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R. KENT DYBVIG. Three Implementation Models for Scheme (Under the direc-
tion of GYULA A. MAGO.)

Abstract

This dissertation presents three implementation models for the Scheme Program-
ming Language. The first is a heap-based model used in some form in most Scheme
implementations to date; the second is a new stack-based model that is consider-
ably more efficient than the heap-based model at executing most programs; and
the third is a new string-based model intended for use in a multiple-processor im-
plementation of Scheme. The heap-based model allocates several important data
structures in a heap, including actual parameter lists, binding environments, and
call frames. The stack-based model allocates these same structures on a stack
whenever possible. This results in less heap alloca,tibn, fewer memory references,
shorter instruction sequences, less garbage collection, and more efficient use of
memory. The string-based model allocates versions of these structures right in
the program text, which is represented as a string of symbofs. In the string-based
model, Scheme programs are translated into an FFP language designed specifi-
cally to support Scheme. Programs in this language are directly executed by the
FFP machine, a multiple-processor string-reduction computer. The stack-based
model is of immediate practical benefit; it is the model used by the author’s Chez
Scheme system, a high-performance implementation of Scheme. The string-based
model will be useful for providing Scheme as a high-level alternative to FFP on

the FFP machine once the machine is realized.
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Chapter 1: Introduction

This dissertation presents three implementation models for Scheme programming
language systems. These three models are referred to as heap-based, stack-based,
and string-based models, because of the primary reliance of the first on heap allo-
cation of important data structures, the reliance of the second on stack allocation,
and of the third on string allocation. The heap-based model is well-known, hav-
ing been employed in most Scheme implementations since Scheme’s introduction
in 1975 [Sus75]. The stack-based and string-based models are new, and are de-
scribed here fully for the first time. The heap-based model requires the use of a
heap to store call frames and variable bindings, while the stack-based and string-
based models allow the use of a stack or string to hold the same information. The
stack-based model avoids most of the heap allocation required by the heap-based
model, reducing the amount of space and time required to execute most Scheme
programs. The string-based model avoids both stack and heap allocation and
facilitates concurrent evaluation of certain parts of a program. The stack-based
model is intended for use on traditional single-processor computers, and the string-
based model is intended for use on small-grain multiple-processor computers that

execute programs by string reduction.

The author’s Chez Scheme system, designed and implemented in 1983 and
1984, was the first to use the stack-based model. Other systems.implemented
since have employed some of thé same techniques, including PC Scheme [Bar86]
and Orbit [Kra86]. An implementation of ML [Car83, Car84], produced indepen-
dently at about the same time as Chez Scheme, also employed some of the same

techniques. The string-based model has yet to be implemented, thoughit has been
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tested by interpretation on a sequential computer. It is expected to be employed
in an implementation of Scheme for the FFP machine of Magé [Mag79, Mag79a,
Mag84], as soon as this machine is realized. The FFP machine is a small-grained
multiprocessor that directly executes programs written in Backus’s FFP languages

[Bac78].

Scheme is a variant of the Lisp programming language [McC80] based on the
A-calculus [Chu41, Cur58]. It was introduced by Steele and Sussman in 1975 and
has undergone significant changes since [Sus75, Ste78, Ree86, Dyb87]. Unlike most
Lisp dialects, Scheme is lexically-scoped, block-structured, supports functions as
first-class data objects, and supports continuations as first-class data objects!.
The popular Common Lisp dialect of Lisp {Ste84] was somewhat influenced by
Scheme; it supports lexical scoping and first-class functions but not continuations.
The ML programming language [Car83a, Mil84, Gor79] is simiiar in many respects
to Scheme, supporting lexical scoping and first-class functions, but lacking contin-
uations and variable assignments. Because of the similarities, many of the ideas

presented in this dissertation apply to Common Lisp and ML as well as Scheme.

This dissertation presents several variants of each implementation model.
These variants serve to simplify the presentation and to provide alternative models
that might be useful for other languages similar, but not identical, to Scheme. Each
model or variant addresses the representation of key data structures, the trans-
lation of source-level programs into object-level programs, and the evaluation of
the object-level programs. The translation processes and most of the evaluation
processes are described,' in part, with working Scheme code, thus providing an
executable specification of these processes. While it would be possible to base full
implementations of Scheme on this code, most of the details have been suppressed

to simplify and focus the presentation.

1 A first-class object can be passed as an argument to a function, returned as
the value of a function, and stored indefinitely. Most Lisp systems provide many
types of first-class objects, including lists, symbols, strings, and numbers. Most
other programming languages only provide scalar quantities, e.g., numbers and
characters, as first-class objects.
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One contribution of this dissertation is practical and immediately useful. This
is the description of the stack-based model for Scheme, which allows Scheme im-
plementations on sequential computers to use a standard stack in much the same
way as implementations of block-structured languages such Algol 60 [Nau63], Pas-
cal [Jen74] and C [Ker78]. The heap-based model, used by most Scheme systems,
requires call frames and binding environments to be heap-allocated, resulting in
slower and more memory-intensive systems. Heap allocation of stack frames was

thought to be necessary to support closures and continuations.

Another contribution is the description of a string-based model for Scheme
that will allow Scheme to run efficiently on the FFP machine of Magé and on
string-reduction machines in general. This will be useful once the FFP machine
is realized, and may prove useful for other small-grain multiple-processors as well.
A secondary contribution is the dqscription of a new FIFP to support Scheme and
the corresponding implication for support of other languages using FFP and the

FFP machine,

A third contribution is the detailed description and comparison of a set of
* alternative implementation models from the simplest heap-based systems through
the most complex stack-based and string-based systems. Each may be better than
the others under certain circumstances., Some are ideally suited to Scheme while

others are better suited to languages that differ from Scheme in certain ways.

The stack-based and string-based models support efficient Scheme implemen-
tations partly because Scheme encourages functional rather than imperative pro-
gramming techniques. That is, typical Scheme programs rely principally on func-
tions and recursion rather than statements and loops, and they tend to use few
variable assignments. Assignments are permitted; but they appear infrequently
in Scheme code. The stack-based and string-based models exploit this, improving
the speed of assignment-free code while possibly penalizing code that makes heavy

use of assignments.

The remainder of this chapter gives background information on functional
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programming languages, implementation techniques for functional languages, and
related multiple-processor systems. Chapter 2 provides detailed information on
Scheme, its syntax, and the features that make it worthy of study. Chapters 3,
4 and 5 present the heap-based, stack-based and string-based techniques. Chap-
ter 6 presents the conclusions and ideas for further research. Finally, Appendix A
completes the dissertation with a comparison of the stack-based model with the
heap-based model. It presents the results of an empirical comparison of the two
models on a set of four simple programs, and compares instruction sequences that

might be generated by compilers for the two models.

1.1 Functional Programming Languages

Most Computer programs can be separated into two categories, imperative and
functional. Imperative programs work by changing state in a statement by state-
ment fashion, using statement-oriented loops and subroutines (procedures that
perform side-effects and that do not necessarily return values) for program control.
Functional programs work without changing state but by computing values in an
expression-oriented fashion, using functions (procedures that simply compute and
return values), recursion, and mapping for program control. A programming lan-
guage can usually be placed into one of these two categories according to the style
of the programs that can be written in the language, which is determined by the
set of features provided by the language. The principal features of an imperative
programming language are statements, including declarations (of procedures and
variables), assignments, loop control statements, conditional statements, subrou-
tine or function calls, and arithmetic expressions. In a functional programming
language, the principal features are expressions, including binding expressions,

conditional expressions, function calls, and arithmetic expressions.

Functional programming languages have several advantages over imperative

programining languages:
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1. Functional programs are simpler. Functional programs are built from expres-
sions in a natural, recursive fashion. Imperative programs are built from com-
plex statements, or commands, combined with expressions. Certain contexts
require expressions while others require statements. Statements are almost

never allowed within expressions.

