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Abstract

Programswritten in powerful, higher-order languageslike Scheme, ML, and Common Lisp
should run as fast as their FORTRAN and C counterparts. They should, but they don’t.
A major reason is the level of optimisation applied to these two classes of languages.
Many FORTRAN and C compilers employ an arsenal of sophisticated global optimisations
that depend upon data-flow analysis: common-subexpression elimination, loop-invariant
detection, induction-variable elimination, and many, many more. Compilers for higher-
order languages do not provide these optimisations. Without them, Scheme, Lisp and
ML compilers are doomed to produce code that runs sower than their FORTRAN and C
counterparts.

The problem isthe lack of an explicit control-flow graph at compiletime, something which
traditional data-flow analysis techniques require. In thisdissertation, | present a technique
for recovering the control-flow graph of aScheme program at compiletime. | giveexamples
of how this information can be used to perform several data-flow analysis optimisations,
including copy propagation, induction-variable elimination, useless-variable elimination,
and type recovery.

Theanalysisisdefined in termsof anon-standard semantic interpretation. The denotational
semantics is carefully developed, and several theorems establishing the correctness of the
semantics and the implementing algorithms are proven.
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Chapter 1

| ntroduction

1.1 My Thesis

Control-flow analysisisfeasible and useful for higher-order languages.

Higher-order programming languages, such as Scheme and ML, are more difficult to
implement efficiently than more traditional languages such as C or FORTRAN. Complex,
state-of-the-art Scheme compilers can produce code that is roughly as efficient as that
produced by simple, non-optimising C compilers [Kranz™ 86]. However, Scheme and ML
compilers still cannot compete successfully with complex, state-of-the-art C and FORTRAN
compilers.

A magjor reason for this gap is the level of optimisation applied to these two classes
of languages. Many FORTRAN and C compilers employ an arsenal of sophisticated global
optimisations that depend upon data-flow analysis. common-subexpression elimination,
loop-invariant detection, induction-variable elimination, and many, many more. Scheme
and ML compilers do not provide these optimisations. Without them, these compilers are
doomed to produce code that runs slower than their FORTRAN and C counterparts.

Onekey problemisthelack of an explicit control-flow graph at compiletime, something
traditional data-flow analysis techniques require. In thisdissertation, | develop an analysis
for recovering the control-flow graph froma Scheme programat compiletime. Thisanalysis
uses an intermediate representation called CPS, or continuation-passing style, and agenera
analysis framework called non-standard abstract semantic interpretation.

After developing the analysis, | present proofs of its correctness, give algorithms for
computing it, and discuss implementation tricks that can be applied to the algorithms. This
establishes the first half of my thesis: control-flow anaysis is feasible for higher-order
languages.

The whole point of control-flow analysisisthat it enables important data-flow program
optimisations. To demonstrate this, | use the results of the control-flow analysis to develop
several of these classical data-flow analyses and optimisations for higher-order languages.
Thisestablishesthe second half of my thesis: control-flow analysisisuseful for higher-order
languages.
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1.2 Structure of the Dissertation
This dissertation has the following structure:

e Therest of thischapter discusses data-flow analysis, higher-order languages, and why
it isdifficult to do the onein the other.

e The following chapter (2) introduces the two basic tools we'll need to develop the
anayss. the CPS intermediate representation, and the technique of non-standard
abstract semantic interpretation.

¢ Next wedevelop the basic control-flow analysis. Chapter 3 presentsthe analysis; this
isthe core of the dissertation. Chapter 4 contains proofs that establish the analysis
correctness and computability.

o After developing the analysis as a mathematical function, we turn to algorithms for
computing this function. Chapter 5 develops the algorithms, and discusses some
details of an implementation that | wrote. Chapter 6 contains proofs showing that the
algorithms compute the analysis function.

o Chapter 7 devel opsthree applicationsusing control-flow analysis. induction-variable
elimination, useless-variable elimination, and constant propagation.

e Control-flow analysis has limitations. Chapter 8 discusses these limits, and presents
an extension (reflow analysis) that can be used to exceed them. Chapters 9 and 10
discuss four more applications that rely on reflow analysis. type recovery, future
analysis, copy propagation, and lambda propagation.

e The dissertation proper closes with chapters on future directions, related work, and
conclusions (chapters 11-13).

e Thisisfollowed by two appendices, one containing a code listing for a control-flow
analysisimplementation, and one giving the results of applying this program to some
simple Scheme procedures.

1.2.1 Skipping the Math

This dissertation has afair amount of mathematicsin it, mostly denotational semantics. In
gpite of this, | have made a particular effort to make it comprehensible to the reader who
preferswriting programsto proving theorems. Most of the serious mathematicsis carefully
segregated into distinct chapters; each of these chapters begins with a half-page summary
that states the chapter’s main results. Feel free to read the summary, take the results on
faith, and skip the math.
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1.3 Flow Analysis and Higher-Order Languages

1.3.1 Flow Analysis

Flow analysis is atraditional optimising compiler technique for determining useful infor-
mation about a program at compile time. Flow analysis determines path-invariant facts
about textual pointsin aprogram. A flow analysis problem is a question of the form:

“What is true a a given textua point p in my program, independent of the
execution path taken to p from the start of the program?’

Example domains of interest might be the following:

¢ Range anaysis. What range of values is a given reference to an integer variable
constrained to lie within? Range analysis can be used, for instance, to do array
bounds checking at compile time.

e Loop invariant detection: Do all possible prior assignments to a given variable
reference lie outside its containing loop?

Over thelast thirty years, standard techniqueshave been devel oped [Aho™ 86, Hecht 77]
to answer these questions for the standard imperative languages (e.g., Pascal, C, Ada, Bliss,
and chiefly FORTRAN). Flow analysisis perhaps the chief tool in the optimising compiler
writer's bag of tricks; figure 1.1 gives a partial list of the code optimisations that can be
performed using flow analysis.

1.3.2 Higher-Order Languages

A higher-order programming language (HOL) is one that permits higher-order procedures
— proceduresthat can take other procedures as arguments and return them asresults. More
specifically, | am interested in the class of lexically scoped, applicative order languages
that allow side-effects and provide procedures asfirst-class data. Members of thisclass are
Scheme[Reest 86], ML [Milner 85, Milnert 90], and Common Lisp [Steele 90]. Granting
“first class’ status to procedures means alowing them to be manipulated with the same
freedom as other primitive data types, e.g., passing them as arguments to procedures,
returning them as values, and storing them into data structures.

In this dissertation, | shall use Scheme as the exemplar of higher-order languages, and
only occasionaly refer to other languages. Scheme is a small, smple language, which
nonetheless has the full set of features that conspire to make flow anaysis so difficult:
higher-order procedures, side effects, and compound data structures. ML’s principal se-
mantic distinction from Scheme, its type system, does not fundamentally affect the task of
flow analysis. The size and complexity of Common Lisp make it difficult to work with,
but do not introduce any interesting new semantic features that change the flow analysis
problem.
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global register alocation

global common-subexpression elimination
loop-invariant detection
redundant-assignment detection
dead-code elimination

constant propagation

range analysis

code hoisting
induction-variable elimination
Copy propagation
live-variableanalysis

loop unrolling

loop jamming

typeinference

Figure 1.1: Some flow-analysis optimisations.

1.3.3 TheProblem

¢ Binding versus assgnment:

Traditional flow-analysis techniques have never successfully been applied to HOLs. These
languages are sufficiently different from the traditional imperative languages that the clas-
sical techniques developed for them are not applicable. HOLs can be contrasted with the
traditional imperative languages in the following ways:

Both classes of language have the same two mechanisms for associating values with
variables: parameter binding and variableassignment. However, therearedifferences
in frequency of usage. The traditional imperative languages tend to encourage the
use of assignment statements; higher-order languages tend to encourage binding.

e Proceduresasfirst-classcitizens:

Procedures in higher-order languages are data that can be passed as arguments to
procedures, returned as values from procedure calls, stored into arrays, and so forth.

Traditional flow-analysis techniques concentrate on tracking assignment statements.

Thus, the HOL emphasis on variable binding changes the complexion of the problem.
Generaly, however, variable binding is a ssimpler, weaker operation than the extremely
powerful operation of side-effecting assgnments. Analysis of binding is a more tractable
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problem than analysis of assignments because the semantics of binding are smpler and
there are more invariantsfor program-analysistoolsto invoke. In particular, the invariants
of the A-calculus are usually applicableto HOLSs.

On the other hand, the higher-order, first-class nature of HOL procedures can hinder
effortsto derive even basic control-flow information. | claim that it is this aspect of higher-
order languages which is chiefly responsible for the absence of flow analysis from their
compilersto date. A brief discussion of traditional flow analysis techniques will show why
thisis so.

