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ABSTRACT

The MT system is being developed to study different mem-
ory design and implementation choices for functional lan-
guages. Previous studies in MT have empirically demon-
strated that the FIFO page replacement algorithm is better
than the LRU page replacement algorithm for heap pages
while LRU is superior to FIFO for stack pages. The current
goal of the MT initiative is to study how memory that stores
program code is accessed. A compiler for a subset of Scheme
has been designed and implemented. The MT-Scheme com-
piler is a homomorphism between Scheme programs and se-
quences of MT primitive instructions. We present the ar-
chitecture and implementation of the MT-Scheme compiler
along with a brief description of the MT system.

1. INTRODUCTION

Functional programming languages such as LISP, Scheme,
ML, Haskell, Erlang and Clean emphasize the evaluation of
functions, rather than the execution of commands[6]. These
programming languages have successfully liberated program-
mers from the von Neumann style of programming deliver-
ing ease of analysis and greater flexibility in program design
by providing a higher level of abstraction than imperative
programming languages such as C, Pascal, and Fortran[3].
They have done so by hiding the details of the machine pro-
grams are executed on. That is, programmers do not have
to reason about the machine the program will be executed
on. The existence of a fetch-execute cycle in the underly-
ing architecture does not contaminate functional languages.
For example, functional programmers do not have to rea-
son about how to correctly sequence commands to meet the
specification of the program they are writing. Instead, they
reason about functions and function application much like
mathematicians do. This has lead to a significant reduction
in development time[5] and to the creation of more reliable
code.

For these reasons the use of functional programming lan-
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guages has become successful in the academic world. How-
ever, functional languages have failed to become part of the
industrial mainstream because they are regarded as slow
and inefficient. High memory consumption and poor inter-
action with virtual memory has contributed to the sluggish
reputation of functional languages[4, 8, 12]. This reputa-
tion is beginning to be challenged empirically. In a study
comparing Lisp, C/C++, and Java, Gat presents empiri-
cal evidence suggesting that Lisp is superior to Java and
C/C++ in both speed and development time [5]. The same
study also highlights that memory consumption in Lisp is
comparable to that of Java and much higher than that used
by C/C++. Thus, based on the numbers reported in the
literature we can safely conclude that the implementation
of functional languages has matured to the point that they
are competitive with languages popular in the mainstream
of computing, but there is still a need to do more research
to understand and improve their interaction with memory
systems.

In addition to improving memory performance, researchers
have applied parallelism to functional languages in order to
improve performance. These efforts can be classified into
two genres. In the first, researchers have attempted to par-
allelize user code. This approach depends heavily on the
type of code users write and results to date have not met the
theoretical gains expected [7]. One of the major problems
is that there does not exist a good set of heuristics to de-
cide when to evaluate expressions in parallel. In the second
genre, researchers have developed parallel garbage collection
algorithms that run in tandem with program execution. It
is difficult to judge the effectiveness of these algorithms, be-
cause many parallel garbage collection algorithms have not
been implemented[1].

In order to understand and improve the performance of func-
tional languages, the MT system is being developed. The
goal is to apply parallelism to the engine that evaluates
programs instead of trying to parallelize user code. The
MT initiative proposes the creation of an intelligent backing
store for functional languages based on the major compo-
nents needed to evaluate functional programs. This intelli-
gent backing store will be implemented using a distributed
virtual memory system allowing for the management of dif-
ferent memory spaces to proceed in parallel with program
evaluation. In this paper, we will first briefly describe the
MT System and its architecture. Then we describe the im-
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Figure 1: Abstract view of the architecture of an MT Node

form a pure subset of Scheme into sequences of MT primitive
instructions. The paper ends with some conclusions and di-
rections of future research.

2. THE MT SYSTEM

The MT system separates program evaluation from mem-
ory management into different processes running on differ-
ent processors. The MT system architecture is based on
an all-software distributed virtual memory system (DVM)
tailored to the needs of functional languages. Memory is di-
vided into separate spaces that allow memory management
to occur in parallel with program execution. The MT sys-
tem’s fundamental computational unit is an MT node, which
is made up of an evaluator (which is responsible for program
execution) and four management networks: the MT heap,
the MT stack, the MT function space, and the MT garbage
collector. Figure 1 displays an abstract view of an MT node.

