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ABSTRACT

Lambda-lifting is a program transformation technique to el-
evate nested function definitions, with or without free vari-
ables, to a global level. Elevating all functions to a global
level means that at runtime closures do not have to be cre-
ated to store the free variables of a function. Lambda-lifting
has been used, for example, in ML to eliminate functions
with free variables. The technique used for ML works well,
because in ML all functions are curried allowing for a proper
subset of the arguments to a function to be passed when it is
evaluated. In a language such as Scheme, however, functions
are not curried and, therefore, we can not pass in a proper
subset of the arguments to a function when it is evaluated.
Lambda-lifting, however, can be adapted for Scheme to ele-
vate all functions to the global level. Free variables are not
completely eliminated, but their existence is limited to the
body of non-nested Scheme lambda expressions. The allo-
cation of closures at runtime to store free variables can then
be avoided by using partial evaluation to dynamically create
specialized functions when the bindings of free variables are
known. That is, lambda-lifting allows for the efficient appli-
cation of a partial evaluator to a lambda expression with free
variables and to the bindings of its free variables. The idea
is similar to curried functions in ML that create at runtime
new functions when only a subset of their input is passed
in. In this article we briefly describe how runtime code gen-
eration can eliminate the need for closures and present two
tail-recursive implementations of a lambda-lifter for a pure
subset of Scheme along with reasons why to choose one im-
plementation over the other.

1. INTRODUCTION

Functional languages support and encourage the use of first
class/higher-order functions meaning that functions can be
passed in as arguments to functions and can be returned
as values from functions. To support first-class functions,
many functional languages create closures. A closure is a
data structure consisting of a function to be evaluated and
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an environment storing the bindings of the free variables
in the function. To implement closures, either activation
records must be heap-allocated allowing closures to point to
those records that hold the bindings of the free variables[3]
or heap-allocated closure data structures that directly store
the binding of the free variables can be created[2]. In both
of these cases, closures are heap-allocated forcing additional
heap accesses to determine the binding of a free variable.
These additional heap accesses are an unfortunate overhead,
because when the closure’s function is evaluated the bind-
ings of the free variables are known. To eliminate the need
to allocate closures and access the heap for the bindings of
free variables in Scheme, partial evaluation can be applied to
a function and to the bindings of its free variables to create
a specialized function in which references to free variables
have been eliminated.

Consider the following example at the Scheme level of ab-
straction:

(define (f y) (lambda (x) (+ xy)))

In the scope of the returned function by f, y is a free vari-
able. When f is evaluated, a closure can be allocated to
store the binding of y and a reference to the one-input func-
tion (lambda (x) (+ x y))). Applying the closure’s function
to an argument requires accessing the heap for the value of

Y.

Instead of creating a closure for the function returned by a
call to f, partial evaluation can be used to return a special-
ized function. This implementation strategy has, for exam-
ple, (f 5) return the function Fresult defined as:

(define (Fresult x) (4 x 5)))

The returned function, in this example, does not contain ref-
erences to free variables. That is, it is a combinator that can
be applied to an argument just as any user-defined function
that does not contain free variables. In this example, unfor-
tunately, the original function, f, must always be processed
to create a specialized function.

To efficiently apply partial evaluation for code generation
and closure elimination at runtime, lambda-lifting can be
used to raise all anonymous functions (i.e. lambda expres-
sions) and nested functions to the global level. In this man-
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only lambda expressions with free variables need to be spe-
cialized. For the above example, a lambda-lifter creates a
new function at compile time and transforms the original f
as follows:

(define (fy) (laml y))
(define (lam1 y) (lambda (x) (+ x y)))

The evaluation of lam1 will return a function equivalent to
Fresult by substituting the reference to y in the body of
the lambda expression with y’s binding. That is, both ap-
proaches are semantically equivalent. In this form, however,
lam1l can be implemented as a specialized code generator
for (lambda (x) (+ x y)) that does not have to process the
original expression for f each time. Instead, references to
free variables are limited to the body of a single lambda ex-
pression. The partial evaluator can then reduce to normal
form subexpressions that depend solely on the values of free
variables.