2. Functional programs are generally easier to understand. Each piece of the
program can be taken apart from its context and studied separately from the
remainder of the program, because there is little or no state affecting that

piece of the program.

3. Correctness proofs can be applied more easily to functional programs because

of the regularity of structure and lack of state.

4. Local variables are simpler and never uninitialized in functional programs. A
variable is a name for a value rather than a storage location. This value is
established when the variable is bound (declared). In an imperative program,

the initial assignment is typically separated from its binding (declaration).

5. Alternative evaluation orders are possible in functional programming lan-
guages. The order of execution of two independent expressions of a program
is not important, and the absence of state ensures that many expressions are
independent (for example, the arguments to a function application). Such ex-
pressions may even be executed in parallel. Furthermore, an expression whose

value is never required need never be executed at all.

FFP, the related FP [Bac78], KRC [Tur79, Tur82], and Miranda [Tur86] are ex-

amples of functional languages.

In spite of their attractive semantic properties and potential ease of implemen-
tation on parallel computers, there are some programs that are not easily expressed
in functional languages, ¢.e., programs that require the concept of state. However,
many programs are expressible and stylistically more attractive when written in
a purely functional style. Some languages encourage a functional programming

style but allow the use of imperative variable assignments when necessary. Such
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languages support the features that make programming in a functional style pos-
sible and omit features that discourage functional programming (such as loops,
gotos, and statement-oriented conditionals). Scheme is one such language, as are

Lisp, ML, APL [Ive62], and ISWIM |[Brg81].

Chapter 2 discusses and illustrates the use of a functional subset of Scheme,
but gives some examples of problems that do not easily lend themselves to a
functional style. The Scheme programs used to describe translation and evaluation
in Chapters 3, 4, and 5 are written where possible in a functional style, using
assignments only sparingly. They help to demonstrate that Scheme encourages
programs to be written in a functional style while still allowing assignments when

necessary.

1.2 Functional Programming Language Implementations

Because Scheme is closer in spirit to functional languages than to imperative lan-
guages, it is useful to consider methods commonly used to implement functional
languages. Functional languages may be implemented in several different ways
on a sequential computer. The most common way is the construction of an in-
terpreter. An interpreter requires modeling of the variable environment (if any),
handling of any special syntax, providing for function application, and providing
any run time support (such as storage management) [Wis82]. A related alterna-
tive is to compile the source program into a lower-level language (perhaps machine

code} and to interpret programs in the lower-level language.

For languages without variables, string or graph reduction is possible, either
in a sequential or parallel processor. With string reduction [Ber75], the program
is represented as a string of symbols. Evaluation proceeds by replacing each re-
ducible expression with its value, working within the string itself. Graph reduc-
tion [Wad71, Rev84, Tur79)| is similar, except that the program is represented by

a-graph with common subexpressions. sharing the same node (that is, identical
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subexpressions are not duplicated as they would be by the flat string representa-

tion). The main difference here is that such expressions are reduced only once.

For functional languages with variables, one alternative is the use of a combi-
nator approach, such as described by Turner [Tur79]. Combinators are (typically)
simple functions with no free variables. Two combinators, called S and K, are
sufficient to describe any function in the A-calculus [Cur58]. Once a program has
been converted into a composition of S and K combinators, it may be reduced by
a string or graph reduction machine. Hughes describes the use of more complex
“super-combinators,” to gain a more compact and efficient translation of the input
program [Hug82].

When evaluating programs in a function.ﬁl language, one has the opportunity
to use lazy evaluation [Fri76, Hen76, Tur79|. Lazy evaluation, sometimes referred
to as demand-driven or call-by-need evaluation, promises to evaluate only those
“ subexpressions necessary to complete the problem. This approach is semantically
- valid because an expression whose value is not required, and that does not cause
~ any side-effects (a requirement of functional languages) cannot affect the computa-~
“tion. Such an expression may as well be left unevaluated. Both the interpretation

and combinator approaches lend themselves to lazy evaluation strategies.

Languages such as Scheme have somewhat different requirements. In par-
ticular, it is not generally possible to use lazy evaluation. Not only must every
expression that may cause a side-effect be evaluated, but also the ordering of the
evaluation must be preserved. With lazy evaluation, the order of evaluation is un-
predictable, depending upon what is needed when. Because of the requirement for
a binding environment where changes to the values of variables may be recorded,
reduction mechanisms are not easily adapted to languages that allow assignments.
Also, combinators cannot easily be used to remove variables if the variables can

be assigned.

This leaves the direct interpretation and compilation {to traditional machine

code). approaches. Many Scheme systems have been developed [Abe84, Bargs,
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Cli84, Dyb83, Fri84, Kra86, Sus75, Ste77, Ste78], most of them using some com-
bination of interpretation and compilation. There are also many descriptions of
other Lisp implementations in the literature that use one or both of these ap-
proaches; these implementations are not relevant here since they do not address
support for first-class closures, first-class continuations, or certain other Scheme
features. Because of the need to support first-class functions and continuations,
most implementations allocate call frames and binding environments in a heap.

An optimization of the typical environment structure used in Scheme programs
was given by McDermott [McD80]. McDermott suggested that heap allocation of
environments happen only when necessary, and was able to retain some variables
on the stack. McDermott did not handle full continuations, but suggested that
even in the presence of full continuations, a similar avoidance of heap allocation
might be possible.

The T language developed at Yale was based on Scheme, but its designers
avoided heap allocation of call frames by omitting full continuations from the

early versions of the language. To quote from the 1982 Lisp Conference paper:

“As a concession to efficient implementation on standard architectures, escape
procedures are not valid outside the dynamic extent of the CATCH-expression
which creates them; this ensures that the control stack behaves in a stack-
like way, unlike in Scheme, where the control stack must be heap-allocated”
[Ree82].

This dissertation shows that this need not be the case, as does a recent paper
describing the latest implementation of T [Kra86].

Similar heap-allocated stack frames have been used in Smalltalk [Gol83, Ing78]
implementations because stack frame objects may be retained indefinitely in a
manner similar to general continuations.

Cardelli independently introduced a closure object nearly identical to the dis-
play closures described later in this dissertation [Car83, Car84]. The main differ-
ence is that Cardelli did not need to support assignment of variables. The use of
ref cells in ML can replace the automatic generation of boxes for assigned vari-

ables described in this dissertation. There is.no benefit in stack-allocating variable
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bindings if the stack itself is implemented in a heap. ML does not support general

continuations, so this was not a problem for Cardelli.

1.3 Multiprocessor Systems and Implementations

Various computer systems have been proposed that provide multiple processor sup-
port for the concurrent execution, or parallel processing of subparts of a computer
program. Parallel processing is often simulated on a single processor by interleav-
ing the execution of subparts; this is often referred to as multi-tasking. Parallel
processing and multi-tasking systems are both considered to be distributed pro-
cessing systems. These have been studied in various forms for almost two decades;
the earliest works on the subject are those of Dijkstra, Brinch Hansen, and Hoare
[Dij68, Bri73, Bri78, Hoa76|. A review of distributed processing languages and

abstractions can be found in Filman and Friedman’s text [Fil84].

General purpose? multiple-processor systems (termed multiprocessors) can be
partitioned iﬁto two categories based on the size of the processor and the com-
plexity of the communication network: small-grain and large-grain. Large-grain
" multiprocessors usually contain from several to several hundred prdcessing ele-
ments (PEs), whereas small-grain processors contain anywhere from hundreds to
millions of PE’s. Each PE in a large-grain multiprocessor is typically the size of
a minicomputer or powerful microprocessor. Each PE in a small-grain proces-
sor is typically the size of a small microprocessor or smaller, containing perhaps
an ALU (arithmetic-logical unit), a few words of memory, and communication
circuitry. Large-grain systems often employ a large central memory along with
smaller local memories at each PE; small-grain systems usually do not have any
central memory, relying only upon the local storage at the PEs and the temporary

storage within the communication network.