2.1 The MT Spaces

The MT Heap is used exclusively to store dynamically al-
located lists. Heap memory is allocated using the MT al-
location algorithm which only allocates new heap memory
to execute the MT primitive cons[9]. Morazan et. al. have
demonstrated that the MT allocation algorithm compactly
stores list objects by reducing the intermingling of live data
and garbage (i.e. heap memory that is no longer useful to
the computation of the program[9]. They have also empiri-
cally suggested that the FIFO! page replacement algorithm
performs as well as the LRU? page replacement policy.

The MT stack is primarily used for parameter passing and
flow control. The stack holds the context in which functions
are evaluated. When a function is to be applied to a set of
arguments an activation record is pushed onto the MT stack.

YThe first-in first-out page replacement policy always swaps
out from main memory the page that has been memory res-
ident for the longest period of time

2The least recently used page replacement policy always
swaps out from main memory the page that has not been
accessed for the longest period of time
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Figure 2: An MT activation record.

An activation record consists of the state of the machine (i.e.
the values stored in certain registers) before the function is
called and the arguments to the function®. Figure 2 displays
the structure of an activation record in MT. After an acti-
vation record has been created on the stack, the function
is called and applied to its arguments. Upon termination
of the function, its activation record is popped off the MT
stack, the state of the machine is restored, and the value
computed by the function is pushed onto the stack. The
paging algorithm used for the MT Stack is LRU. Morazéan
et. al. have mathematically demonstrated and empirically
verified that LRU is optimal as a page replacement algo-
rithm for the MT stack[10, 11]. Based on their mathemati-
cal proof, they designed and implemented an optimal page
replacement algorithm that does incur the costly per access
overhead associated with LRU[10, 11].

The MT function space stores the function table, the la-
bel table, and code space. The function table stores the
name of all user-defined functions and the virtual address in
code space of their first instruction. The label table stores
all labels generated by a compiler and the virtual address
in code space of the first instruction associated with each
label. Labels and functions are kept in separate tables to
avoid name collisions. Furthermore, only the function table
is accessible from an interpreter for any language built on
MT system. Code space stores all compiled instruction se-
quences. Each word in code space holds one MT primitive
instruction. Currently, only code space is to be distributed
while the function and label tables are to be held at the
evaluator. Code space is broken into pages and a demand
paging algorithm is implemented to fetch pages when a page

3For primitive functions the state of the machine is not saved
as part of an activation record.



fault occurs. To date, no studies on the paging behavior of
code space have been conducted. The MT-Scheme compiler
described later in this article was partly motivated by the
desire to study the paging behavior of code space.

The MT Garbage Collector is not yet implemented and is
an area of active research. It is being designed to recycle
the MT heap. It will need access to both MT heap and MT
stack pages to perform its work. The collector will execute
in parallel with program evaluation attempting to minimize
synchronization time between the two processes. Current
designs do not envision a stop-the-world collector, because
of the amount of time the evaluator may have to be inter-
rupted. The garbage collector itself may be a parallel pro-
cess exploiting the intelligence available in the distributed
virtual memory system.

2.2 The MT Evaluator Virtual Machine

The current version of the MT Evaluator Virtual Machine is
implemented in C++. The MT Evaluator Virtual Machine
includes a heap object, a stack object, a function space ob-
ject, a symbol table object and a set of registers. The MT
Evaluator Virtual Machine implements a fetch-execute cy-
cle and has a set of primitive instructions that compute val-
ues and control the state of the machine. Figure 3 displays
an abstract view of the MT evaluator virtual machine con-
troller.

2.2.1 MT Registers
The MT Virtual Machine Evaluator has 7 registers:

e PC: The program counter register stores the virtual
address of the next instruction to be executed.

e CONT: The continuation register stores the virtual
address of the next instruction to be executed upon
returning from a subroutine or function call.

e ENV: The environment register stores the virtual stack
address of the activation record for the user-defined
function currently being evaluated.

o NEWENYV: The new environment register stores the
virtual stack address of the activation record that is be-
ing created in preparation to call a user-defined func-
tion.

e VAL: The value register is used to store the result of
applying any primitive or user-defined procedure to a
set of arguments?.

e FLAG: The flag register stores a boolean value that
is used by branch instructions.

o TEMP: The temporary register is used as a temporary
storage during the evaluation of user-defined functions.