In this article, we describe closures, partial evaluation, lambda

lifting for ML, and present two tail-recursive implementa-
tions of a lambda-lifter for a pure subset of Scheme along
with reasons why to choose one implementation over the
other. The tail-recursive lambda lifter we have chosen is be-
ing implemented as part of the MT system to support first-
class functions and to avoid disrupting the expected access
patterns of the MT heap. It is important that the lambda-
lifter be tail-recursive in order to efficiently implement it for
the MT evaluator machine in C++. A recursive lambda-
lifter would allocate too much stack memory in C++ and
result in slow execution.

2. RELATED WORK
2.1 Closures

In programming languages, a closure is a special data struc-
ture that contains a pointer to a function and a representa-
tion of the function’s lexical environment at the time when
the closure was created[8]. Closures typically appear in lan-
guages that allow functions to be first-class like Scheme.
Scheme was the first programming language to have fully
generated lexically scoped closures. Virtually all functional
programming languages, support closures (e.g. Haskell, Lisp,
and all variants of ML). In addition, some object-oriented
languages, like Smalltalk, enable the programmer to use ob-
jects to simulate some features of closures.

There are two standard ways of implementing closures. The
first is called linked closures in which heap allocated activa-
tion records are kept in a linked list to preserve the bindings
of free variables[3, 1]. Linked closures are fast to build, but
slow to access. The second is called flat closures in which the
bindings of free variables are copied to one block of memory
in the heap[2, 7]. Flat closures are slower to build, but faster
to access.

Modern compilers often implement function calls in two
steps. First, a closure environment is properly installed to
provide access for free variables in the target program frag-
ment. Second, the control is transferred to the target[12].
The crucial compilation decision for functional languages
regarding closures is where to store and how to represent
closures at runtime.

8.2

2.2 Partial Evaluation

Partial evaluation is commonly attempted to improve the
efficiency of a program while preserving its meaning. Par-
tial evaluation is a program transformation technique which
generates a specialized version of a program given some of
the program’s input[5]. The specialized program returned
by a partial evaluator is called a residual program. If a pro-
gram, P takes as input a set of values, x1...xz,, a partial
evaluator that is given P and some of P’s input, z; ...x;,
will return a specialized version of P, Pyr.s, that when given
the rest of P’sinput, ;41 ... Ty, will return the same answer
as P. That is, P(z1...2Zn) = Pres(zi...Zn).

Partial evaluation in functional languages has been used, for
example, in the Fabius compiler to implement runtime code
generation for a pure subset of ML that does not include
higher-order funtions[11, 10]. The technique used goes be-
yond simply substituting values in the sequence of instruc-
tions of a program. Instead, specialized code generators are
created that do not need to process the original sequence
of instructions when code is generated dynamically. More
recently, Dynamic Caml has extended Objective Caml with
a library to enable dynamic code generation[6]. Dynamic
Caml employs specialized code generators and allows, un-
like Fabius, the use of higher-order functions. Empirical
measurements using Dynamic Caml suggest that real speed-
ups are achieved with dynamic code generation. Closures,
however, are still created (and required) in Dynamic Caml
despite generating specialized code dynamically at runtime.

3. LAMBDA LIFTING

Lambda lifting is a technique for transforming a functional
program with local function definitions into a program con-
taining only global function definitions. The resulting pro-
gram only contains functions without free variables (also
known as combinators). Lambda lifting has been used, for
example, in the Lazy ML compiler[4].

Much of the work performed by a lambda-lifter is associated
with the elimination of free variables from function defini-
tions. The elimination of free variables in ML from a func-
tion, f, is achieved by introducing into the formal parameter
list of f its free variables and by adding as actual parame-
ters to every call/reference to f the expressions that yield
the bindings of the free variables. Introducing new parame-
ters to a function, f, and new arguments to applications of f
in a function g, of course, means that new free variables may
be introduced into g. Therefore, the parameters added to g
are the union of its free variables and the free variables of f.
Consider the following expression written using Scheme-like
syntax:

(lambda (x)
(lambda(y)
((lambda(z) (+ xy 2)) (+ 5))))

We can name each of the functions defined by Scheme’s spe-
cial form lambda' to make the expression more readable.
The resulting definitions are:

1The special form lambda is Scheme’s notion of functions.