2 We will not discuss special-purpose multiprocessors, such as systolic arrays
or SIMD (single-instruction, multiple-data) machines, since we plan to support
general-purpose programming where parallelism is not obvious in the data struc-
tures-or operations of the language.
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One of the most important distinctions between large-grain and small-grain
systems is the type of communication network. Large-grain systems tend to be
well-connected (they can afford to be); that is, access to shared memory and to
each other is typically through a complex communication network that allows

relatively high-speed packet-switched communication between any two processors.

In contrast, small-grain systems provide high-speed, circuit-switched commu-
nication between adjacent or nearly adjacent processors, but slow communication
in general between two distant processors (because the processors are not well-
connected). Also, small amounts of information can be communicated efficiently;

this is not typically the case in large-grain systems.

Large grain systems are most useful for programs where there is high level
parallelism inherent in the structure of the progré.m, that is, when a programmer
or compiler can isolate several large sequential processes. It has yet to be seen
whether there are effective methods for splitting a computation dynamically. Even
with static analysis performed by a compiler, the results have not been impressive.
As a result, most large-grain systems will be programmed by hand, a complex task

that requires precious programmer time.

Small-grain systems should be more appropriate where the parallelism exists
at a lower level, e.g., at the exﬁiession level rather than at the procedure level.
Decomposition, or process-splitting, may be performed dynamically, since the cost
of communicating locally is minimal, and the cost of shifting within the network
can be minimized by parallel movement. Although small-grain systems look more
promising than large-grain systems for some purposes, they have not yet been
around long enough for their value to be proven. Magé [Mag85] and Burton
and Sleep [Bur81] provide convincing arguments for the viability of small-grain
systems.

Several large-grain multiprocessors have been proposed for Lisp dialects. Marti

and Fitch [Mar83] perform static analysis with a compiler to decompose Lisp

programs; this seems to be one of the few attempts at executing Lisp programs
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on a multiprocessor without explicit programmer control over parallelism. Two
recent contributions, one by Halstead [Hal84] (see also [And82]) and the other by
Gabriel and McCarthy [Gab84], propose languages with explicit parallel control
structures of similar natures. Sugimoto, et al. [Sug83] propose to perform some
automatic program decomposition dynamically, while allowing access to lower level
primitives.

Many small-grain multiprocessors have been proposed to support functional
languages. These include string reduction machines such as the FFP machine,
graph reduction machines such as ALICE [Dar81] and AMPS [Kel79], dataflow
machines [Arv77, Den79], and the shared-memory “ultracomputer” [Got83]. Al-
though all of these multiprocessors might be considered to be small-grain systems,

relative to the FFP machine the others are actually large-grain systems.






Chapter 2: The Scheme Language

Scheme is a programming language that is close in spirit to functional program-
ming languages but similar in many ways to more traditional languages such as
Algol 60. The principal similarity between Scheme and Algol 60 is that they
are both lezically-scoped, block-structured languages. Lexical scoping means that
the body of code, or scope, in which a variable is visible depends only upon the
structure of the code and not upon the dynamic nature of the computation (as
with dynamic scoping, which is employed by many Lisp dialects). Block structure
means that scopes may be nested (in blocks); any statement (or expression, in
Scheme) can introduce a new block with its own local variables that are visible
only within that block. Scheme differs from Algol 60 in that it is an applicative
order language, meaning that the subexpressions of a function application, f.e.,
the function and argument expressions, are always evaluated before the applica-
tion is performed. (In contrast, in Algol 60, evaluation of an argument passed by
name does not occur until the argument is used.) Furthermore, Scheme supports
first-class functions, or closures. A closure is an object that combines the function
with the lexical bindings of its free variables at the time it is created. Closures are
first class data objects because they may be passed as arguments to or returned

as values from other functions, or stored in the system indefinitely.

Scheme also supports first-class ¢ontinuations. A continuation is a Scheme
function that embodies “the rest of the computation.” The continuation of any
Scheme expression (one exists for each, waiting for its value) determines what is
to be done with its value. This continuation is always present, in any language

implementation, since the system is able to continue from each point of the com-
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putation. Scheme simply provides a mechanism for obtaining this continuation as
a closure. The continuation, once obtained, can be used to continue, or restart,
the computation from the point it was obtained, whether or not the computation
has previoﬁsly completed, s.e., whether or not the continuation has been used,
explicitly or implicitly. This is useful for nonlocal exits in handling exceptions, or

in the implementation of complex control structures such as coroutines or tasks.

Scheme and Lisp are based on the A-calculus. The A-calculus is a mathematical
language for studying functions. In 1982, Rosser summarized the history of the
A-calculus, which has it roots in the work of Frege in 1893 and Schonfinkel in
1924 [Ros82]. Since then, Church and Curry have worked extensively with the
A-calculus and related matters [Chu4l, Cur58]. Knowledge of the A-calculus is
not essential for the reading of this dissertation, although it is certainly useful in

understanding the full power and importance of Lisp and Scheme.

McCarthy introduced Lisp around 1960 (making it the second oldest com-
puter programming language in use today, next to Fortran) [McC60|. McCarthy’s
original language has often been referred to as pure Lisp because it was entirely
expression-oriented. Subsequent dialects of Lisp have included many different sorts
of imperative control structures. Early Lisp dialects employed dynamic scoping

and disallowed first-class functions, a definite departure from the A-calculus.

Sussman and Steele introduced the Scheme dialect of Lisp in 1975 [Sus75].
Scheme more accurately reflects the A-calculus by supporting lexical scoping and
first-class functions. Because lexical scoping is employed rather than the tradi-
tional dynamic scoping, Scheme is similar in many ways to Algol 60 and other

block-structured languages such as Pascal and C.

Steele describes Common Lisp as a combination of many different Lisp dialects
[Ste84]. Although Common Lisp is a much larger dialect of Lisp, it is based in
part on Scheme. Unlike all popular Lisp dialects except Scheme, Common Lisp

provides lexical scoping and first class functions:
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Scheme and Lisp are both weakly-typed languages, meaning that the determina-
tion of type correctness is delayed until run time, rather than analyzed at compile
time. In contrast, Algol 60 and Pascal are strongly-typed languages. The ML
language [Car83a, Gor79, Mil84] is a strongly-typed language with lexical scop-
ing and first-class functions. ML’s type system is different from that of Algol 60
and Pascal, in that the type of an expression is determined from context rather
than user declarations. Strong typing results in fewer bugs after compilation and
potentially more efficient generated code. In practice, however, the type system
constrains the programmer in many ways that are unacceptable to Lisp program-
mers: data cannot be interpreted as programs, lists must be homogeneous, and
functions are not easily redefined (as for debugging) without recompiling other

dependent functions.

The Scheme language consists of a set of syntactic forms and primitive func-
- tioms. Scheme systems vary widely on the particular syntactic forms and primitives
that are provided. This dissertation focuses on a small set of the most important,
or core, syntactic forms. This chapter describes this set as well as the set of syntac-
tic extensions (defined in terms of the core set) and the set of primitive functions
employed by the Scheme-coded programs in the remainder of the dissertation. A
discussion follows of three important Scheme concepts: closures, assignments, and
continuations. The last section of this chapter presents a meta-circular interpreter

for Scheme.

2.1 Syntactic Forms and Primitive Functions

The syntax of Scheme expressions includes a set of core syntactic forms (the core
language) along with a set of syntactic extensions. Syntactic extensions may be
provided by the system or defined by the programmer. Any syntactic extension
must be defined in terms of the core syntactic forms, other syntactic extensions, |
and functions, so that the underlying implementation is free to support only the

core forms.
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Functions can be broken into two categories: primitive (provided by the
Scheme system) and user-defined. Some primitive functions may be supported by
code in the host language, e.g., assembly language, while others may be written
in Scheme. This distinction is not relevant in this dissertation, however; the focus
is on support of the core syntactic forms, not on particular primitive functions

provided by the language.