Consider the following piece of Pascal code:

FOR 1 := 0 to 30 DO BEGIN

s := al[il;
IF s < 0 THEN

ali] := (s+4)"2
ELSE

alil := cos(s+4);
bl[i] := s+4;
END

Traditional flow analysisrequiresconstruction of acontrol-flow graph for the code fragment
(fig. 1.2).

(START) ——*{i<=30? { STOP)
- s:=ali] -
i:=0 —— al[il:=cos(s+4) |
s<07?

| alil:=(s+4)"2

" bliTiEs
L d:=1+1

Figure 1.2: Control-flow graph

Every vertex in the graph represents a basic block of code: a sequence of instructions
such that the only branchesinto the block are branchesto the beginning of the block, and the
only branchesfrom the block occur at the end of the block. The edgesin the graph represent
possible transfers of control between basic blocks. Having constructed the control-flow
graph, we can use graph algorithms to determine path invariant facts about the vertices.

In thisexample, for instance, we can determinethat on all control pathsfrom START to
thedashed block (b[1] : =s+4; i:=i+1), theexpression s+4 isevaluated with no subsequent
assignmentsto s. Hence, by caching the result of s+4 in atemporary, we can eliminate the
redundant additioninb [i] : =s+4. We obtain thisinformation through consideration of the
paths through the control-flow graph.
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The problem with HOLs is that there is no static control-flow graph at compile time.
Consider the following fragment of Scheme code:

(let ((f (foo 7 g k))
(b (aref a7 1 j)))
(if (< 1 3) (h 30) (f h)))

Consider the control flow of the if expression. Itsgraphis: h

After evaluating the conditional’s predicate, control can transfer gither to the procedure that
is the value of h, or to the procedure that is the value of £. But what's the value of £?
What's the value of h? Unhappily, they are computed at run time.

If we knew all the procedures that h and £ could possibly be bound to, independent
of program execution, we could build a control-flow graph for the code fragment. So, if
we wish to have a control-flow graph for a piece of Scheme code, we need to answer the
following question: for every procedure call in the program, what are the possible lambda
expressions that call could be a jump to? But thisis a flow analysis question! So with
regard to flow analysisin an HOL, we are faced with the following unfortunate situation:

e Inorder to do flow analysis, we need a control-flow graph.

¢ Inorder to determine control-flow graphs, we need to do flow analysis.



Chapter 2

Basic Techniques: CPSand NSAS

21 CPS

The fox knows many things, but the hedgehog

knows one great thing.
— Archilocus

The first step towards finding a solution to this conundrum is to develop a representation
for our programs suitably adapted to the analysis we' re trying to perform.

In Scheme and ML, we must represent and deal with transfers of control caused by
procedure calls. In the interests of ssmplicity, then, we adopt a representation where all
transfersof control — sequencing, looping, procedure call/return, conditional branching—
are represented with the same mechanism: the tail-recursive procedure call. This type of
representation is called Continuation-Passing Style or CPS,

Our intermediate representation, CPS Scheme, stands in contrast to the intermediate
representation languages commonly chosen for traditional optimising compilers. These
languages are conventionally some form of dightly cleaned-up assembly language: quads,
three-address code, or triples. The disadvantage of such representations is their ad hoc,
machine-specific, and low-level semantics. The advantages of CPS Schemelieinitsapped
to the formal semantics of the A-calculus and its representational simplicity.

CPS conversion can be referred to as the “hedgehog” approach, after a quotation by
Archilocus. All control and environment structures are represented in CPS by lambda
expressions and their application. After CPS conversion, the compiler need only know
“one great thing” — how to compile lambda expressions very well. This approach has an
interesting effect on the pragmatics of Scheme compilers. Basing the compiler on lambda
expressions makes lambda expressions very cheap, and encourages the programmer to use
themexplicitly in hiscode. Sincelambdaisavery powerful construct, thisisaconsiderable
boon for the programmer.
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2.1.1 Definition of CPS Scheme

CPS can be summarised by stating that procedure calls in CPS are one-way transfers —
they do not return. So a procedure call can be viewed as a GOTO that passes values. If
we are interested in the value computed by a procedure f of two values, we must aso
pass to f a third argument, the continuation. The continuation is a procedure; after f
computes its value v, instead of “returning” the value v, it calls the continuation on v.
Thus the continuation represents the control point to which control should transfer after the
execution of f.

For example, if we wish to print the value computed by (x + y) * (z — w), we do not
write:
(print (* (+ x y) (- z w)))
Instead, we write:

+xy (A (xy)
(- zw (A (zw)
(* xy zw (A (prod) (print prod *c*)))))))

Here, theoriginal procedures— +, -, *, and print — areal redefined to take acontinuation
as an extraargument. The + procedure callsitsthird argument, (A (xy) ...), onthesum
of its first two arguments, x and y. Likewise, the - procedure calls its third argument,
(A (zw) ...),onthedifference of itsfirst two arguments, z and w. The * procedure calls
itsthird argument on the product of itsfirst two arguments, = + y and z — w. This product
isfinally passed to the print procedure, along with some top-level continuation xc*. The
print procedure printsout the value of prod and then calls the xcx continuation.

Standard non-CPS Scheme can be easily transformed into an equivalent CPS program,
so this representation carries no loss of generality. Once committed to CPS, we can make
further smplifications:

e No special syntacticformsfor conditional branch
The semantics of primitive conditional branch is captured by the primitive procedure
if whichtakesone boolean argument, and two continuationarguments. (if b c a).
If the boolean b istrue, thetrue, or “ consequent,” continuation c is called; otherwise,
thefalse, or “aternate,” continuation a is called.

We can also assume aclass of test primitivesthat perform various basic conditional
tests on their first argument. For example, (test-integer x ¢ a) branches to
continuation c if x isan integer, otherwise to continuation a.

e No sdeeffectsto variables
Side effectsare allowed to data structuresonly. That is, the programmer isallowed to
alter the contents of data structures, with operationslike rplaca and vector-set!,
but heisnot allowed to alter the bindingsof variables— thereisno set ! syntax. This
means that all side-effects are handled by primitive operations, and special syntax is
not required.
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Lambda expressions. (A (v1...v,) call)
wheren > 0.

Variablereferences. foo, bar, ...

Congtants. 3, "doghen", ’(a 3 elt list),...

Primitive operations. +, if, rplaca, ...

Simplecals: ( fun arg* )
where fun is alambda, var, or primop, and the args are lambdas, vars, or constants.

letreccadls (letrec ((f1 [1)...) call)
wherethe f; are variables, and the /; are lambda expressions.

Figure 2.1: CPS Scheme language grammar

Programsthat use variable assignment can be automatically converted to assignment-
free programs by inserting extra mutable data structures into the program. An
expression that looks like

A &) ... (set! xy) ... x...)

is converted to
A (x?)
(let ((x (make-cell x’)))
(set-cell x y) ... (contents x) ...))

This processis called “assignment conversion” [Kranzt 86].

e NOcall/cc operator
Languages like Scheme and ML often have the troublesome call-with-current-
continuation Or call/cc operator. CPS Scheme doesn't need the operator. When
trandating programs into their CPS Scheme representations, every occurrence of
call/cc can be replaced with its CPS definition:

Ak QA Gk (kv)) k)

Scheme code violating any of these restrictions is easily mapped into equivalent Scheme
code preserving them, so they also carry no loss of generality. The details of the CPS trans-
formation are treated in a number of papers [Kelsey 89, Kranz 88, Kranz™ 86, Steele 76].
These restrictions leave us with afairly smple language to deal with: There are only five
syntactic classes. lambdas, variables, constants, primitive operations (or primops) and calls
(fig. 2.1). Note that primops are not first-class citizens — in this grammar, they may only
be called, not used as arguments, or passed around as data. This is not a problem, since
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(A (n) (letrec ((1p (A (1 sum) (if (zero? i) sum
(Ip (-1 1) (+ 1 sum))))))
(Ip n 0)))

(A (n k)
(letrec ((1p (A (i sum c)
(test-zero i
(A O (c sum))
A O
(- 11 (O (1D
(+ sum 1 () (suml)
(1p i1 suml ¢))))))))))
(1pn 0 k)))

Figure 2.2: Standard and CPS Scheme to sum 1 through n

everywhere the + primop appears as data, for instance, we can replace it with an equivalent
lambda expression: (A (a b c) (+ a b c)).

Figure 2.2 shows aprocedure that sumsthefirst n integersin both standard Scheme and
its CPS Scheme representation. It bears repeating that this extremely smple languageis a
practical and useful intermediate representation for languages such as Scheme and ML. In
fact, the dialect we are using hereis essentially identical to the one used by the optimising
Scheme compiler OrRBIT[Kranz* 86].

2.1.2 History

Continuation-passing style is not a new idea, dating back to at least the mid-Sixties
[Wijngaarden 66]. Reynolds [Reynolds 72] pointed out the semantically constraining fea-
tures of CPS as a language for describing language interpreters.