(define (f x)
(define (g y)
(define (h z)
(+x y 2))
(b (+ 5 y)))
g)-

The functions f and g are combinators, because their bodies
do not contain any free variables. The function h is not a
combinator, because x and y are free variables in its body.
To lift h to the global level means that its free variables, x
and y, must be added to its formal parameters list and that
arguments must be added to the call to A in the body of g.
Therefore, lambda lifting h yields the following definitions:

(define (lifted-h x y z) (+ x y 2))
(define (f x)
(define (g y)
(lifted-h x y (+ 5 y)))
g):

In the above definitions, li fted-h is a combinator. However,
g is no longer a combinator, because x has been introduced
as a free variable in its body. Lifting g now requires adding
z to its formal parameter list and, consequently, an actual
parameter must be added wherever g is referenced. Lambda
lifting g yields to the following definitions which are all com-
binators:

(define (lifted-h x y z) (+ x y 2))
(define (lifted-g x y) (lifted-h x y (+ 5 y)))
(define (f x)

(lifted-g x)).

Notice that the call to lifted — g in the body of f contains
fewer arguments than formal parameters. In the semantics
of ML, where all functions are curried?, it is permissible
to pass into lifted-g only a subset of the input it requires.
ML, therefore, supports partial evaluation of functions. In
Scheme, however, functions are not curried. Thus, it is not
possible to pass only one argument to li fted-g. It is, there-
fore, necessary to adapt the lambda-lifting transformation
for the semantics of Scheme in order to support partial eval-
uation and eliminate the creation of heap-allocated closures.

4. LAMBDALIFTING FOR SCHEME-LIKE
LANGUAGES

You can think of lambda expressions as anonymous func-
tions. That is, functions that lack a name. Just like known
functions (i.e. functions that have a name), a lambda ex-
pression has a list of parameters and a block of code specify-
ing the operation to be performed on the parameters. There
are two kinds of lambda expressions: lambda expressions
without free variables (i.e. combinators) and lambda ex-
pressions with free variables. In this section, we illustrate
how to lambda lift each of these types of lambda expressions.

4.1 Lambda-Lifting Combinators
We illustrate how to lift combinators, defined by Scheme
lambda expressions, to transform them to known functions.

2Curried functions consume their input lazily.
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Consider the following expression that contains a lambda
subexpression:

((lambda (x) (+ x 1)) (f 4))

The lifting of a combinator creates a new uniquely named
function whose parameters are the parameters of the lambda
expression. In the original expression, the lambda expres-
sion is substituted by the unique name that is created for it.
The example above is transformed to:

(define (UniqueName x) (+ x 1))
(UniqueName (f 4))

The expression (lambda (x) (+ x 1)) is transformed to a
known function called UniqueName that has a parameter
x. In the original expression the lambda form is substituted
with the new name Unique Name.

During program execution, there is no overhead for closure
allocation in this form. The argument, (f 4), can be passed
into UniqueName by using a stack. Semantically, both
forms are equivalent since they pass the argument (f 4) to a
function that adds 1 to its input.

4.2 Lambda-Lifting Expressions with Free Vari-
ables

A lambda expression with free variables is a function whose
body has references to variables that are not declared in
its formal parameter list. To avoid heap allocating closures
for a lambda expression with free variables in Scheme, the
lambda expression needs to be lifted to create a uniquely
named function. The parameters to the new function are
the free variables in the body of the lambda expression. The
body of the new function is the lambda expression itself.