This section first introduces the core language. Following this are descriptions
of the small sets of primitive functions and syntactic extensions employed in this

dissertation.

2.1.1 Core Syntactic Forms, The core language varies from system to system.
In general, the smaller the core language, the smaller and simpler the interpreter
or compiler. With a small core language, however, the majority of the remaining
syntactic forms must be provided by syntactic extension. This can result in a
loss of efficiency unless sophisticated techniques are used to recover information
that may be obscured in the transformation from syntactic extension into the core
language. Many Scheme systems treat some of the syntactic extensions introduced
later as core forms. Likewise, others treat some of the core forms below as syntactic
extensions. This set is specifically designed to demonstrate the most important

features of the language and their support in a Scheme system.

An important aspect of Scheme is that any Scheme program is itself Scheme
data. Scheme supports lists, e.g., (a b c¢), symbols, e.g., xyz, integers, e.g.,
12034, strings, e.g., "hi there", and other types of objects. At the same time,
Scheme variables are symbols, e.g., x, Scheme aggregate expressions are lists, e.g.,
(if (eq? x 0) 0 (* x y)), and Scheme constants are numbers, strings and other
types of objects. (Lists and symbois may be treated as data with the quote syntac-
tic form.) This simplifies the writing of interpreters, compilers, and programming
tools for Scheme in Scheme, although the use of the list notation tends to require

a great number of parentheses.
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A grammar for the core language is given in Figure 2.1. Technically, this
grammar is ambiguous in two ways: Every expression matches the first clause
(since every expression is an object), and every expression that matches the quote,
lambda, if, set! or call/cc clause also matches the last clause. Ambiguities are

resolved by choosing the most specific production.

{core) — (object)

{core} — {variable)

{core) — (quote {object))

(core) — (lambda ((variable) ...) (core))
{(core) — (it (core) {core) {core))

{core) — (set! (variable) (core))

(core) — (call/cc {core))

(core) — ({core) {core} ...)

Figure 2.1 Syntax of the Scheme Core Language

Here is a quick overview of the meaning of each expression:

(object): Any object other than a list or symbol is treated as a constant. A
list or symbol is not treated as a constant because it can always be matched to a
more specific syntactic form.

- {variable): Any symbol is treated as a reference to a variable binding, which
should be bound by an enclosing lambda.

(quote {object)): A list or symbol inside a quote expression is treated
as a constant. In other words, its normal syntactic interpretation is dis-
abled. (quote {(object)) is often abbreviated with a single quote mark, e.g.,
(quote (a b ¢)) is abbreviated to ’(a b c).

(lambda ({variable) ...) {core)): A lambda expression evaluates to a closure.
A closure is a combination of the function body {core) with the bindings of the

function’s free variables (those not appearing as formal parameters and hence
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bound by an enclosing lambda expression). The variables {(variable} ... are the
formal parameters of the function. When the closure is subsequently applied,
each of the formal parameters will be bound to the corresponding actual parame-
ter, These bindings, together with the bindings of the free variables saved in the
closure, constitute the environment of the function body; the value of any variable

referenced in the body is found in this environment.

(if (core) (core) {core)): An if expression causes evaluation of either the
second or third subexpression depending upon the value of the first. If the first
evaluates to true, the second is evaluated and its result returned. If not, the third

is evaluated and its result returned.

(set! (variable} {core)): This syntactic form specifies that the variable be
assigned the result of evaluating (core); this result is also the value of the set!

expression. The ! is present to signal a side-effect.

(call/cc {(core)): call/ce (short for call-with-current-continuation) spec-
ifles that (core} be evaluated and the result (which must be a closure of one
argument) be applied to the current continuation! (this is explained further in

Section 2.4).

({core) {core} ...): This syntactic form specifies that all subexpressions be
evaluated and the value of the leftmost expression (which must be a closure) be

applied to the values of the remaining expressions?.

2.1.2 Primitive Functions. Scheme provides primitives for arithmetic calcu-
lations, list and symbolic processing, and a variety of other applications. This

dissertation is primarily concerned with the list and symbolic processing functions

1 The syntactic form call/cc is often implemented as a function; since it takes
its argument evaluated it does not need a special evaluation rule. It is treated
as a syntactic form here because support for it is fundamental to the compiler or
interpreter and the underlying system.

%2 This implies, as is true, that all Scheme function applications are written in
prefix notation. There are no special cases for the traditional set of binary prefix
and unary postfix functions that most languages provide.
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since it relies on these to demonstrate the parsing and evaluation of Scheme ex-
pressions. However, certain arithmetic functions are needed as well, along with a

few special-purpose functions.

The primitive functions given here operate on pairs, lists, symbols, integers,
and vectors. Integers are the same as for any other language. Symbols are atomic
objects that resemble variable or other names, e.g., ThisIsAnAtonm, Hello-Mom, and
cons. Symbols are often used to represent variables in Scheme compilers; they are
also commonly used as ordinary names in natural language programs. One aspect
of symbols that make them particularly suitable for use as variables is that any
two symbols that look alike are the same (see eq? below). In contrast, two lists

may not be the same object even if they look the same.

Pairs are the basic building blocks of lists and other structures in Scheme. A
pair is a structure with two fields, the car and the cdr. A pair is written as two
objects enclosed in parentheses and separated by a dot, e.g., (a . b) is the pair
whose car is the symbol a and whose cdr is the symbol b. This notation is often

referred to as dotted-pair notation.

Pairs may be nested to arbitrary depths, and so are useful for bﬁilding a variety
of structures. One such structure, the list is so common that it is given a special
syntax. Lists are sequences of pairs linked through the cdr field and print as a
sequence of objects enclosed in parentheses (not sei;a.ra.ted by dots). The end of
a list (the final cdr field) is signified by a special object, (), called the empty
list. The list (a b ¢) is a list of three elements, and is really the set of pairs

(a. ®. . ON.

Vectors are more efficient in terms of space and access time than lists because
they are stored in contiguous memory locations rather than in linked cells. A
vector with four elements would typically take up five memory locations, the first
of the five holding the length, whereas a list with four elements would typically take
up eight memory locations (four pairs of memory locations). A vector is written

with a similar syntax. to that for lists with a preceding #, e.g., #(a b ¢ d e).
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Vectors are typically used only when the size of the structure is known in advance
and when the structure is longer than a few elements. Lists are used when the
structure is small, the final size is not known ahead of time, or the structure needs
to be built incrementally. Changing the size of a list only requires the addition or
removal of a pair or set of pairs, while changing the size of a vector requires the

creation of a new vector.

Character strings, characters, rational numbers, floating-point numbers, and
various other data types are found as well in most Scheme systems, but they play
at most a minor role in this dissertation. In particular, strings, which print as a
sequence of characters within double quotes, e.g., "hi there", are used in some of

the programs as error messages but for no other purpose.

Scheme’s notion of boolean values should be explained briefly. In Scheme, all
objects but one are considered to be true for the purposes of conditional expres-
sions, f.e., if. The single false object is the same object as the empty list, ().
This fact is seldom used in well-written Scheme code, but it is important to know.
When a boolean constant appears in the text, the false value appears, naturally,
as (), while the true value appears as t. {More precisely, * () and 't or (quote ())

and (quote t).)

Fach of the primitive functions described briefly below is shown as an appli-
cation of its name to a set of arguments. The name of the function is the variable
name by which the function is accessed. The number of arguments, and the types
of the arguments are implied by the form of the sample application. For example,
the header for the description of car, (car pair), declares that car is a function of

one argument, which must be a pair.