4The value of functions that return a boolean value are
stored in the flag register
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2.2.2 S-expression

The basic unit of data in the MT Evaluator Virtual Machine
is an S-expression. An S-expression is a structure that can
either have two or three components depending on the type
of data that is created. The first component, called the tag,
indicates the type of data that the S-expression holds. It
may be an integer, a real number, a symbol, a function, an
operator, a boolean, a label, or a list. The tag may also
indicate the register value that is stored on the stack. For
all types of S-expressions except list, a single value is also
stored as the second component. A list tag indicates a piece
of compound data and two pointers into the heap (car and
cdr) are stored.

3. THE MT-SCHEME COMPILER

The MT-Scheme compiler is written in Scheme and trans-
forms code for a pure subset of Scheme into the equivalent
sequence of MT machine instructions and outputs the se-
quence to a file. It is based on the compiler by Abelson and
Sussman[2]. The current version of the MT-Scheme compiler
is capable of compiling self-evaluating expressions, variables,
quoted expressions, applications, if-expressions and defini-
tions.

To compile a Scheme expression the procedure MTCompile
must be invoked passing in four arguments:

(MTCompile exp target linkage filename), where

e exp is a list representing the Scheme expression to be
compiled.

e target is a register that indicates where the value com-
puted by the compiled code should be stored.

e linkage describes how the compiled code proceeds af-
ter execution. It can have one of the three values:
next, return or a label. The symbol 'next signals the
compiler that execution should continue at the next
instruction in the sequence. The symbol ’return sig-
nals the compiler that the expression being compiled
needs to return from a function call. A label is passed
in to signal the compiler where to branch to after the
code for the expression is executed.

e filename is a string naming a file where the compiled
code is outputted.

A file containing compiled code for the MT evaluator vir-
tual machine is composed of symbols, function names, la-
bel names and the machine instruction sequence. Symbols,
function names and label names are located at the top of the
compiled code and preceded by s_, f_, and 1_ respectively. Be-
fore the compiled code is executed at run-time, the loader
must load the symbols, the function names and the labels
into their respective tables.

3.1 Expression Compilation

To exemplify how Scheme expressions are compiled we will
use the recursive definition of n!. The Scheme code we will
refer to is displayed in Figure 4.
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Figure 3: The Controller for the MT Evaluator Virtual Machine

(define (fact n)
(if (€n1l)
1

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

Figure 4: The recursive definition of n! in Scheme.

3.1.1 Self-Evaluating Expressions

In the current version of the MT evaluator virtual machine
the only self-evaluating expressions are numbers. Strings are
not yet supported by the virtual machine. The MT prim-
itives that create numbers are MKINTSEXP to create an
integer and MKREALSEXP to create a real number. Each
of these primitives takes as input an argument representing
the desired number and pushes an S-expression it creates
to represent the input number onto the MT stack. Figure
5 highlights how the integers in the definition of fact are
compiled.

3.1.2 Variable Expressions

Variables are symbols used as parameters in a definition.
When a function is called arguments are passed in and the
variables in the parameter list are said to be bound to the
corresponding values of the expressions in the argument list.
During execution variables are accessed by lexical address-
ing. In MT the lexical address of a variable is the position
of the variable in the definition contour. For example, the
lexical address of the first parameter is 1 while the second
parameter is 2 and so on. The MT primitive that accesses
variable values on the stack is PACC (parameter access).
PACC accesses the value of a variable by adding the value
in the environment register (i.e. the address of the current
activation record), the number of saved registers, the lexical
address of the variable minus one. Figure 6 displays how
the variables in the definition of fact are compiled.
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ffact 0
|_false-branch2 3
|_true-branchl 15
|_after-if3 17
PACC 1

MKINTSEXP 1

BRLTE I|_true-branchl
PACC 1
FCALL
PACC 1

MKINTSEXP 1

MINUS
SAVEVAL
NENV2ENV
PCCONT 1
GOTO f_fact
MULT
SAVEVAL
FRETURN 1

MKINTSEXP 1

FRETURN 1

Figure 5: Self-evaluating expressions in fact are
compiled to the code inside the rectangles.