We illustrate our lambda lifting algorithm with the same
example used in the previous section:

(lambda (x)
(lambda(y) .
((lambda(z) (+ xy 2)) (+ 5))))

In the body of the innermost lambda expression x and y
are free variables and they appear in the parameter list
of a newly created function, laml, after lifting the inner-
most lambda expression. The innermost lambda expression
is substituted with a call to lam1 with arguments x and y
in the original expression. The result is displayed as follows:

(define (laml x y) (lambda (z) (+ xy 2)))
(lambda (x)
(lambda(y)
((laml xy) (+5))))

In this form, x is a free variable in the nested lambda expres-
sion. We apply the same transformation to lift the nested
lambda expression to yield:

(define (lam2 x) (lambda (y) ((laml x y) (+ 5y))))
(define (lam1 x y) (lambda (z) (+ x y 2)))
(lambda (x)

(lam2 x))



The original expression has now been transformed to a com-
binator expressed using a lambda expression. This lambda
expression can be transformed using the techniques illus-
trated in the previous subsection to yield the original ex-
pression as lam3. The final result is:

(define (lam3 x) (lam2 x))
(define (lam2 x) (lambda (y) ((laml x y) (+ 5y))))
1(d-?:f'zisne (laml x y) (lambda (z) (+ x y 2)))

In the scope of the functions returned by laml and lam2,
there are free variables. This is unavoidable in Scheme, be-
cause functions are not curried. We can observe, however,
that in the above form it is not necessary to heap allocate
a closure at runtime when the lambda expressions are eval-
uated. Instead, specialized code generators created at com-
pile time can dynamically create a new function for each
of the lambda expressions by substituting references to free
variables with their values and, perhaps, performing some
computations that depend solely on the values of free vari-
ables. The amount of computation to be done is to be de-
termined empirically. In the above example, there are no
subexpressions that depend solely on the values of free vari-
ables. Therefore, the partial evaluator would not perform
any computations beyond the generation of the new func-
tions at runtime.

The technique illustrated is semantically similar to that of
curried functions in ML. In ML, the free variables are passed
into a function that consumes them lazily. In our proposed
implementation strategy, instead of passing the bindings of
free variables to a function that consumes them lazily, we
pass them into a code generator that adds at runtime new
functions that are specialized for each lambda expression in
a program after having been lambda lifted.

5. DESIGN OF LAMBDA LIFTING FOR
SCHEME PROGRAMS IN THE MT SYS-
TEM

In this section, we describe the parameters of the MT lambda
lifter for a pure subset of Scheme and present a BNF gram-
mar for the data structure that governs the behavior of the
lambda lifter.

5.1 Design Roles of the Parameters
The MT lambda lifter has 6 variables whose design roles can
be described as follows:

e RES: RES is a list which stores the result obtained
so far from lambda lifting the current expression. The
lambda lifted part of the current expression is stored
in RES while the part that has not yet been lifted is
stored in the variable STACK.

e NEWFS: NEWFS is a list of all the new function
definitions created by the lambda lifter.

e D: D is a counter for the number of new functions
that have been created by the lambda lifter. It is used
to guarantee that all new functions generated have a
unique name.
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e STACK: STACK is a list used to implement a stack
and stores expressions that have not yet been lambda
lifted as well as information that will be needed to
construct a result after an expression has been lambda
lifted. The element on the top of the stack dictates the
actions taken in the current iteration of the lambda
lifter. A BNF grammar describing STACK is pre-
sented later in this section.

e ENV: ENV is a list that stores the parameters, if
any, of the current function (i.e. lambda expression).
If the expression being lifted is not a subexpression of
a lambda expression, then ENV is empty.

e KNOWN: KNOWN is a list that stores different in-
formation depending on which of the two algorithms
presented here we are referring to. In Algorithm I,
KNOWN a list of all the primitives and known func-
tions at the time an expression is lifted. In Algorithm
II, KNOWN is a list of all the parameter declarations
at the time an expression is lifted.

5.2 srAack Grammar

STACK stores all expressions that need to be lifted, the re-
sult of lifting previous subexpressions, and the environment
of the current expression being lifted. The actions taken by
the lambda-lifter is determined by the top element of the
stack and are described in the next section. STACK can
be described by the BNF grammar in Figure 1. Elements in
angled brackets represent nonterminals, * represents Kleene
star over a given element (i.e. 0 or more instances) , * rep-
resents 1 or more instances of a given element, symbols not
surrounded by brackets represent literal values, elements in
parenthesis represent a list, and a period within a list indi-
cates that the list does not end with the empty list.