(+ inty inta), (- sndy tnie), (x inty indy), and (/ int; inty) are the standard ad-
dition, subtraction, multiplication, and division operations for integers. Division
is assumed to truncate the result.

(= int; indy), (< inty inty), (O inty tntz), (<= ind; indy), and (>= inty indy) are

the standard relational predicates for integers. Each returns.a true value if the
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relation holds, and () otherwise.

(eq? obj; obys) returns a true value if 0bj; and obj; are the same object, otherwise
the false value, (). The ? is often appended to the name of a function that is
used as a predicate. Two symbols that print the same are never different, while
two pairs or two vectors are different if they were created at different times. For
example, (eq? a a) is true but (eq? (cons ’a ’'b) (cons 'a ’b)) is not. However,
((lambda (x) (eq? x x)) (coms ’a ’b)) is true, since both arguments to eq? were
created by the same cons operation. This property is really only important when
side-effects to the object are allowed; a change to one object changes another object

if and only if the two objects are the same.

(cons 0bj; obja) creates a new pair, e.g., (cons ’a 'b) returns (a . b). If the
second argument is a list, cons may be viewed as creating a new list whose first |

element is obj; and whose tail is objs, e.g., (cons ’a (b c)) returns (a b ¢).

(list obj; objys ...) takes an arbitrary number of arguments and creates a list
with obj; as the first element; obj, as the second element, and so on, e.g.,
(list ’a 'b ’c) returns (a b c). This is more convenient than the corresponding

applications of cons, (cons 'a (cons 'b (coms ’c *()))).

(car pair) returns the car field of pair, e.g., (car '(a . b)) returns a. If the
argument is a list, car may be viewed as returning the first element of the list,

e.g., (car '(a b ¢)) returns a.

(cdr pair) returns the cdr field of pair, e.g., (cdr "(a . b)) returns b. If the
argument is a list, cdr may be viewed as returning the tail of the list, e.g.,

(cdr *(a b ¢)) returns (b c).

Compositions of car and cdr are frequentlj replaced by functions with names’
of the form c...r, where ... represents 2 or more occurrences of the letters a (for
car) and d (for cdr). For example, cdar is identical to (lambda (x) (cdr (car x)))
and caddr is identical to (lambda (x) (car (cdr (cdr x)))). The use of these

functions helps to shorten and simplify the code.
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(set-car! pair oby) changes the car field of pair to obj, effectively discarding the -
old car field and destructively changing any structure that the pair is a part of.
The ! is present to signal a side-effect, as with set!. set-car! and set-cdr!
(below) are rarely useful; they are used in this dissertation to record changes to

variable bindings in heap-allocated environments, f.e., to support set!.
(set-cdr! pair obj) changes the cdr field of pasr.

(length list) counts and returns the number of elements in list. For example,

(length '{a b ¢)) is 3.

(append listy listy) creates a new list from the elements of list; followed by the

elements of lists. For example, (append '(a b) *(d e)) is (a b ¢ d).
(make-vector n) creates a new vector of length n.

(vector-ref vector int) returns element snt (zero-based) of vector.
(vector-set! vector int oby) changes element fnt of vector to obj.

(vector-length vecfor) returns the number of elements in vector; the length of a

vector is always recorded in the vector.

(box o0bj) creates a single-cell box containing obj.
(unbox boz) returns the contents of boz.
(set-box! bozx obj) stores oby in boz.

(integer? obj), (symbol? obj), (string? obj), (pair? obj), (list? oby), and
(nu11? oby) all return true if the object is of the appropriate type, false otherwise.
The null? predicate returns true for only one object, (). The 1list? predicate re-
turns true for pairs and for (), t.e., it does not check to see if the final cdr of a
sequence of pairs is (). |

(map closure list) applies closure to each element of list, and returns new list of

the resulting values. For example, (map car *((a b) (c d) (e £))}) is (a ¢ e).

(apply closure list) applies closure to the elements of list; each element of list
is passed as a separate argument to closure. For example, (apply + '(3 4)) has

the same result as (+ 3 4). It is often easier to take apart.a list of known size
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with apply than with the corresponding applications of car and cdr. The record

syntactic extension described later uses apply.

(error siring) aborts a running Scheme program with the message given by

string®.

2.1.83 Syntactic Extensions. Syntactic extensions provide a method for defining
new syntactic forms in terms of other syntactic forms and functions. A variety of
different mechanisms exist for specifying syntactic extensions. In this section they
are specified using input pattern, output pattern pairs with italics to set off the

pattern variables?.

Syntactic extension is an important tool in Scheme because it reduces the
nﬁmber of syntactic forms recognized by the interpreter or compiler, while allow-
ing complete syntactic flexibility. The transformations implied By the syntactic
extensions happen before compilation or ihterpretation, so that the compiler or

interpreter only need look for the core forms.

Equally important is the conceptual simplicity from the programmer’s stand-
point; once the few core forms are learned, the rest are a matter of understanding
the transformations taking place. One can either look at the syntactic extension
abstractly for what it does without thinking of the underlying implementa;tion or
look at the transformation and try to understand it in terms of the well known

core forms.

It is not within the scope of this dissertation to discuss all of the interesting
possibilities for syntactic extension in Scheme, but a few standard syntactic ex-
tensions are used within the dissertation and require discussion here. Also, a few
other possible extensions not used here are worthy of note because they demon-

strate interesting uses for Scheme, especially for Scheme’s first-class closures.

3 This feature is typically implemented with call/cc.
* This notation is similar to a syntactic extension mechanism proposed by Eu-
gene Kohlbecker [Koh86].
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Perhaps the most important syntactic extension, and one that is often included
as a core syntactic form because of its importance, is begin. (begin ezp; exps ...)
evaluates ezp, first, then ezpy, and so on, returning the value of the last expression.
The values of all but the last expression are ignored, thus, begin is useful only
when these expressions cause side-effects such as assignments or input/output.
The syntactic extension for begin takes advantage of Scheme’s applicative-order
evaluation: |

(begin exp;) — ezp
(begin exp; exp; ...) —
((lambda (x) (begin ezps ...)) expi).

This transformation is described recursively. The base case is a begin ex-
pression with exactly one subexpression; this is simply transformed to the subex-
pression itself. In all other cases a lambda expression is introduced to delay the
evaluation of the second and later subexpressions. This 1anbda is applied to the re-
sult of the first subexpression; because of applicative order this must occur before
evaluation of the function’s body, and hence the second and later subexpressions
of the begin form. One subtle restriction must be made on this transformation:
the variable x introduced into the expansion must not appear free within ezps ....
That is, the new binding for x created by this lambda expression must not capture

a reference to x anywhere within these expressions.

The following function returns (a b) regardless of the value of its argument:

(lambda (x)
(begin
(set! x 'b)
(cons 'a {cons x *{)))))

For convenience, Scheme treats the body of a lambda expression as an implicit
begin, so the expression above could be written as:

(lambda (x)
(set! x b)
{(cons ’a (coms x *())))

This is also true for the bodies of let, recur, and record as well as the clauses of

cond and record-case (to be discussed shortly).
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The syntactic form let is a syntactic extension that also expands into the
direct application of a lambda expression:

(let ([var vall ...) exp...) —
((lambda (var ...) exp ...} val ...)