3.1.3 Quoted Expressions

Scheme Expressions that are preceded by a single quote may
either be symbols or lists. ’hello is a symbol while ’(1) is a
list with just one element (i.e. 1). Each type of quoted
expression is compiled differently as follows:

e Symbols are compiled by performing two actions. The
first is to add new symbols to a symbol list where each
symbol is prefixed with 's_’. The list of symbols will be
placed on the top of the output file for the compiled



ffact 0
|_false-branch2 3
|_true-branchl 15
|_after-if3 17

MKINTSEXP 1
BRLTE I_true-branchl

FCALL

MKINTSEXP 1

NENV2ENV
PCCONT 1
GOTO f_fact
MULT
SAVEVAL
FRETURN 1
MKINTSEXP 1
FRETURN 1

Figure 6: Variable expressions, n, in fact are com-
piled by passing the lexical address of the variable
to the MT primitive SACC.

code. The second action is to generate a MKSYM-
BOLSEXP primitive instruction in the proper place in
the compiled code to create a symbol S-expression rep-
resenting the symbol. This instruction takes as input
the symbol prefixed by ’s_’. At load time this prefixed
symbol is replaced with the address of the symbol in
the symbol table.

e Lists are compiled by first compiling each element and
having them pushed on the stack. After generating
the code to push all the elements onto the MT stack,
the code for cons-ing them together is generated. At
the end of each list (and sublist) the MKNILSEXP
primitive is automatically generated since nil marks
the end of a list. Figure 7 displays the compiled code
for the list '((a 1) b), where a and b are symbols and
(a 1) is a sublist.

3.1.4 Application Expressions

There are two kinds of functions that can be applied to a set
of arguments: a primitive function and a user-defined func-
tion. The application of a primitive function, f,, is compiled
by first compiling the expressions for the arguments to fp
and then generating the MT primitive for f,. For example,
for the Scheme primitive * in (% 3 x) the code for 3 and
x is generated first and then the MT primitive MULT is
generated for the multiplication.

The application of a user-defined function, f,, is compiled by
generating the sequence of MT instructions to call f,. The
generated code to apply f, must setup an activation record
for f., set the continuation register to the point where execu-
tion should continue after f, is executed, and then transfer
control to f,. The MT primitive that pushes the state part
of an activation record onto the stack is FCALL. FCALL ex-
ecutes three MT primitives: STACK2NEWENYV, SCONT,
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s_a
sb

MKSYMBOLSEXP s_a
MKINTSEXP 1
MKNILSEXP

CONS

SAVEVAL

CONS

SAVEVAL

MKSYMBOLSEXP s_b
MKNILSEXP

CONS

SAVEVAL

CONS

SAVEVAL

Figure 7: The list ’((a 1) b) is compiled by first
generating the code for the sublist ’(a 1) (boxed) and
then generating the code for b and for the consing
of the elements.

and SENV. STACK2NEWENYV saves the virtual address of
the stacktop in the new environment register to mark the
address of f,’s activation record. SCONT saves the value
of the continue register on the MT stack which will be re-
stored after control returns from the call to f,. SENV saves
the value of the environment register on the MT stack. The
value of the environment register is restored after f, is exe-
cuted. To complete the activation record, the code to push
the arguments of f, onto the MT stack is generated. This
code is then followed by the MT primitives, NENV2ENV
and PCCONT. NENV2ENYV is used to set the address of
fu’s activation record by assigning the value of the new en-
vironment register to the environment register. PCCONT is
used to set the continuation register to the sum of the value
at the PC register, 1, and the integer constant it takes as
input. This integer constant is the difference between the
instruction following the instruction pointed to by the PC
register and the point where execution should continue after
the call to f,. Figure 8 highlights the compiled code for -
and the recursive call to fact for the function definition of
Figure 4.

3.1.5 If Expressions

The general form of an if-expression is:
(if (predicate) (consequent) (alternative))

The code generated for the predicate must set the flag reg-
ister which will be used to decide if the consequent or the
alternative is executed. If the flag register is set to true the
consequent will be executed. Otherwise, the compiled code
for the alternative is executed.