During execution, the type of STACK is always distinguish-
able by the topmost element. The meaning of the topmost
element is described as follows:

e empty-list: empty-list means that the stack is empty
and the lambda lifter has completed its job.

e number or symbol: number or symbol means that
the next subexpression to be lifted is a number or a
symbol respectively.

e lambda-expr: lambda-expr means the next subex-
pression to be lifted is a lambda expression. A lambda
expression is a list containing the symbol lambda, a list
of identifiers, and a list representing the body of the
lambda expression.

e define-expr: define-expr means the next subexpres-
sion to be lifted is a define expression represented as a
list containing the symbol define, an identifier or a list
of identifiers, and a list representing the body of the
definition.

e env-list: env-list means that the top of the stack is
a list containing the symbol env and a list of declared
variables which can be empty.



Stack
<S> — <empty-list>

— (<number><S>)

— (<symbol><S>)

— (<lambda-expr><S>)

— (<define-expr><S>)

— (<env-list><S>)

— (<result-list><S>)

— (<empty-list><S>)

— (<app-expr><S>)
<number>— <digit><digit>"
<digit>— 0[1|2|3|4/5/6/7|8|9
<lambda-expr>— (lambda (<ids> *) <expr>)
<expr> — <ids>

— (lambda (<ids>*)<expr>)
— (<expr>T)
<ids>— <symbol>

<define-expr> — (define <ids><expr>)
— (define (<ids>*) <expr>)

<env-list>— (env <ids>™)

<result-list> — (res <res>)
— (res . <res>)
<empty-list>— ()
<app-expr> — (<number><S>)
— (<symbol><S>)
— (<lambda-expr><S>)
— (<define-expr><S>)
— (<app-expr><S>)

Figure 1: BNF Grammar for STACK

e res-list: res-list means that the top of the stack is
a list containing the symbol res and a saved value of
the RES parameter. This saved value is the result
obtained from lambda lifting previous subexpressions
of the current expression.

e empty-list: empty-list means that an expression rep-
resenting a function application without arguments is
an argument to a function.

e app-expr: app-erpr means that the top of the stack
is an application expression that needs to be lambda
lifted.

6. ALGORITHM I
6.1 Design Description

The lambda lifter must determine when a variable occurs
free within an expression. In order to accomplish this, Algo-
rithm I keeps a list, K NOW N, containing all the primitives
of the MT Evaluator Virtual Machine and all the known
functions. The known functions include the functions that
have been user defined and all the new functions that have
been created by the lambda lifter at the time when an ex-
pression is lifted.

8.5

To start lifting an expression, the expression is pushed onto
the stack. The lambda lifter then iterates until the STACK
is the empty list. At each iteration, the top of the stack
is examined and an action is taken changing the state of
the parameters. We describe the actions taken based on the
type of stack as described in Figure 1:

o <empty-list>: The lambda lifter is done and a list
containing RES and NEWFS is returned. This re-
turned list contains the lambda lifted expression (RES)
and the new functions created by the lambda lifter
(NEWFS).

e <number>: A number is popped off the STACK and
added to RES as it is the result of lambda lifting a
literal number expression. Since a number does not
contain free variables the result of lambda lifting it is
the number itself.

e <symbol>: A symbol is popped off the STACK and
added to RES. Determining whether or not the vari-
able is free is done later when the result of a lambda-
lifted lambda expression is constructed. If the symbol
is not part of a lambda expression (e.g. in the case of
define or if), the result obtained from lambda lifting
the symbol is the symbol itself.

e <lambda-expr>: The lambda expression is popped off
the STACK. ENV (which contains all declared vari-
ables that are lexically valid for the lambda expres-
sion), RES, and the body of the lambda expression
are pushed on the STACK. ENV becomes the decla-
rations of the lambda expression.