The brackets set off the pairs of variable/value bindings; brackets are interchange-
able with parentheses; they appear in several of the syntactic forms to help read-
ability. let differs from lambda in that it binds the values of its variables and
executes its body immediately, rather than returning a closure that must be ap-
plied to the values. The following expression returns (a b ¢):

(let (Ix ’al [y *(b c)])
{cons x ¥J))

The rec syntactic form allows the creation of self-recursive closures. The
definition of rec is somewhat tricky:

(rec var exp) —
(let ([var 'O
(set! var exp))

The binding of var to () by let encloses the expression exp to which var is
assigned. (The original value () is never referenced.) This means that references
to var within ezp refer to this var and not one outside of this scope, due to
lexical scoping. Hence, a new local variable var is created and initially bound to
(3. Occurrences of var within exp refer to this new var. var is then bound to
ezp, implying that references to var within ezp evaluate to the value of exp itself.
The expression exp is usually a recursive lambda'expression, so var is not actually
referenced until after the function created by the lambda expression is applied.
The following recursively-defined function counts the number of elements in the
list passed as an argument:

(rec count
(lambda (x)
(if (null? x)
0
{+ (count (cdr x)) 1))))

Within this function, count refers to the function itself, because of rec.
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Quite often, a rec expression whose body is a lambda is directly applied to
arguments, usually to implement a loop. The syntactic form recur makes the
code more readable. recur is defined in terms of rec and lambda in a manner

similar to let:

(recur £ (lvar tnit] ...) exp ...) —>
((xec £ (lambda (var ...) ezp ...))
nit ...)

The bracketed pairs simultaneously specify the parameters to the recursive func-
tion and their initial values. The following recur expression determines directly
that the list (a b ¢ d e) has 5 elements:

(recur count ([x "(a b ¢ d e)])
(if (null? x)
0
(+ (count (cdr x)) 1)))

Two similar syntactic expressions provide nonstrict and and or logical opera-
tions. They are nonstrict because they evaluate their subexpressions from left to
right and return as soon as a true value (or) or false value {and) is found. Both
expansions are expressed recursively: |

(and ezpy) — erp1
(and exp; expy ...) —>
(if exp; (and exps; ...) '())

(or expy) — expy
(or exp; exps ...) —
(if ezp; 't (or exps ...))

Nonstrict or and and may be used to conditionally avoid unnecessary computa-
tions, undefined computations, or side-effects. For example, the following function
returns the reciprocal of its argument, except when its argument is zero, in which

case it returns ():

{lambda (x)
(and (not (= x Q))
/13N

The syntactic extensions when and unless are useful in place of it when (1)

the value of the expression is not-used:(in other words, when the expression is
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used for effect rather than value, as to perform an assignment), and (2) nothing
at all is done if the predicate is false (when) or true {unless}. In other words, some
operation is to be performed only if some predicate is true or only if it is false. In
such situations, when and unless convey more information than if.

(when test exp ...) —

(it test (begin ezp ...) *(})
(unless fest exp ...) —

(it test '() (begin exp ...))

Another synfactic extension, record, binds a set of variables to the elements
of a list (this list, or record, must contain as many elements as there are variables;
the variables name the fields of the record). This syntactic extension uses the
apply function described earlier, which applies a function to a list of arguments:

(record (var ...) val exp ...) —>
(apply (lambda (var ...) ezp ...) val)

The following function uses record to help reverse a list of three elements:

(lambda (x)
{(record (a b c) x
(list ¢ b a)))

Two other syntactic extensions of interest provide syntax resembling case
statements found in many other languages. These are cond and record-case.
cond is a generalization of if, allowing multiple tests and consequents. cond may
be defined in terms of if as follows:

(cond [else exp ...]) —
(begin exp ...)
(cond [test exp ...] clause ...) —>
(if test
(begin ezp ...)
(cond clause ...))

This form is especially useful when one of several actions is to be taken depending
upon the type or value of an expression, as in the following function that returns

one of symbol, integer, list, string, or other, depending upon the type of its

argument:
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{(lambda (x)

{cond :
[(symbol? x) ’symboll
[(integer? x) ’integer]
[(list? x) *list]
[(string? x) ’string]
felse ’other]))

The record-case syntactic extension is a special purpose combination of cond
and record. It is useful for destructuring a record based on the “key” that appears
as the record’s first element:

(record-case exp;
[key vars ezpy ...]

[else exp; ...]1) —
(let ([r exp;l)
(cond
[(eq? (car r) 'key)
(record vars {cdr r) exps ...)]

[else exps ...]1))

The variable r is introduced so that ezp is only evaluated once. Care must be
taken to prevent r from capturing any free variables as mentioned above in the
description of the begin syntactic extension. record-case is convenient for parsing
an expression, as in the following function that evaluates simple arithmetic ex-
pressions consisting of integers, binary addition, binary multiplication, and unary
minus:

(rec calc
(lambda (x)
(if (integer? x)

x

(record-case x
(+ (x y) (+ (cale x) (calc y)))
(* (x y) (¢ (calc ¥) (calc y)))
(- (x) (- 0 (calc x)))

(else (error "invalid expression"))))))

Finally, the define syntactic form is used throughout this dissertation to create
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global variable bindings, variable bindings that are visible everywhere. A define
expression has the form (define var exp), where var is a variable and ezp is
some Scheme expression. The effect of this define expression is to create a global
binding of var to the value of ezp. Because the exact mechanism supporting define
is highly implementation-dependent, its expansion is not shown here, although it is
nearly always defined as a syntactic extension (that is, it is rarely a core syntactic
form).

Often, recursive functions are simply made global by using define. Since global
values are visible everywhere, this is an effective method for defining recursive
functions. A recursive function defined with rec does not use a global name, so

rec is used when a global definition is not needed or desired.

2.2 Closures

First-class functions, or closures, serve a variety of purposes in Scheme. Obviously,
'they are used as simple functions are used in traditional programming languages,
but they are also used, for example, to implement abstract objects or to spécify
complex control flow. Often, closures are used in judicious combination with

assignments to provide abstract objects with state.

A closure retains the lexical bindings, so the x in the closure returned by the
following expression is the x bound to 3 by the surrounding let, no matter where
that closure is used:

(let ([x 3]1)
(lambda (y)
+x PN

Using define makes the closure visible globally, still with x bound to 3:-

(define addx
(let ([x 31)
(lambda (y)
(+ x )

If addx is later applied to the argument 4 it will return 7 no matter where the call

to addx occurs. In particular, the binding of x in the following expression has no
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effect on the value returned by addx; the value is still 7:

(let ([x 171) (addx 4))
It is the retention of lexical bindings that makes closures interesting.

The following definition of kons demonstrates the use of closures to implement
abstract objects:

(define kons
(lambda {(kar kdr)
(lambda (msg)
(if (eq? msg ’kar)

kar

(it (eq? msg 'kdr)
kdr
(error "invalid message"))))))

An invocation of kons binds the two variables kar and kdr to a pair of values and
produces a closure that retains these bindings. Each time kons is invoked it creates
a new closure that retains a new set of bindings. Each of these closures accepts
the messages kar and kdr, returning the value of the variable kar or the variable
kdr. For example, the expression: -

(let ([pt (kons 1 2)] [p2 (kons ’a ’'b)])
(list (p1 'kar)} (p2 ’kdr)))

returns (1 b).

Because the lexical bindings (the state) of a computation are stored within a
closure, closures may be used to return to a certain state to finish a computation.
This allows, for instance, the return of multiple values from a given computation.
The following function, split, takes a list and a function and passes the first and
second elements of the list to the function:

(define split
(lambda (pair return)
(return (car pair) (cadr pair))))

(split ’(a b) (lambda {x y) (cons y x))) returns {b a). Another example is
the function integer-divide, which “returns” to its third argument the quotient

and remainder of two numbers:
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(define integer-divide
(lambda (x y return)
(return (quotient x y) (remainder x y))))

(integer-divide 13 4 cons) returns (3 . 1).

More than one return function may be passed along to provide, for example,
both “success” and “failure” returns. For example, integer-divide might return
the error message "divide by zero" to a failure closure, freeing the caller from
any explicit tests whatsoever:

(define integer-divide
(lambda (x y success failure)
(it (= y 0)
(failure "divide by zero")
(success (quotient x y) (remainder x y)))))

The call:
(integer-divide 13 4 cons (lambda (x) x))

returns (3 . 1), while:

(integer-divide 13 O cons (lambda (x) x))

returns "divide by zero™.