The central challenge of a Scheme compiler is dealing with lambda. The extreme ssm-
plicity and power of Scheme comes from the power of the lambda operator. Programmers
capitalise on this power: typical Scheme programming style uses lambdas frequently, with
the assumption that they will be implemented cheaply.

CPS-based compilers raise the stakes even further. Since all control and environment
structures are represented in CPS Scheme by lambdaexpressions and their application, after
CPS conversion, lambdas become not merely common, but ubiquitous. The compiler lives
and dies by its ability to handle lambdas well. In short, the compiler has made an explicit
commitment to compile lambda cheaply — which further encourages the programmer to
use them explicitly in his code.

Implementing such a powerful operator efficiently, however, is quite tricky. Thus,
research in Scheme compilation has had, from the inception of the language, the theme
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of taming lambda: using compile-time analysis techniques to recognise and optimise the
lambda expressions that do not need the fully-general closure implementation.

Thisthesis extends athread of research on CPS-based compilersthat originateswith the
work of Steeleand Sussman inthemid-seventies. CPSanditsmeritsaretreated at length by
Steele and Sussman. Their 1976 paper, “Lambda: The Ultimate Declarative” [Steele 76],
first introduced the possibility of using CPS as an intermediate representation for a Scheme
compiler. Steele designed and implemented such acompiler, Rabbit, for his Master’sthesis
[Steele 78]. Rabbit demonstrated that Scheme could be compiled efficiently, and showed
the effectiveness of CPS-based compiler technology. Rabbit introduced the idea of code
anaysisto aid the compiler in trandating lambdas into efficient code.

The next major devel opment in CPS-based compilation wasthe ORBIT Scheme compiler
[Kranz™ 86], designed and implemented by the T group [Reest 82] at Yale. ORBIT was
a strong demonstration of the power of CPS-based compilers: it produced code that was
competitivewith non-optimising C and Pascal compilers. ORBIT, again, relied on extensive
analysis of the CPS code tree to separate the “easy” lambdas, which could be compiled into
efficient code, from the lambdas that needed general but less-efficient run-timerealisations.
The most detailed explication of these analysesisfound in Kranz's dissertation [Kranz 88].
ORBIT isthe most highly optimising Scheme compiler extant.

Kelsey, also amember of the T group, has designed a compiler, TC, whose middle and
back ends employ a CPS intermediate representation [Kelsey 89]. He hasfront endswhich
trandate BAsIc, Scheme and Pascal into CPS.

A team at Princeton and Bell Labs, led by Andrew Appel and David MacQueen, has
applied the Orbit technology to ML with good results [Appel™ 89]. Their CPS-based
compiler is currently the standard compiler for most ML programming in the U.S.

CPS is now an accepted representation for advanced language compilers. None of
these compilers, however, has made a significant attempt to perform control- or data-flow
analysis on the CPS form. Thisthesis, then, is an attempt to push CPS-based compilersto
the next stage of sophistication.

2.2 Control Flow in CPS

The point of using CPS Scheme for an intermediate representation is that all transfers of
control are represented by procedure call. This gives us a uniform framework in which to
define the control-flow analysis problem. In the CPS Scheme framework, the control-flow
problemis defined as follows:

For each call site ¢ in program P, find a set L(¢) containing all the lambda
expressions that could be called at c. 1.e,, if thereis a possible execution of P
such that lambda / is called at call site ¢, then [ must be an element of L(¢).

That is, control-flow analysis in CPS Scheme consists of determining what call sites call
which lambdas.
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This definition of the problem does not define a unique function £.. The trivial solution
is the function L(c¢) = AllLambdas, i.e., the conclusion that all lambdas can be reached
from any call site. What we want is the tightest possible /. that we can derive at compile
time with reasonable computational expense.

2.3 Non-Standard Abstract Semantic Inter pretation

2.3.1 NSAS

Casting our problem into this CPS-based framework gives us a structure to work with; we
now need a technique for analysing that structure. The method of non-standard abstract
semantics (NSAYS) is an elegant technique for formally describing program analyses. It
forms the tool we'll use to solve our control-flow problem as described in the previous
section.

Suppose we have programs written in some programming language 7., and we wish to
determine some property X about our programsat compiletime. For example, X might be
the property “the set of variablesin a program whose values may be stack-all ocated instead
of heap-alocated.” There is a three-step process we can use in the NSAS framework to
construct a computable analysisfor X:

1. We start with a standard denotational semantics S for our language. This givesus a
precise definition of what the programs written in our language mean.

2. Then, wedevelop anon-standard semantics .Sy for L that precisely expresses property
X. We typicaly derive this non-standard semantics from our original standard
semantics S. So, whereas semantics .S might say the meaning of a program is a
function mapping the program’s inputs to its results, semantics Sy would say the
meaning of aprogram is afunction mapping the program’s inputs to the property X.
The point of this semantics is that it constitutes a precise, formal definition of the
property we want to analyse.

3. Sy isaprecise definition of the property we wish to determine, but its precision typ-
icaly impliesthat it cannot be computed at compiletime. It might be uncomputable;
it might also depend on the run-time inputs. The final step, then, isto abstract Sy
to a new semantics, Sy which trades accuracy for compile-time computability. This
sort of approximation is atypical program-analysis tradeoff — the real answers we
seek are uncomputable, so we settle for computable, conservative approximationsto
them.

When we are done, we have a computable analysis Sy, and two other semantics that link
it back to the real, standard semantics for our language.

The method of abstract semantic interpretation has severa benefits. Since an NSAS-
based analysisisexpressed in terms of aformal semantics, it is possible to prove important
propertiesabout it. In particular, we can provethat the non-standard semantics S'x correctly
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expresses properties of the standard semantics S, and that the abstract semantics Sy is
computable and safe with respect to Sy. Further, due to its formal nature, and because
of itsrelation to the standard semantics of a programming language, Smply expressing an
analysisin terms of abstract semantic interpretations helpsto clarify it.

NSAS-based analyses have been developed for an array of program optimisations.
Typical examples are strictness analysis of normal-order languages [Bloss™ 86] and static
reclamation of dynamic data-structures (“compile-time gc”) [Hudak 86b].

2.3.2 Don't Panic

The reader who is more comfortable with computer languages than denotational semantics
eguations should not despair. The semantic equations presented in this dissertation can
quite easily be regarded as interpretersin afunctional disguise. The important point is that
these “interpreters’ do not compute a program’s actual value, but some other property of
the program (in our case, the call graph for the program). We will compute this call graph
with a non-standard, abstract “interpreter” that abstractly executes the program, collecting
information as it goes.

2.3.3 NSASExample

The traditional toy example [Cousot 77, Mycroft 81] of an NSAS-based analysis uses the
arithmetic rule of signs. The rule of signs is ssimply the property of arithmetic that tells
us the sign of simple arithmetic operations based on the sign of their operands. a positive
number times a negative number is negative, a negative number minus a positive number
is negative, and so forth.

Consider a smple language that alows us to add, subtract, and multiply integer con-
stants. A typical expression in our language might be

-3 % (3 + (-4 - 2))

Supposewe' reinterested in determining the sign of an expression without having to actually
computeitsfull value.

e Our standard semantics S maps expressions to their arithmetic values:
S[-3 x (3 + (-4 -2))]=09.

Without going to the trouble to write out a recursive definition of S, sufficeit to say
that S specifies the necessary calculations to compute the value of an expression.

e Our sign-analysissemantics S;;,,, mapsan expressionto oneof thesymbols{—, 0, +},
depending onthesign of theresult. The exact semanticswould performthearithmetic
calculations, actually calculating the arithmetic value of the expression, and then
producing one of +, O, or —, depending on the sign of the result:

Ssign[[_3 * (3 + (_4 - 2))]] =+

This precisely defines the sign of any expression written in our language.
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e Our abstract sign semantics S’sign performs the computation in an abstract domain
using the rule of signs. Instead of calculating with integer values, it only retains the
possible signs of the intermediate calculations. The required additions, subtractions
and multiplications are performed on these abstract values. So S’sign will add + to
+ and get +; multiply + by — and get —, and so forth. Unfortunately, this abstract
calculation can resultin loss of information. For example, if S,;,, addsa+ toa—, the
result value can have any sign. Inthis case, S’sign must produce the value {—, 0, +}.
Thus, while S;;,, computes with the integers Z, S’sign computes with sets of signs
fromp({—,0,+}). So

Siign[3 * (=4 = D] ={+}+({-} —{+})
={+}+{-}
={-}

but

Sign[3 + (-4 - D)= {+} + ({-} = {+})
= {+}+{-)
={-,0,+}.

In the second example, S’sign produced aresult that was correct (after all, it iscertainly true
that the sign of -3 iseither +, O, or —), but less precise than the exact semantics .5;;,,. This
isan important property: the abstract semantics must approximate the exact semanticsin a
conservative way.