e <define-expr>: The define expression is popped off
the stack. If the define expression introduces a new
function, then the symbol define, the list of param-
eters, and the body of the function are pushed onto
the stack. The list of parameters will be processed by
the lambda lifter in the same way as an application
expression. The symbol define will be lambda lifted
as a symbol which is described above. If the define
expression introduces a variable (i.e. not a function),
then the symbol define, the variable, and the expres-
sion that binds the variable are pushed onto the stack.

o <env-list>: If the top element on the stack is an <
env —list >, then the result of lambda lifting the body
of a lambda or define expression is stored in RES.
Each symbol in RES is checked for membership in
the union of KNOWN and ENV. If all symbols are
members of this set, then a combinator is being lifted.
Therefore, a new uniquely named function is added to
NEWFS whose parameters are stored in ENV and
the body is stored in RES. RES is set to the name
of the newly created function. If RES contains free
variables, a new uniquely named function is added to
NEWFS whose parameters are the free variables in
RES, whose body is a lambda expression whose list
of parameters stored in ENV and whose body stored
in RES. RES is set to a list representing a call to
the newly created function with the free variables as
arguments. In both cases, D is incremented by 1 and
ENYV is the set to the list of identifiers popped off the
stack.



e <result-list>: The result-list is popped off the stack.
It stores the result, r, of previously lambda lifted subex-
pressions. The lambda lifted expression stored in RES
is concatenated to the front of r. This value is then
stored in RES.

e <empty-list>: The empty-list is popped of the stack
and a list is made of RES. RES is a function ap-
plication without arguments. A list is made of RES
to preserve the list structure of the expression being
lifted.

e <app-expr>: If the length of the top of the stack is
1, the application has 0 parameters. Otherwise, it
has at least one parameter. When a function applica-
tion does not have parameters, RES, the empty list,
and the function being applied are pushed onto the
stack. When the function application has parameters,
RES and the elements of the application expression
are pushed in reversed order.

6.2 Examples

Consider the following definition:

(define (f L)
(map (lambda (y) (ine y)) L))

Assuming map is a primitive, the only free variable in the
body of the lambda expression may be inc. If inc is lambda
lifted before f, it is not considered free. On the other hand,
if ¢nc has not been processed by the lambda lifter when f
is processed then inc is identified as free. If inc is free, the
lambda lifter yields:

(define (UniqueName?2 inc) (lambda (y) (inc y)))
(define (f L)
(map (UniqueName?2 inc) L)

The result is semantically correct. However, Algorithm I
unnecessarily creates new functions. This occurs, because
variable or function definitions that have not been lambda
lifted are considered free. This is undesirable, because the a
partial evaluator and dynamic code generator will perform
work for user-defined functions and variables. In addition,
when the list KNOW N becomes large searching it is inef-
ficient and makes the lambda lifter slow. In the next algo-
rithm presented, globally defined variables are not treated
as free. Therefore, fewer new functions are created and the
list KNOW N does not grow as fast.

7. ALGORITHM I

7.1 Design Algorithm

Algorithm II differs from Algorithm I in the way lambda and
define expressions are processed and in what is stored in the
list KNOW N. We distinguish between globally defined val-
ues and free variables in the lexical scope of subexpressions.
A global value does not appear in any of the variable dec-
larations that are lexically valid when lifting an expression.
A free variable, on the other hand, does appear in a lexi-
cally valid declaration. For example, consider the following
definitions:
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(define (f x) (inc x))
(define (g x) (lambda (y) (+ x y)).

In the body of f, inc is assumed to be defined globally and,
therefore, is not treated as a free variable by Algorithm II.
In the body of the lambda expression in g, « is considered
a free variable, because it is declared in the definition of g.

The lambda lifter needs to keep track of all the parameters
declarations that are valid when an expression is lifted. To
accomplish this, each time a definition or lambda expression
is encountered ENV is added to the front of K NOW N. For
instance, lambda lifting the body of g causes the variable
z to be added to the list KNOWN. To lambda lift an
expression we check each symbol appearing in the expression
for membership in ENV. If a symbol appears in ENV| it is
not a free variable. If it does not appear in ENV | we check
for membership in KNOWN. If it appears in KNOW N
it is considered free. Otherwise, it must be globally defined
and the lifter does not treat it as a free variable.