This technique of passing explicit return functions is called econtinuation-
passing-style (CPS). This is similar to but not the same as the use of continu-
ations discussed in Section 2.4. Here the continuation is explicitly created by the

program, not cbtained from the system with call/cc.

Delayed or lazy evaluation is also possible using closures. The body of a clbsure
does not execute until after the closure is invoked. To delay a computation until
some future time, all that must be done is to create. a closure with no arguments
(often called a thunk, a term used to describe Algol 60 by-name parameters) and to
apply this closure at some future time. This is a consequence of applicative order
evaluation; the body of the function cannot be evaluated until (unless) the function
is applied. For example, suppose that the set of core syntactic forms did not

include if. Suppose instead that a primitive function choose of three arguments
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is provided that returns its second or third argument depending on the value of
its first argument. That is, (choose 't ’a ’'b) returns a, and (choose *() ’a 'b)

returns b.

One possible definition for if as a syntactic extension in terms of choose might

be:

(if test then else} -
(choose test then else).

However, this would result in both of the then and else expressions being evaluated
no matter what the value of test. This would usually be a disaster (consider the
use of if to check for zero divisors or to check for the base case of a recursive
routine). Instead, the evaluation of then and else must be delayed until one or the
other is chosen:

(if test then else) -—
((choose test (lambda () then) (lambda () else)))

choose picks between the then and else thunks, and the result is app}ied, yielding

the correct behavior.

Incidentally, the primitive function choose would not be needed if the true
and false values were defined differently. For example, if true were defined as
(lambda (x y) x) and false as (lambda (x y) y), if could simply be:

(if test then else) —_
(({test (lambda () then) (lambda () else)))

(Of course, if true and false were defined this way in a Scheme system, primitive

functions such as eq? would need to return one of these two values.)

Expanding on the idea of delaying evaluation, closures may be used to create
seemingly infinite structures. Friedman and Wise proposed in 1976 that “Cons
should not evaluate its arguments.” [Fri76]. They proposed delaying the evalu-
ation of its arguments until they are needed by a primitive operation. Using a
‘similar notion, it is possible to define a special object, commonly called a stream,
that is essentially a list whose tail is delayed, 1.e., its tail is a thunk. The stream

object can implement lists that appear infinite.
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The syntactic extension stream defined below creates a stream object:

(stream exp; exp) —>
(cons exp; (lambda () exps;)).

stream-ref returns the nth element of a stream for some stream s and index
n. It traverses the stream by applying its cdr to force evaluation:

(define stream-ref
(lambda (s n)
(it (zero? n)
(car s)
(stream-ref ((cdr s)) (- n 1)))))

It is now straightforward to write a function that generates a stream of integers
that increase in magnitude and alternate between positive and negative:

(define alternate
(lambda {(n)
(stream n (alternate (- O (+ n 1))))))

Notice that alternate is recursive but has no explicit base case! The implicit base
case is n = 0. stream-ref can now be used to obtain a particular element of an
alternating series, 7.¢., (stream-ref (alternate 1) 10) returns -10. Of course, we

can generalize the function alternate to create many other kinds of series.

The following section on assignments demonstrates more uses for closures in
combination with assignments. In particular, a modified stream object is given
that “remembers” what has been computed so that the elements need not be

recomputed every time the stream is accessed.

2.3 Assignments

Assignments in Scheme are not usually necessary for the same purposes they serve
in traditional languages. Well-written programs in traditional languages employ
assignments to initialize variables, to update control variables in loops, and to
communicate among procedures through shared variables, often because more than
one value must be returned from a called routine. In Scheme, initialization occurs

at function application (or in let) at the same time as the binding.(declaration)
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occurs, control variables to a loop are the parameters passed to the tail-recursive
function that implements the loop, and return of multiple values is accomplished

by returning a list of values or by using continuation-passing-style.

Without these traditional uses for assignments, well-written Scheme programs
rarely require set!. There are, however, enough interesting uses for set! that the
language would be less powerful without it. This section presents a few of these

uses.

2.3.1 Maintaining State with Assignments. The abstract kons object of
Section 2.2 supports kar and kdr operations but not the corresponding set-kar!
(for set-car!) and set-kdr! {for set-cdr!) operations. Support of these additional
operations would require modification of the state within the closure implementing
the abstract object. The following version of kons uses set! to maintain this local

state:

(define kons
(lambda (kar kdr)
(lambda (msg)
(cond

[(eq? msg ’kar) kar]

[(eq? msg ’set-kar!)
(lambda (x) (set! kar x))]
[(eq? msg ’kdr) kdr]

[{eq? msg ’set-kdr!)
(lambda (x) (set! kdr x))]
[else (error "invalid message”)]))))

Since the messages set-kar! and set-kdr! require an argument (the new value},
they return a closure that actuaily performs the assignment. This new kons object
is sufficiently powerful to implement Scheme pairs, given the following definitions:

(define cons kons)
(define car

(lambda (x)

(x ’'kar)))

(define set-car!

(lambda (x y)

- ((x ’set-kar!) y)))

(define’ cdr
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(lambda (x)
(x ’kdr)))
(define set-cdr!
(lambda (x y)
((x ’set-kdr!) y)))

(As with the redefinition of true and false suggested above, redefining cons and

functions related to it would necessitate many changes in the Scheme system,

including modifying the reader to create these structures when it sees list input.)

Local state changes may be implicit rather than explicit as they are with the
set-kar! and set-kdr! operations. The following stack object supports push, pop,
and empty? operations by maintaining a local stack (list). (push z) adds a new
element, z, to the top of the stack, (pop) returns the top element, removing it
from the stack, and (empty?) returns true if and only if the stack is empty.

(define stack
(lambda ()
(let ([ 'OD
(lambda (msg)
(record-case msg

[(empty?) (null? s)]
[(push x) (set! s (coms x 8))]
[(pop) (let ([x (car s)]) (met! x (cdr s)) x)]
[else (error "invalid message")])))))

Without the ability to create and modify state, it would be impossible to
accurately model objects such as the kons and stack objects. Closures allow the
creation of objects with state local to the object, and assignments allow this state
to be changed. Many problems do not require this ability, but enough interesting
problems exist where state is required that to omit assignments from the language
would significantly lessen its expressive power. The lazy streams described next
offer a solution to the problem of making streams efficient that would require some

other language support (such as lazy evaluation) if not for assignments.

2.3.2 Lazy Streams. The streams introduced in Section 2.2 have the property
that each time the stream is traversed, the values in the stream are recomputed.

Needless to say, this can be terribly inefficient. A lazy stream does not recompute -
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these values, but saves them for future use. It saves them by altering the list
structure of the stream as it traverses it, using set-cdr!. These alterations are
actually performed by stream-ref, so strean is the same as before:

(stream exp; expy) —
(cons exp; (lambda () exps))

The new stream-ref checks to see if the cdr is still a closure, i.e., this part of the
stream has not yet been traversed. If so, it computes the new value of the cdr and
changes the cdr to this value, before continuing:

(define stream-ref
{lambda (s n)
(if (zero? n)
(car s)
(if (pair? (cdr s))
(stream-ref (cdr s) (- n 1))
(let ([v {({edr 8))}])
(set-cdr! s v)
(stream-ref {cdr s) (- n 1)})N))

The examples given so far use assignments to maintain state local to a sin-
gle function. Assignments are also useful for maintaining state local to a set of
closures or abstract objects, or to allow communication among cooperating tasks
(coroutines). Often, assignments may be avoided and the resulting code may be

clearer without them, but sometimes just the opposite is true.