Because we are expressing our analysis with formal semantics, this conservative-
approximation property can be formally expressed and verified. If we were to write out
complete definitions for S;;,, and S’Wn, for example, we could provefairly easily that

Verp, Ssgn(exp) € gsign(e:rp).

That is, for any given expression, S’sign returns a set containing at least the true sign of the
expression, and possibly others. This is the sort of conservative-approximation property
which isimportant to show in general for our abstract analyses.

This smple sign-analysis example shows how a non-standard semantics can express
the ideal analysis we want, and how we can abstract our non-standard analysis to arrive at
a computationally smpler analysis that is a safe approximation to the exact analysis.



Chapter 3

Control Flow |: Informal Semantics

Interesting if true — and interesting anyway.
— M. Twain

We can develop a computable control-flow analysis technique by following the NSAS
three-step construction process:

1. We start with a standard semantics for CPS Scheme.

2. From the standard semantics, we develop a non-standard semantics that precisely
expresses control-flow analysis. This semantics will be uncomputable.

3. We abstract this semantics to develop a computabl e approximation.

The emphasis of this chapter will be on an intuitive development of the main ideas
behind the analysis. The mathematical machinery will be kept in check, and proofs will
be avoided altogether. In fact, thisinitial treatment will view a denotational semantics as a
kind of Schemeinterpreter written in afunctional language. A reader familiar with Scheme
but not with denotational semantics should be able to follow the development without too
much trouble. In the next chapter, we will delve into the mathematical fine detail and the
proofs of correctness.

In other words, this chapter presents all the interesting ideas; in the next chapter, we'll
prove that our intuitions about them are, in fact, true.

3.1 Notation

D~ is used to indicate al vectors of finite length over the set D. Functions are updated
with brackets. e[a — b, ¢ — d] is the function mapping « to b, ¢ to d, and everywhere
else identical to function e. An update standing by itself is taken to be an update to the
bottom function that is everywhere undefined, so [a +— b, ¢ — d] = L[a > b, ¢ — d],
and [] = L. Vectors are written (x4, ..., x,), and are concatenated with the § operator:

15
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v1§vp. The ith element of vector v iswritten v|:. The power set of A isP(A). Function
applicationiswrittenwith juxtaposition: f=. We extend alattice’s meet and join operations
to functionsinto the lattice in a pointwise fashion, eg.: f Mg = Ax. (f )M (g x). The
“predomain” operator + is used to construct the digoint union of two sets: A + B. This
operator does not introduce a new bottom element, and so the result structure is just a set,
not a domain.

A half-arrow f: A — B indicates a partial function. The domain of a partial function
f iswritten Dom(f). The image of a function f iswritten Im(f). Soif ¢ is the partial
function [1 — 2, 3+ 4, 17 — 0], then Dom(g) = {1,3,17}, and Im(g) = {2, 4, 0}.

In this dissertation, | use the term domain to mean a pointed, chain-complete, partially-
ordered set, or cpo. Continuous functions on cpo’s have least fixed points. The least fixed
point of such afunction f iswritten fix f, wherefix f = ||, f*L.

When bits of program syntax appears as constants in mathematical equations, they will
be quoted with “Quine quotes’ or “semanticsbrackets’: [ ]. For example, suppose we have
some mathematical function f whose domain is Scheme expressions. To apply f to the
programtext (A (x y) (g x x)),wewrite f [(A (x y) (g x x))]. Within semantics
brackets, we can “unquote” an expression with anitalicised variable. Soif ¢ = [(f x x)],
andwewrite!/ = [(A (x y) o)],thenwemeanthat [ =[(\ (x y) (f x x))].

Conditional mathematical expressionsarewrittenwith a“guarded expression” notation,
eg.:

absr=2>0 — =z
r<0 — —ux

otherwise 0.
3.2 Syntax
The abstract syntax for CPS Scheme is:
PR = LAM
LAM = (A (v1...v,) ¢) [v; € VAR, ¢ € CALL]
CALL = (f a1...a) [/ € FUN, a; € ARG]
(letrec ((f1 l)..) o [fi € VAR, [; € LAM, ¢ € CALL]
FUN := LAM + REF + PRIM
ARG = LAM + REF 4+ CONST
REF ::= VAR
VAR = {x,z foo,...}
CONST = {3,#f,...}
PRIM = {+ if test-integer,...}
LAB := {&,Ti, . }

This abstract syntax defines the language we informally specified in the last chapter. All
the various semantic definitions we'll be constructing will be defined over programs from
this syntax. PR isthe set of programs, which are just top-level lambdas. LAM, CALL,
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FUN, ARG, REF, VAR, CONST, and PRIM are just the sets of lambdas, call expressions,
function expressions, argument expressions, variable references, variables, constants, and
primops, as discussed earlier.

The set LAB is the set of expression labels. In order to have unique tags for each
component of a program being analysed, we prefix each part of a program with a unique
label. For example,

(N (x) ex(rif roix ki3 r3ix))
isthe fully-labelled expression for

(A (x) (£ x 3 x)).

Each lambda, call, constant, and variable reference in this expression is tagged with a
unique label. Different occurrences of identical expressions receive distinct labels, so the
two referencesto x have the different labels r, and r3. Labelsalow usto uniquely identify
different pieces of aprogram. The abstract syntax just given doesn’t show the labels; to be
completely correct, the syntax description must have labels added to the right-hand sides
of the LAM, CALL, REF, CONST, and PRIM definitions. Because they visualy clutter
our examples, we will suppress labels from expressions whenever convenient. We will also
play fast and loose with the distinction between expressions and their associated labels; the
meaning will always be clear.

WEe' Il additionally assume acouple of useful syntactic propertiesabout programswritten
in our syntax. First, we'll assume that all programs are “aphatised,” that is, any given
variable in the program is bound by only one lambda or 1etrec expression. Itisasimple
task to rename variablesto enforce thisrestriction. Second, we'll assume our programs are
closed; i.e., have no free variables. Thisisaso asimple property to check at compiletime.
Third, we'll assume that the arity of al primop applications is syntactically enforced. For
example, wedeclarethat (if a b ¢ d e f)isnotalega expression, sincethe if primop
only takes three arguments. Primops are not first-class, so it’s easy to check this property
at compiletime. Doing so will simplify our upcoming semantic equations.

A useful syntactic functionisthe binder function, which mapsavariable to the label of
the lambda or Letrec construct that bindsit. In the previous expression, binder [x] = (.
The alphatisation assumption makes this a well-defined function — no variable is bound
by two different lambdaor 1etrec expressions.

3.3 Standard Semantics

Figures 3.1 and 3.2 present a complete semantics for CPS Scheme. To keep things simple,
the semantics leaves out side-effects (we will return to them in alater section).

The run-time values manipulated by the semantics are given by the sets Bas, Clo, Proc,
D, and Ans:

Bas is the set of basic values. Our toy language has integers and a special boolean false
value. We'll take any non-false value as a true value.
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Clo is the set of lambda closures. A closure is a lambda/environment pair (¢, 3) (we'll
return to environmentsin a moment).

Proc isthe set of CPS Scheme procedures. A procedureiseither aclosure, aprimop, or the
specia stop value. Primopsare represented by their syntactic identifier, from PRIM.
The stop procedureis how aprogram haltsitself: when stop is called on some value
d, the program terminates with result d.

D isthe set of run-time values a program can manipulate. A run-time datum is either a
basic value or a procedure.

Ans isthe domain of final answers the program can produce. If the program halts with no
error, it produces a value from D. If the program encounters a run-time error (e.g.,
divide-by-zero or trying to call a non-procedure), it halts with a specia error value.
Theremaining possibility isthat aprogram can get into an infiniteloop, never halting.
Thisis represented by the bottom value L.

Bas = Z + {fase}
Clo LAM x BEnv

Proc = Clo+ PRIM + {stop} PZS CP:gN—)S'?rE Bas

Arz = B[";‘S +{Fe’rr:’§r} A : ARGU FUN — BEnV — VEn — D

N - ((J +t )1 C CALL — BEnv — VEnv — Ans
ontours F Proc — D* — VEnv — Ans

BEnv = LAB— CN
VEnv = (VARxCN)—D

Figure 3.1: Standard Semantics Domains and Functionalities

Our interpreter factors the environment into two parts. the variable environment (ve €
VEnNv), which is essentially a global structure, and the lexical contour environment (5 €
BEnv). A contour environment 3 maps syntactic binding constructs— lambdaand 1letrec
expressions — to contoursor dynamic frames. Each timealambdaiscalled, anew contour
is adlocated for its bound variables. Contours are taken from the set CN (the integers
will suffice). A variable paired with a contour is a variable binding (v, b). The variable
environment ve, in turn, maps these variable bindings to actual values. The contour part of
the variable binding pair (v, b) iswhat allows multiple bindings of the same identifier to
coexist peacefully in the single variable environment.