The actions taken by the lambda lifter at each iteration are
the same as those of Algorithm I except for the following
cases:

e <lambda-expr>: The lambda expression is popped off
the STACK. ENV (which contains all declared vari-
ables that are lexically valid for the lambda expres-
sion), RES, and the body of the lambda expression
are pushed on the STACK. ENV is added to the front
of KNOW N and becomes the declarations of the cur-
rent lambda expression.

e <define-expr>: The define expression is popped off
the STACK. If the define expression introduces a new
function, the same actions as Algorithm I are taken.
In addition, if the definition introduces a new function,
its parameters are added to the K NOW N list.

e <env-list>: The env-list is popped off the stack. The
symbols in RES are checked for membership in ENV.
If all symbols are in ENV, a combinator is being lifted
and a new function is created as in Algorithm I. Any
symbols that are not in FNV are checked for mem-
bership in KNOWN. If any appear in KNOWN,
the expression contains free variables and a new func-
tion is created whose parameters are only those vari-
ables that appear in K NOW N and whose body, as
in Algorithm I, is a lambda expression. Any symbols
not appearing in K NOW N must be globally defined
and there is no need to consider them free. If there
are no symbols that are members of KNOW N, the
function is a combinator and a new function is created
as described before. After the lifting is complete, the
members of the parameter list are removed from the
front of KNOW N. The values of D, RES, and ENV
are updated as in Algorithm I.

7.2 Example

Consider the same example used to illustrate Algorithm I:

(define (f L)
(map (lambda (y) (inc y)) L)).



During the lifting of the lambda expression, inc is not con-
sidered a free variable, because it is not declared in the lex-
ical scope of the expression. Thus, it is considered a global
value and there is no need to pass it in to a new functions as
a free variable has to be passed in. Algorithm II considers
the lambda expression a combinator a creates a new known
function that does not have a lambda expression in its body.
The resulting definitions are:

(define (f L) (map UniqueName3 L))
(define (UniqueName3 y) (inc y))

The result of this transformation for this example yields a
form in which there is no need to call the partial evaluator or
code generator at runtime. Algorithm II reduces the number
of free variables and, therefore, the number of new functions
generated by the lambda lifter at compile time and by the
partial evaluator at runtime.

8. CONCLUDING REMARKS AND FUTURE
WORK

In this article, we have presented two algorithms to perform
lambda lifting on Scheme programs. The lambda lifting al-
gorithms were changed to produce resulting programs that
conform to the semantics of Scheme. Instead of producing
results that completely eliminate free variables for a lan-
guage that supports curried functions, our lambda lifting
algorithm restricts the existence of free variables to single
non-nested lambda expressions. Functions that contain a
lambda expression as their body have the free variables of
the lambda expression as their parameters. In this form, a
partial evaluator can be used to dynamically generate code
for functions specialized for the bindings of their free vari-
ables. The techniques are similar to currying functions in
ML, but input is not consumed lazily. Instead, input is
staged in two steps. In the first, the arguments for the free
variables are received. In the second, the arguments for the
bound variables are received.

The two lambda lifting algorithms presented differ in the
definition they use for free variables. In Algorithm I, a free
variable is any symbol that is not known at the time an
expression is lifted. Despite producing semantically correct
code, this algorithm must ultimately be rejected. It unnec-
essarily creates new functions for globally defined functions
that are treated as free variables. Algorithm II avoids the
unnecessary creation of new functions by not treating global
definitions as free variables. In Algorithm II, only symbols
that are declared in the lexical environment of a function,
but not in its parameter list are considered free variables.

Our chosen lambda lifting algorithm has been implemented
as a tail-recursive function in Scheme. This was done with
the purpose of making its translation into a while loop in
C++, the implementation language of the MT evaluator
virtual machine[8, 9], as easy as possible. Our immediate
plans are to port Algorithm II for the MT system and then
implement a partial evaluator for a pure subset of Scheme.
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