1700
number of translate operations: 53
number of graph nodes {tone celis) used: 851
graph access stais: tot 5310, avg depth range (1,2)
max depth 7

Exp: (tak 1 2 3)
Value: 3

red-mgr etatistics:

number of recursive calls: 10
maximum recursion depth: 3
number of reductions: 13

name-space-mgr* statistics:
lookup stats: tot 3, avg depth ranne (4,5), max depth 12

primitives™ atatistics:
number of primitive applies: 2
number of cons operations; 0

graph-mgr statistics:
variable find.and-replace atats: 1ol number of replaces is 12
tot number of asearches is 3
avg search size range (34,34), max search size 34
avg search depth range {(4,4), max search depth 4
number of copy operations: 82
number of translate operations: 3
number of graph nodes {cons cells) used: 48
graph access siats: tot 5334, avg depth range (1,2)
max depth 7

Exp: (1ak 3 2 1)
Value: 2

red-ngr statistica:

number of recursive calls: 58
maximum recursion depth: 4
number of reductions: 70

name-space-mgt™ statistics:

lookup stats: tot 18, avg depth range (5,6), max depth 12
Primitives* statistics:

number of primitive applies: 13

nember of cons operations: O

graphemgr statistics:
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variable find-and-replace stats: tot number of replaces is 60
tot number of searches is 15
avg search size range (34,34), max search size 34
avg search depth range (4,4), max search depth 4
number of copy operations: 366
number of tranalate operations: 14
number of graph nodes {cons cells) used: 213
graph access stats: tot 5468, avg depth range (1,2)
max depth 7

Exp: (tak 2 4 B)
Value: 8

ted-tngr statistica:

number of recursive calls: 10
maxirum recursion depth: 3
rumber of reductions: 13

name-space-mgr™ statistica:
lookup stats: tot 3, avg depth range (4,5), max depth 12

primitives™ statistics:
number of primitive applies: 2
number of cons operations: 0

graph-mgr statistice:
variable find-and-replace stats: tot number of replaces is 12
tot number of searches is 3
avg search size range (234,34), max search size 3¢
avg search depth range (4,4}, max search depth 4
number of copy operations: B2
number of translate operations: 3
number of graph nodes (cons cells) used: 48
graph access stats: tot 5482, avg depth range (1,2)
max depth 7

Exp: (tak 8 1 2)
Value: 3

red-mgr statistica:

number of recursive calls: 1676
maximum recursion depth: ¢
number of reductions: 1951

name-space-mgr™ statistics:
lookup, stata: tot 513, avg depth range (5,6), max depth 12

primitives™ statistics:
number of primitive applies: 376
number of cons operations: 0

graph-mgr statistica:
variable find-and-replace stats: tot number of replaces is 1644
tot number of searches is 411
avg search size range (34,34), max search aize 34
avg search depth range (4,4), max search depth 4
number of copy operations: 9738
number of translate operations: 377
number of graph nodes {cona cells) uaed: 5658
graph access stats: tot 9256, avg deptl. range (31,2)
max depth 7
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