For example, suppose we have a closure over some CPS Scheme lambda expression
(N (x y) ...x...y...) whichisboundto f and called twice during program evaluation,
once with arguments (£ 3 7), and once with arguments (f 22 46). The first time we
enter the lambda, we allocate a new contour (say, 1), and bind x and y to 3 and 7 in the new
contour. The second time we enter the lambda, we again allocate a new contour (thistime,
2), and bind x and y to 22 and 46 in the new contour. The two different binding contexts
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are distinguished in the variable environment by the contours. We would end up with the
variable environment

ve =[...,([x], 1) — 3,{[y], 1) — 7,....([x], 2) — 22,([y], 2) — 46,...],
and two different lexical contexts, given by the contour environments
p=1..,0—1],
=10 2.

Since contour environments determine how we look up variables in the variable envi-
ronment, we pair them up with lambdas to get Scheme's lexical closures. This sort of
factored-environment representation is a semantic model called the *contour model of
block-structured processes’ [Johnston 71]; as we'll see, it will help us with our eventua
abstractions.

There are five semantic functions that comprise our CPS Scheme interpreter: PR, A,
K,C,and F:

e PR takes atop-level lambda, and runs the program to completion, returning the
fina value the program halts with. If the program never halts, PR returns L (we
are allowed to do this because PR is just a mathematical function — we are only
pretending that it isan interpreter).

A evaluates function and argument expressions in a given environmental context.
Function and argument expressions overlap a good deal; A is defined on their union
ARG U FUN = LAM + REF + PRIM + CONST.

K evaluates constants. It maps numerals to the corresponding integer, and the false
identifier to the false value. We won'’t bother to specify X in detail.

C evaluates a call expression in a given environmental context. Since calls don't
return in CPS, this means it runs the program forward from the call to completion,
returning the final value the program halts with.

JF applies a procedure to an argument vector, and runs the program forward from
the application, again returning the final value the program halts with. F aso takes
the variable environment as an argument, so that variable lookups that occur during
program execution can be performed.

The semantic functions are defined in figure 3.2. The figure defines a complete, if
minimal, CPS Scheme interpreter.

e The PR function is simply a cover function that starts up the interpreter. PR calls
A to evaluate its lambda ¢ in the empty environment, and then calls F to apply the
result closure to an argument vector with one argument: the stop continuation. In
other words, the top-level lambda is closed in the empty environment, and applied
to the stop continuation. This runs the program forward until the stop continuation
is actually called, producing the final value passed as the argument to the stop
continuation.
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PRI=F [ (stop) []
where f = A [] []

A[k] Bve=KEk

A [prim] g ve = prim

A [v] 8 ve = ve (v, 3(binder v))
A 6 ve = (L, B)

CI(f ar...a,)] pve=f ¢ Proc — error
otherwise F [ av ve
where f' = A f 3 ve

avli = Aa; 3 ve
Cle:(Qetrec ((f1 l)...) )] Bve=Cc [ ve
where b = nb
5 = Ble - 1

ve' = vel(fi, b) — Al 3 ve]

F ([t:CA (v1...v,) O], B) av ve =
lengthav #£n — error
otherwise C ¢ (B[¢ — b]) (ve[{v;, b) — avli])
where b = nb

F stop av ve = lengthav £ 1 — error
otherwise av |1

F[+] («, y, k) ve = bad argument — error
otherwise F k (v + y) ve

f[[if]] <$, ko, k1> ve = {ko,kl} Q: Proc — error
x # fase — F ko () ve
otherwise F k1 () ve

Figure 3.2: Standard CPS Scheme Semantics
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e The A function evaluates function and argument expressions (i.e., variables, con-
stants, primops, and lambdas) given the current variable environment ve and contour
environment 5. A hasfour cases. A constant £ is evaluated by the constant specialist
K. A primop prim evauates to itself — that is, we use the actual syntactic token
prim for the primop’s value. A variable reference v is evaluated in a two step pro-
cess. Firgt, the contour environment is indexed with the variable’s binding lambda
or letrec expression binder v to find this variable’s current contour. The contour
and the variable are then used to index into the variable environment ve, giving the
actual value. A lambda expression ¢ is evaluated to a closure by pairing it up with
the current contour environment.

Note that .A can’'t produce a bottom or error value. Thisisbecause A only evaluates
simple expressions that are guaranteed to terminate: variables, constants, primops
and lambdas. The only possible run-time error evaluation of these expressions could
produce is an unbound variable, and we explicitly restricted our syntax to rule out
that possibility. This simplicity of evaluation is one of the pleasant features of CPS
Scheme.

e The C function evaluates call expressions in a given environment context. It has
two cases, one for smplecalls (f a1...a,), and onefor letrec’s. To evaluate a
simple call, C uses A to evaluate the function expression f and each argument «;.
The argument values are packaged up into an argument vector av. If f evaluates
to a procedure, C uses F to apply the procedure to the argument vector and the
current variable environment; F returns the final value produced by the program. If
f evaluates to a non-procedure, then the program is aborted with the error value.

Toevaluate aletrec expression, C first allocates a new binding contour 4. The new
contour is allocated by the function nb, which is a contour “gensym” — it is defined
to return a new, unused value each timeit is called.! The contour environment /3 is
augmented to create the inner contour environment 5’ = 3[c — b]. Looking up the
contour in ' for any of the variables f; bound by the letrec will produce 6. Then,
the letrec’slambdas /; are evaluated in the inner environment 3': A [; 3’ ve. Note
that evaluation of alambdajust closesit with the contour environment — the variable
environment ve isnot used by A, so it doesn’t matter what we pass A for the variable
environment.

After evaluatingthe letrec’'slambdas, C bindsthe proceduresto their corresponding
variables f; using the new contour 6. This creates the new variable environment ve’.
C then evaluates the inner call expression ¢’ in the new environment, running the
program forward from the letrec.

e The F function takes a procedure f, an argument vector av, and the variable envi-
ronment ve; it runs the program forward from the procedure application, returning

LAs defined, nb is not a proper function. Thisis easy to patch by adding an extraargument to the F and
C functions. Thisis the kind of obfuscatory detail we are avoiding in this chapter. We will return to these
issues in the next chapter.
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the final value produced by the program. F is defined by cases: one for closure
application, one for the stop continuation, and one for each primop.

When a closure is applied to an argument vector, F first checks the arity of the
closure’s lambda against the length of the argument vector. If the closure is being
applied tothewrong number of arguments, the programisaborted with theerror value.
Otherwise, the lambda's variables v; are bound to their corresponding arguments
av i in anew contour 5. The variable environment ve is augmented with the new
bindings, giving the new variable environment ve[(v;, b) — av]i]. The lexica
contour environment 5 is augmented to show that the lambda’'s variables are bound
in contour b, producing an inner contour environment of 3[¢ — b]. The lambda’s
inner call expression ¢’ isevauated in the new environment context by C, producing
the result value for the program.

The definition of F for the terminating stop procedureis simple: if the procedureis
being applied to exactly one argument, that argument is returned as the result of the
evaluation. Otherwise, the programis aborted with arun-time error.

The primops aso have smple definitions. | show F for the + and if primop cases,
other primopsaresimilar. The+ primopis appliedto athree element argument vector
(x,y, k). The addends = and y are added, and the sum packaged into a singleton
argument vector which is passed to the continuation 4. If the + primop iscaled on a
bad argument vector, the program is aborted with the error value for result. For the
purposes of +, an argument vector isbad if itsfirst or second element is not an integer
or if itsthird element is not a procedure.

The if primop takes three arguments (x, ko, k1) — a boolean value = and two
continuations. If one of the continuationsisn’t a procedure, the program is aborted.
If bisatruevalue, the “then” continuation & isapplied to an empty argument vector;
otherwise the “else” continuation 41 is applied to an empty argument vector.

Thesefivefunctions— PR, A, K, C, and F — compl etely definethe standard semantics

of CPS Scheme. They specify that the meaning of a program isthe value it produces when
it'srun. For example, applying PR to the following factorial program

(A (&)

(letrec ((f (A (n <)
(zero? n () (=)
(ifz (A O (¢ 1))
A O (o1 (@b
(f n1 (A (a) (*xamnc))))))
(f 5 k)))

produces 120.
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3.4 Exact Control-Flow Semantics

We can derive a control-flow semantics from our standard semantics by “instrumenting the
interpreter.” We find every place in the semantics where a procedure is called, and we
modify the semantics to record the call in some table. When the program terminates, the
semantics discards the actual value computed, and returnsthe table instead. Our semantics
IS now one that maps a program, not to its result value, but to arecord of all the calls that
happened during the program execution.