2.4 Continuations

The continuation-passing-style {CPS) exarmnples of the Section 2.2 demonstrate the
use of closures as continuations to alter the flow of control in a Scheme program.
In CPS, the programmer must explicitly create the continuation closures and ex-
plicitly invoke one to return a result (it would not make sense in the examples
of the previous chapters to simply return without invoking one of the “return”
closures). While CPS is a powerful programming tool with many uses, Scheme
provides an alternative that requires less explicit programming and is sometimes

more appropriate than CPS. Using the syntactic form call/ce, a program can
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obtain its own continuation. This continuation is a Scheme closure that may be
invoked at any time to continue the computation from the point of the call/cc. It
may be invoked before or after the computation returns; it may be invoked more

than one time,.

One of the simplest uses is to allow nonlocal exits, as in the following definition
of reciprocals; which takes a list of numbers and returns a list of their reciprocals.
If it finds one of the numbers to be zero, it returns immediately with an error
message:

(define reciprocals
(lambda (1st)
{call/cc
(lambda {exit)
(recur loop ([lst 1st])
(it (aull? 1st)
e
(it (= (car 1lst) 0) ,
(exit "divide by zero")
(cons (/ 1 (car 1st))
(loop (cdr 1st))))NNN

With this definition, (reciprocals (1 2 3 4)) returns (1 1/2 1/3 1/4), while

(reciprocals (0 1 2 3)) returns "divide by zero".

The reciprocals function demonstrates the use of outward continuations to
return control “outward” to an expression before that expression has completed. In
other words, the code that used the call/cc expression is still active and waiting for
an answer. Continuations can also return control “inward”; an tnward continuation
returns control to an expression that has already completed; the computation is
restarted from the call/cc expression. In general, the same continuation may be

invoked to return control outward or inward an arbitrary number of times.

Inward continuations can easily produce infinite loops:

(let ([comeback {call/cc {lambda (c¢) ¢))])
{comeback comeback))

The call/cc expression creates a continuation and passes it to the closure created

by {(lambda (¢) c). The closure simply returns this continuation, which then
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becomes the value of comeback. The application of this continuation to itself
returns control to the call/cc with the continuation as its value (again). This
results in comeback being bound to the continuation {again}, and the whole process

repeats forever.

If the code were changed slightly so that the continuation is passed a different
value, say 3:

{let ([comeback (call/cc (lambda {c) ¢))]1)
(comeback 3)),

comeback would be bound to 3 the second time through and the program would

abort with an error message, something like “attempt to apply nonclosure 3”.

The logical next step is to replace 3 with a closure, such as the identity closure
(lambda (x) x):

(l1et ([comeback {call/cc (lambda (c) ¢))1)
{comeback (lambda (x) x)))

Now, comeback will be bound to the identity closure the second time. This closure
will be applied to the identity closure, which does not return control to the call/ce
but rather simply returns its argument. So the above expression does terminate,

and returns the identity closure.

Incidentally, this expression may be simplified to:

((call/cc (lambda (c) ¢)) (lambda (x) x))

and applied to a value of some sort:

{{(call/cec (lambda (¢} c)) (lambda (x) x)) ’HEY!).

Most people guess this returns HEY! even if they cannot figure out why. This is

probably the most confusing Scheme program of its size!

In addition to providing interesting puzzles for the mind, inward continuations
have practical uses. One example is the creation and use of coroutines [Hay86).
Coroutines are similar to functions, differing in two important ways. First, they
do not usually return a value; rather, they simply stop executing. Second, they

can be restarted from where they left off. Typically, two or more coroutines will
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cooperate with one another, each executing for a time then stopping and restarting

the next.

Here is a simple coroutine syntactic extension:

{coroutine var exp) —»
(define var
{(let ([resume
(1ambda (next)
{call/cc
(lambda (c)
(set! var (lambda () (c)))
(next)))) 1)
(lambda () exp)))

An expression of the form (coroutine var exp) cause a new coroutine to be cre-
ated and bound to the variable var. Within the body ezp of each coroutine, a
different resume function is bound to the variable resume. Whenever the coroutine
~wishes to pass control to another coroutine, it invokes its own resume function.
The resume function saves the continuation of the current continuation as the new
value for var (wrapped in a thunk since it takes no arguments). So var is initially
bound to a function that starts the coroutine and is thereafter bound to a function

that continues the execution of the coroutine.

2.5 A Meta-Circular Interpreter

This section presents a meta-circular interpreter for Scheme. A meta-circular in-
terpreter for Scheme is an interpreter written for Scheme, in Scheme. The Scheme
system running the interpreter may be thought of as being at the meta level rel-
ative to the Scheme system implemented by the interpreter. It is possible to run
yet another interpreter within the meta-circular interpreter. The original meta
level would become the meta-meta level. In theory, this process could be carried

out indefinitely, providing an infinite tower of interpreters [Smi82].

The purpose of presenting this interpreter here is twofold. First, it helps to de-

scribe Scheme, providing a sort of operational semantics for the language. Second,
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it serves as a basis from which the code presented for the implementation models

of Chapters 3, 4, and 5 can grow and with which that code can be compared.

While it does serve as a tool for better understanding the language, the meta-
circular interpreter does not provide a concrete semantics for the language [Rey72],
nor a viable base for an implementation unless you already have a Scheme system.
Because it relies on the underlying Scheme system (at the meta level) for the
support of closures and continuations and the proper treatment of tail calls, it does

not demonstrate any of the techniques for implementing these features directly.

Lexical variable bindings are recorded in an environment structure. The envi-
ronment is a list of pairs of lists, the two lists in each pair being a list of variables
and a corresponding list of values. During the evaluation of any expression, the
list of pairs corresponds to the nesting of the lambda expressions surrounding the
expression; the first pair of lists contains the bindings for the closest enclosing
lambda, the second contains the bindings for the next enclosing lambda, and so on.
This environment representation is often referred to as a rib cage because of its
structure, and the list of variables and list of values are referred to as variable
and value ribs. This structure is used as well in Chapter 3 and is described more

completely there.

- Closures in interpreted code are implemented by closures in the interpreter.
The lexical environment and body are present in an interpreted closure because
they are lexically visible in the closure created by the interpreter. Continuations

are also implemented by continuations in the interpreter.

Here is the code. First, meta takes the input expression and passes it on to
exec along with an empty environment:

(define meta
(lanbda (exp)
(exec exp 7())))

exec takes an expression ezp and an environment env as input, and performs
the evaluation. The cond and record-case syntactic forms within the code parse

the. expression.. The three cond clauses correspond to variables, list-structured
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forms, and other objects. Each of the record-case clauses but the last (else)
clause is for for a particular core syntactic form; the else clause is for applications.

(define exec
(lambda (exp env)
{cond
[(symbol? exp) (car (lookup exp env))]
[(pair? exp)
(record-case exp
[quote (obj) obj]
[lambda (vars body)
(lambda (vals)
(exec body (extend env vars vals)))]
[if (test then else)
(if (exec test env)
(exec then env)
(exec else env))]
[set! (var val)
(set-car! (lookup var env) (exec val env))]
[call/cc (exp)
{call/cec
{lambda (k)
((exec exp env)
(list (lambda (arge) (k (car args)))))))]
fcall/cc (exp) (call/ecc (exec exp env))]
[else
((exec (car exp) env)
(map (lambda (x) (exec x env)) (ecdr exp)))1)]
Lelse expl)))

When the expression is a variable, the interpreter returns the value of this
variable in the current environment by calling the function lookup. Since lookup
is used for both variable reference and variable assignment, it returns the list con-
taining the value as its first element, so that it may be changed with set-car!. The
function lookup traverses the environment structure to find the variable, returning
the corresponding list tail:

(define lookup
(lambda (var e)
(recur nxtrib ([e e])
{recur nxtelt ([vars (caar e)] [vals (cdar e)])
{cond
[(null? vars) (nxtrib (cdr e))]