For an if expression, the MT-Scheme compiler first gener-
ates the code for the predicate which will always end with
a branching instruction to the beginning of the consequent
code. The branching instruction will transfer control to the
consequent code if the flag is set to true. Otherwise, execu-
tion continues with the first instruction after the branching
instruction. The compiled code for the predicate is followed
by generating a false-branch label to indicate the beginning
of the alternative code. This label is followed by the MT
code generated for the alternative. The alternative code al-



(define (fact n)
(if (<=n 1) 1

(fact [(— n )] |))

(* n

ffact 0
|_false-branch2 3
|_true-branchl 15
|_after-if3 17

PACC 1
MKINTSEXP 1
BRLTE I_true-branchl
PACC 1

FCALL

PACC 1
MKINTSEXP 1
MINUS
SAVEVAL

NENV2ENV
PCCONT 1
GOTO f_fact

MULT
SAVEVAL
FRETURN 1
MKINTSEXP 1
FRETURN 1

Figure 8: The compiled code for — is highlighted in a
small box and the recursive call to fact is highlighted
in a large box.

ways end with a GOTO primitive, which transfers control
to the point after the code generated for the if statement
(marked by an after-if label), or an FRETURN primitive,
which is used to return from a function call to a user-defined
function. A GOTO or FRETURN primitive is necessary be-
cause if at run-time the alternative code is executed then the
consequent code should not be executed. The alternative
code is followed by a true-branch label marking the begin-
ning of the consequent code. Following a true-branch label
the code generated for the consequent is found. The code for
the if statement ends with an after-if label. The structure
of a compiled if statement can be visualized as follows:

predicate code
false-branch label

alternative code
true-branch label

consequent code
after-if label.

The code generated to compile the if statement in the defi-
nition in Figure 4 is highlighted in Figure 9.

Nested if statements are handled by branching to the ap-
propriate label generated by the compiler. For example, if
the predicate is itself an if-statement then the after-if label
for the nested if statement (i.e. the predicate) will be fol-
lowed a branch instruction to the true-branch of the outer
if-statement. Similarly, nested if-statements contained in
the consequent or alternative are followed by an appropri-
ate branch instruction.
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(define (fact n)

s
(* n (fact(- n 1)))]))

ffact 0
|_false-branch2 3
|_true-branchl 15
|_after-if3 17

PACC 1
MKINTSEXP 1
BRLTE I_true-branchl

PACC 1
FCALL
PACC 1
MKINTSEXP 1
MINUS
SAVEVAL
NENV2ENV
PCCONT 1
GOTO f_fact
MULT
SAVEVAL
FRETURN 1

MKINTSEXP 1
FRETURN 1

Figure 9: Compiled if statements always contain the
predicate code, the alternative code, and the conse-
quent code highlighted by the boxes.

3.1.6 Function Definition Expressions
Function definition expressions have the form:

(define (< functionname > < parameters >) (< body >))

The MT-Scheme compiler generates the MT instructions for
a function definition, f,, assuming that at runtime the ma-
chine will properly set-up an activation record for f, before
calling it. This means that the state of the machine and the
arguments to f, have been pushed onto the stack. For calls
to fu made from compiled functions, we know that this is
the case as described in the section for the compilation of
application expressions. If f, is called from an interpreter
then the interpreter must push f,’s activation record onto
the stack before calling f,.

For f, the compiled code for its body is first generated as
described in the above sections by doing a syntactic anal-
ysis on the type of expressions it contains. The generated
code must end with code that pops its activation record off
the stack, restores the state of the machine, and pushes the
value computed by f,, onto the MT stack. These operations
are captured in the FRETURN primitive instruction. FRE-
TURN takes as input an integer that equals the number of
parameters of f,,. The compiled code for the definition in
Figure 4 is displayed in Figure 9. The last instruction in
the code for both the consequent and the alternative for the
if statement is FRETURN since the machine must return
from the call to fact when it reaches that point in the code.



4. CONCLUDING REMARKS AND FUTURE
WORK

The current version of the MT-Scheme compiler is capable
of compiling self-evaluating expressions, variables, quoted
expressions, applications, if-expressions and definitions. It
generates code by doing a syntactic analysis of the expres-
sion being compiled generating a list of symbols, a list of
defined functions, a list of compiler generated labels, and
a sequence of MT primitive instructions. The current ver-
sion of the MT-Scheme compiler is still not an industrial-
strength compiler. For example, optimizations to evaluate
tail-recursive functions using a constant amount of memory
space are still not implemented. This optimization is cur-
rently being implemented.

Future work will also focus on the implementation of first-
class functions in the MT system and on the compilation
of related special forms like lambda and let in Scheme. In
addition, we are looking at implementing lambda-lifting and
deforestation and to empirically study their effect on the
paging behavior of the different MT spaces.
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