Clearly, while this approach gives a well-defined mathematical definition of control-
flow analysis, the definition is unrealisabl e as acomputable algorithm. If the program never
terminates, the interpreter will never halt, and never finish constructing the table. Further,
the table produced reflects only the calls that happen during one particular execution of the
program— it capturesprecisely thetransfersof control that take place during that execution.
Suppose we had more realistically included i/o in our semantics. To get a genera picture
of the program’s control-flow structure, we would have to interpret the program for each
possible input set, and join the result tables together. These issues are not a concern for
now; we'll worry about how to make the analysis computable later. For now, it suffices
that our instrumented interpreter serves as a very precise, formal definition of control-flow
analysis.

3.4.1 Internal Call Sites

There is one fine point we must consider before proceeding to our control-flow se-
mantics. not all procedures are called from program call sites. Consider the fragment
(+ab (A (s) (f as))). Whereis() (s) (f a s)) caledfrom? Itiscalled from
theinnardsof the + primop; thereisno corresponding call siteinthe program syntax to mark
this. We need to endow primops with special internal call sites to mark calls to functions
that happen internal to the primop.

For each occurrence of aprimop (p:prim ay...a,) inaprogram, we associate arelated
set of interna call sites z’c;, ey z’cg; for the primop’s use. Simple primops, e.g. +, have a
single internal call site, which marks the call to the primop’s continuation. Conditional
primops, e.g. if, have two internal call sites, one for the consequent continuation, and one
for the alternate continuation. These z¢ identifiers give us names for the hidden call sites
where primop continuations are called. So, we include them in the LAB set:

LAB = {(;,ri,ciyic),...} .

Now our label set includes the labels of all possible call sitesin the program, both visible
and hidden.

Some notational conveniences. Most ordinary primops only require a single interna
call site. When this is the case, we'll drop the superscript index. Furthermore, when
possible we'll include the actual primop with its label in the subscript. So if the primop
with label p happens to be [p:+], we'll write its single internal call site asic,,., instead of

1
ZCp.
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3.4.2 Instrumenting the Semantics

We only need to change the standard semantics dightly to produce our exact control-flow
semantics (figure 3.3). The only domain we must change is the answer domain, Ans. Our
new semantics produces call caches. A call cache (y € CCache) is a partial map from
call-site/contour-environment pairs to procedures:

CCache = (LAB x BEnv) — Proc
Ans = CCache

Note that this definition of a call cache is more detailed than one that smply maps a call
site to the procedures called from that site. This definition distinguishes the multiple calls
that happen from a single call site by including the environment context (from BEnv) as
part of the input to the cache.

Figure 3.3 shows the new interpreter. Instrumenting the standard interpreter involves
two basic changes.

1. Theplaceswhereproceduresare called— from PR’stop-level call, from C’ssmple-
call case, and from F’s continuation calls inside primop applications — must add
their call to the call cache being built up by the interpretation.

2. Program termination, whether by run-time error or application of the stop continu-
ation, must discard the actual result value and produce instead the empty call cache

[].

The PR function is similar to its previous definition: it closes the top-level lambdain
the empty environment and appliesit to the stop continuation. This procedure application,
however, evaluates to the call cache produced by running the rest of the program. PR
must add to this cache the fact that the top-level procedure f was called from the top call
in the empty environment. Thisis represented by the cache entry [(ciop, [1) — f], where
the label ciop representsthe call site for the top-level call. The updated call cache isthe call
cache for the entire program execution.

The A function hasn’t changed at all, since evaluating argument expressions doesn’'t
involve calling procedures.

The ssimple-call case of the C function changes in two respects. First, in the error case,
it abortsthe program and returnsthe empty call cache[]. C isresponsible for returning the
call cache for program execution from its call onwards; since the program has halted at the
call, the empty call cache is the right value to produce. Second, if it actualy performsa
call, it records the fact that procedure f/” was called from call ¢ in context 3, represented by
call cache entry [(c, 8) — f’]. Thisentry is added to the call cache produced by running
therest of the program.

The letrec case doesn’'t change, since the 1letrec’s local computation is Ssmply a
binding operation, and doesn’'t perform any procedure calls itself.

The F function performs calls to its primops continuations, and these calls must be
recorded. For example, the + primop performsa call to its continuation & from its internal
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PR = (F [ (stop) [1)[{ctop, [1) — /]
where [ = A/l [][]

A[k] Bve=KEk

A [prim] g ve = prim

A [v] 8 ve = ve (v, 3(binder v))
AL B ve = (L, B)

Cle(f ar...a,)] Bve = f' ¢ Proc — []
otherwise (F ' av ve)[(c, B) — ']
where f' = A f 3 ve
avli = Aa; B ve
Cle:(Qetrec ((f1 l)...) )] Bve=Cc [ ve
where b = nb

B'= Ble— 1]
ve' = vel(fi, b) — Al; B ve]

F AN r..v0) o], B) av ve =
lengthav #n — []
otherwiseC ¢ (B¢ — b)) (ve[{v;, b) — avli])
whereb = nb

F stop av ve =[]
F p:#] (=, y, k) ve = bad argument — []
otherwise (F k (z + y) ve) [<icp;+, 5> = k]
whereb = nb
B=[pr 10
F[p:if] (z, ko, k1) ve = {ko, k1} ¢ Proc — []
x # fase — (F ko () ve) Kicg:ifa 5> = kO]
otherwise (F k1 () ve) [<ic;:if7 5> = kl]
whereb = nb
B=[pr 10

Figure 3.3: Exact Control-Flow Semantics
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call siteic,,. Thisis recorded by call cache entry [(ic,.,, 3) — k| which is added to the
cache produced by running the rest of the program.

Notethat + allocates anew contour when itisentered, even thoughit bindsno variables.
In the course of executing a program, control could pass through this primop several times;
each time, there will be a call fromic ., to a continuation. We need to distinguish these
multipleic,., callsinthe call cache we are constructing. Multiple calls from the same call
site are distinguished in the call cache by an environment context 5. So, even though it
binds no variables, when control entersa+ primop, we allocate a new contour 6 = nb, and
construct anew contour environment 3 = [p — b] to make auniqueindex <icp:+, 6> inthe
call cache.

Similarly, if adds the appropriate entry to the final call cache, either recording that the
true continuation ko was called from theinternal call site:c?., ., or the false continuation &;

1
was called fromic,, ;.

3.5 Abstract Control-Flow Semantics

Now that we' ve defined our control-flow analysis semantics, we have aformal description
of the control-flow problem. The final step is to abstract our semantics to a computable
approximate semantics that is useful and safe.

The mgjor reason the exact semantics is uncomputable is because the domains and
ranges of the meaning functions are (uncountably) infinite. This is due to the infinite
number of distinct environmentsthat can be created at run time.

For example, the call cache constructed by the analysisis a potentially infinite table. If
acall cache ssmply mapped call sites to lambdas, it would necessarily be finite, because a
finite program only has a finite number of call sites and lambdas. A call cache, however,
maps call contextsto closures. The difference is environment information. A call context
(¢, B) isacal paired with a contour environment; similarly, a closure (¢, /) is alambda
paired with a contour environment. Although there are only afinite number of lambdas and
callsin agiven program, execution of that program can give rise to an unbounded number
of distinct environments.

For example, consider the following Scheme loop:

(letrec ((loop (A (£f) (loop (A (n) (x 2 (£ n)))))))
(loop (A (m) m)))

The 1oop procedure calls itself with afunction that is its input function doubled. What is
the set of procedures that £ could be bound to during execution of thisloop? It could be
bound to any of the procedures

{n—=nne2nn—4dn, .. .}.

This example shows how a finite program can give rise to an infinite set of procedures.
There are only afinite number of lambdaexpressionsin agiven program; the infinite sets of
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procedures arise because we can close these lambdas with an infinite set of environments.
If we can collapse our infinite set of environments down to afinite approximation, then we
can successfully compute a control-flow cache function.

The source of the infinite environments are the infinite contours allocated by nb during
program interpretation. If we force nb to allocate contours from a finite set, then we'll
only have afinite set of contour environmentsto deal with. This, in turn, will restrict our
analysisto afinite set of call contextsand closures, and our table construction will converge
— giving usacomputableanalysis. Of course, collapsing an infinite set of binding contours
down to afinite set is going to merge some variable bindings together — that is, looking
up a variable will produce a set of possibilities, instead of a single definite value. Thisis
the loss of precision we must accept for a computable abstraction.

To repeat the point: the key to making our analysis computable lies in restricting our
contour set to befinite. Thisisthe central abstraction of the computable analysis.

It should now be clear why we factored the environment structure from the beginning.
The variable binding mechanism is what gave rise to the infinite environment structure;
factoring the environment exposed this mechanism to possible abstraction. Abstracting the
contours and merging bindings was the critical step that allowed us to reduce this infinite
structure to afinite, computable one.

The other major changewe must make in abstracting our semantics concerns conditional
branches. Sincewedo not in genera know at compile timewhich way aconditional branch
will go, we must abstract away conditional dependencies. The if primop now “branches
both ways.” That is, the caches arising from the consequent and aternate paths are both
computed; these are joined together to give the result cache returned by the if primop.
Removing this data dependency has a further consequence: because basic values (from
Bas) are no longer tested by conditional branches, the basic value set can be dispensed with.
Since our semantics concernsitself solely with control flow, the only values that need to be
considered are those representing CPS Scheme procedures. (Had we included 1/O in our
original perfect control-flow semantics, this change would allow us to abstract away those
dependencies, aswell.)

The domains and functionalities for the abstract control-flow semantics are shown in
figure 3.4. The abstract domains and functions are distinguished by putting “hats’ on the
variable names. Closures (Clo) are till lambda/environment pairs, but the environment is
now an abstract environment (from BEnv). The set of run-time values (D) has changed
significantly. Asdiscussed, the set of basic values (Bas) has been dropped entirely. Further,
an element from D is a set of abstract procedures instead of a single procedure, reflecting
the fact that expressions now evaluate to sets of possibilitiesin the abstract semantics.

We' ve only specified infigure 3.4 that the abstract contour set CN isfinite— we haven't
said anything about what particular finite set it is. We can choose different abstractions by
choosing different finite sets for CN and different functions nb for allocati ng its contours.
These different choices have varying cost/precision tradeoffs; we'll be considering various
possibilities in following sections. However, the general model we are developing in this
section will apply to al of the possible choices. The important particular to keep in mind
isthat the infinite set of exact contours has been reduced to afinite set of abstract contours.
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Clo = LAM x BEnv
Proc = Clo+PRIM + {stop}  —

D = p(Proc) PR : PR— CCache N -
CCache = (LAB x BEnv) — D A ARGUFUN — BEnv — VEnv —D
CN = Contours (finite) ¢ : CALL — BENv — VEnv — CCache

F Proc — D* — VEnv — CCache

BEnv = LAB —CN
VEnv = (VARxCN)— D

Figure 3.4: Abstract Semantics Domains and Functionalities

Because we are collapsing variable bindings together, evaluating a variable now yields a
set of possibilities, instead of asinglevalue. Thisisreflected in thefunctionality of abstract
variable environments; avariable environment ve € VENv maps abstract variable bindings
to sets of abstract procedures (from D).

If it helps you to kegp in mind a particular contour abstraction when reading these
semantics, here is the simplest possible abstraction, which we'll be discussing in the
next section: all contours are identified together to a single abstract contour. So
CN = {1}, and nb is just the constant function that always returns 1. For a given
variablex, this abstraction puts all values bound to x into the same set.

Figure 3.4 shows the critical effect of the contour abstraction. By making CN finite (and
assuming a finite program, so that LAB, LAM, and PRIM are aso finite), all other sets
become finite.

The functionalities of our semantic functions PR, F, C and A remain essentially
unchanged from their exact counterparts — we' ve altered them only by adding hats to all
the appropriate sets.

Figure 3.5 shows the definition of the abstract semantic functions. PR, again, isjust
a cover function, performing the initial call to the top-level lambda. .4 now evaluates
argument expressions to sets of abstract procedures. Since a constant £ can not possibly
evaluateto aprocedure, A returnsthe empty set for thiscase. Evaluating aprimop prim can
only produce that primop, so A produces the singleton set {prim} for thiscase. Similarly,
evaluating a lambda expression ¢ must result in a closure <£, B> over that lambda, so A

produces the corresponding singleton set. 4 evaluates variables using exactly the same
lookup process that its exact counterpart uses — the difference being that the index into the
abstract variable environment ve produces avalue set instead of a specific value.

C isvery similar to its exact counterpart. The major difference for the simple-call case
liesin the fact that the function expression f now evaluatesto aset of procedures . C must
run the program forward from the call for each possible procedure f' € [ that we could
potentially be branching to. The caches produced by each application are combined (by
joining the caches together, which gives a cache producing the union of all the individual
caches contributions: (%1 L 42) <c, B> =4 <c, B> U 4, <c, B>) To this result cache we

o~

add C’s local contribution [<c, 6> - F] which states that from call ¢ and context 3, we
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PR = (F f {{stop}) [1) U l{cup, 11} {1}
where {/} = A ¢ [] []

Alk] B ve =0

A [prim] 3 e = {prim}

AL 8 7 = {{¢. 5)}

Av] B ve = ve <v, B(biﬂder v)>

Cle(f ar...a)] 3 7 = (|_| ﬁf'@@)u (e, B) > F]
A f'er
where ' = A f 3 ve
@i = Aa; B ve
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whereb_nb
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‘7? <V:()\ (v1...v,) c)]], B> a0 TE =
otherwiseC ¢ (B [z — bD (@ L K% ?)> _ @UD
where b = nb

Flel (a2 k) = (U F 1 0) %) 0 (e )= 1

rek

where b = nb
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f€ko fek1
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where b = nb
ER

F stop av ve = []

Figure 3.5: Abstract Semantic Functions
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could have called any of the proceduresin F'. Because we are collapsing contourstogether,
we may aready have a set of procedures associated with call cache entry <c, B> Thisis
why the cache addition is made with a join operation, so that we are in effect adding the
set of procedures F' to any that we may have aready recorded in the call cache under the
<c, B> entry. By not overwriting any old information we have, only adding to it, we keep
our analysis conservative.

C inthe letrec case is similar to the exact version. Because we might already have
entriesin the variable environment ve for the variable bindings < fis b> , Weagain must join
the new proceduresin with the current entries to produce the new environment ve’.

F applies an abstract procedure to a vector of value sets. If the procedure is a closure
<€, 6>, the arity of the lambda is checked. If the closure is being applied to the wrong

number of arguments, the abstract interpretation is aborted, and f“ returns the empty call
cache []. Otherwise, F allocates an abstract contour (b = nb) in which to bind the
lambda's variables. Just asinC’s 1etrec case, the variable bindings (v;, b> might already
have entries in the variable environment ve. We add the set of values av |7 to whatever
values we already have bound to entry <vi, ?)> in the variable environment v¢, producing

the new environment e U [{v;, b) — @ lz]{. The lambda's inner call ¢ is evaluated in the
updated environment, giving the call cache for executing the rest of the program.

If the procedureisthe + primop, the argument vector passed to it contains three values:
(&, 9, k). Theargument i isaset of possible continuations, and the abstract addends i and

y areirrelevant — they have no procedural interpretation. F runstheinterpretation forward
for each abstract continuation f € k. In the exact semantics, the continuation was applied
to the sum of the primop’s addends; in the abstract semantics, we know that whatever the
sum could be, it couldn’t possibly be a procedure, so its abstraction as avalue set is(). So
each abstract continuation f isapplied to the argument vector (()). Theresulting call caches

are all joined together, and +’s local contribution [<icp:+, B> — k] is added, which states

that all of the continuations passed in as +'s argument J: could have been called from +'s
internal call site in the environment context /3.

Note that the abstract definition of the + primop does less error checking than the exact
one: it doesn’t check to ensure that the addends are integer values. For example, if the exact
control-flow semantics was applied to the expression (+ 3 #f k), it would immediately
halt the interpretation, making no further entries to the call cache. The approximate
semantics, however, would record the primop’s call to the continuation, and continue the
interpretation. Thisis acceptable, since including some extracallsin thefinal call cacheis
erring on the conservative side — the abstract analysis hasn’t left out any of the actual calls,
only included a few extras. This (conservative) weakening of the run-time error checking
isapervasive feature of the abstract analysis.

The if primop case is similar to the + case, except that we branch both ways from the
conditional.

The stop caseisagain quitesmple: no callsare made after applyingthe stop procedure,
so the empty call cacheis returned.
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3.6 OCFA

The abstract semantics of the last section didn’t specify which finite set to choose for the
abstract contours CN, or what rule to use for allocating these contours on procedure entry.
Inthissection, we'll look at the smplest possible abstraction, inwhich thereisonly asingle
abstract contour: CN = {1}. Thus the nb function is just the constant function aways
returning 1. In the exact semantics, al bindings of a given variable were kept distinct;
in this simple abstraction, all bindings of a given variable are merged together. Suppose
that, over the lifetime of a program some variable x is bound to seven different values:
{d1,ds,...,d7}. In OCFA, after these bindings have been made, evaluation of x in any
environmental context produces not one of the d;, but the entire set. Thistrivial abstraction
is called “Oth-order Control-Flow Analysis’ (OCFA) (we'll consider other, more detailed
abstractionsin the next section).

Even though OCFA isquitesimple, itisstill very useful, particularly for intra-procedural
flow analysis. For example, theimplementation of induction-variableelimination discussed
in chapter 7 is based on a OCFA analysis. Additionally, OCFA has the attraction of being
fast.

We could write down the equations for the OCFA semantics smply by replacing “nb”
with “1” throughout the equations of the previous section. However, once we do this, we
can simplify the equations further (figures 3.6, 3.7). OCFA is avery specia abstraction
because it is the trivial case. Many of the structures in the general abstract semantics
collapse to degenerate cases in OCFA. For example, once we specify that CN = {1}, then
contour environments become degenerate: every environment 5 maps al its labels to 1.
So we can dispose of contour environments in the special case of OCFA. Similarly, the
variable/contour pairs (v, b) that index variable environments become degenerate, since
the contour, again, must alwaysbe 1. So, we can smplify the variable environment domain
to be maps from variables to sets of values: VAR — D. The same reasoning applies to
closures and call caches. the context information 3 that is paired with alambda ¢ to make
a closure, and paired with a call to make a call cache index is degenerate. So we can
represent an abstract procedure with just alambda, and acall cache now maps calls to sets
of lambdas.

Proc = LAM + PRIM + {stop} PR : PR — CCache
D = P(Proc) A : ARGUFUN — VEnv — D
CCache = LAB — D C : CALL — VEnv — CCache
VEnv = VAR— D F : Proc — D* — VEnv — CCache

Figure 3.6: OCFA Domains and Functionalities

The OCFA analysisis interesting because it analyses pure control-flow structure; envi-
ronment structureisignored completely. It providesadirect answer to the question “Which
lambdas are called fromwhich call sites?” Becauseitisso smple, it can be computed faster
than other, more detailed abstractions. However, the ssimplicity carries a price of reduced
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Figure 3.7: OCFA Semantics Functions
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precision. Collapsing call contexts together can merge together calls from the same call
site that happen in otherwise distinct environment contexts, causing distinct control paths
to merge unnecessarily. For example, consider a single subroutine £ which is called from
two different placesin a program:

cooei(f 3 kr(A (al) L)) Ll e (f 4 ki (R2) L)) ...

f3:(A (n k) ... c3:(k answer))

In OCFA, we record that

1. wecould branch to /3 from ¢;;
2. we could branch to /5 from ¢5; and

3. we could branch to either k1 or &k, from cs.

Thisinformation allowsfor spuriouscontrol-flow paths—it allowsfor thepathsci /s . . . c3k>
and cyl3...c3k;. That is, the analysis includes the possibility that the call from ¢; could
return to k,, and vice versa.

A moredetailed analysis might distinguish theabstract contoursallocated when entering
(3, so that the two different bindings of the continuation k are kept distinct. This would
eliminate the spurious control-flow paths. We would record that

1. we could branch to /3 from ¢;
2. we could branch to /3 from ¢;;
3. we could branch to £, from ¢z in the context created by entering /3 from ¢;; and

4. we could branch to £, from ¢z in the context created by entering /3 from cs.

Themoredetailed environment informationinthe call cache eliminatesthe spuriouscontrol -
flow paths. These sorts of considerations lead us to consider other, more detailed abstrac-
tions.

3.7 Other Abstractions

A more precise abstraction, which wewon'’t explorein detail inthischapter, isto distinguish
the contoursallocated when alambdaiscalledfromtwodistinct call sites. Inthisabstraction,
which we'll call 1st-Order Control-Flow Analysis (1CFA), a contour is a call site: CN =
CALL. We change our semantics so that whenever a call is performed, the call site’s |abel
is passed along as an extra argument ciom to F. Then, abstract contour allocation is just
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using cqrom — that is, we just replace every occurrence of “nb” in the F eguations with
“Ctrom” -

So, if agiven lambdais called from five different call sites, we will bind its variables
in five different contours. All values passed to the lambda from a given call site will be
merged, but values passed from different call siteswill be distinct.

Since contours are now call sites, and afinite program has only a finite number of call
dites, the analysis remains computable. The greater number of contours, however, means
that the analysis will take longer to converge than the smple OCFA analysis. So 1CFA buys
greater precision with increased analysis time.

The idea of 1CFA is similar to some of the abstractions used in Hudak’s work on
reference counting [Hudak 86b]. It isn’t difficult to come up with other abstractions, with
different cost/precision tradeoffs. Choosing a good abstraction that is well-tuned to typical
program usageisnot atopicthat | have explored in depth, although it certainly merits study.
Deutsch has experimented with a number of different procedural abstractions in his work
on semantic descriptions in a normal-order A-calculus [Deutsch 90]. These abstractions
all seem adaptable to the control-flow semantics in this dissertation, and thus might be
considered.

3.8 Semantic Extensions

Werestricted our language and its semanticsin order to simplify the presentation of theanal -
ysis. Now that we' ve devel oped thebasi c analysis, we can extend it to handl e other semantic
features. side-effects, external procedures and calls, and user-procedure/continuation par-
titioning. These extensions will be presented in less detail than the basic analysis.

3.8.1 SideEffects

Scheme and ML allow side-effects, a feature missing from the semantics in the preceding
sections. We need to extend the basic analysis to handle this feature.

To keep the mechanisms as simple as possible, we'll use a very simple side-effects
system. We'll add a single mutable data structure, the cell. A cell is a first-class data
structure that contains one value, called its contents. Cells can be allocated, and their
contents can be atered or fetched. We need three new primops to manipulate cells. new,
set, and contents.

e We alocate acell with the new primop:
(new 3 (X (cell) ...)) bindscell toanew cel with contents 3.

e We alter acell’s contentswith the set primop:
(set cell 5 (A () ...)) changescell’scontentstob.

e We fetch acell’s contents with the contents primop:
(contents cell (M (val) ...)) bindsval tothecontentsof cell.
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Scheme users can think of cells as one-element vectors, or cons cells with just acar ot but
no cdr slot. ML users can think of cellsas ML ref’s. Cells serve to capture the basics of
amutable data-structure. The techniques we'll use to analyse them can be equally applied
to the full range of mutable data types in the languages we are analysing: pairs, vectors,
records, and so forth.

Note, however, that we are not considering side-effects to variables (i.e., variable
assignment). The techniques presented here could be extended to cover this semantic
feature, but it isn't necessary to do so. For one, some higher-order languages, such as ML,
do not allow side-effectsto variables. Other languages, such as Scheme, do; but thisis not
aproblem. Compiler front-endsthat reduce Scheme programs to the CPS Scheme internal
representation can transform the programs so that al variable side-effects are converted to
operationson cells. Thisalowsour semantics and analysisto assume that variable bindings
are immutable, a convenient assumption — it allows the compiler to invoke more of the
invariants of the lambda-calculus on the expressions in the internal representation.? This
sort of transformation is called “assignment conversion,” and is performed by the ORBIT
Scheme compiler.

How must we alter our standard and control-flow semantics to add mutable cells? We
need to introduce the set of addresses Addr to model cells. We can represent an address
with just an integer. Addresses (cells) are first-class citizens, so we must include them into
the set of run-time values D. Our interpreter now has to pass around a store o € Store,
which is modelled by atable mapping allocated addresses to values:

Addr=Z
D = Bas+ Proc + Addr
Store= Addr — D

New addresses are allocated by the alloc function, which is guaranteed to return a new
address each time it iscalled.

The C and F functions passthe store around as they interpret the program, so they must
be redefined to take an extra argument:

F:Proc — D* — VEnv — Store — Ans
C:CALL — BEnv — VEnv — Store — Ans

Theonly placethe storeisactually referenced or atered isinside the three primopsnew,
contents, and set:

F [new] (d, k) ve o = bad argument — error
otherwise F k (a) ve (o[a — d])
where a = alloc

2... and rewards programmers who use binding instead of assignment by producing tighter code — a bit
of positive reinforcement that may appeal to compiler-writerswith ideological agenda.
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F [contents] (a, k) ve o = bad argument — error
otherwise F k (0 a) ve o

F [set] (a, d, k) ve o = bad argument — error
otherwise F k () ve (o[a — d])

We can extend the exact control-flow semanticsin a similar fashion.

Now we need to choose an abstraction for the store. Just as with contours, we need an
abstraction that reduces the infinite numbers of distinct cells that could be allocated at run
time to afinite abstraction.

For the purposes of doing control-flow analysis of languages like Scheme, tracking side
effectsisnot of primary importance. Since Scheme makes variable binding convenient and
cheap, side effects occur relatively infrequently. (This is especialy true of well-written
Scheme.) Loops, for instance, tend to update their iteration variables by rebinding themvia
tail-recursive calls, instead of by assigning them.

To further editorialise, | believe that the updating of loop variables is a task best |eft
to loop packages such as Waters' series package ([Waters 82, Waters 89, Waters 89b] and
[Steele 90, appendix A]) or the Yale Loop [Riesbeck], where the actual updating technique
can be left to the macro writer to implement efficiently, and ignored by the application
programmer.

For these reasons, we can afford to settle for a solution that is merely correct, without
being very informative. Therefore, the abstraction we' |l choose uses avery weak technigue
to deal with side effects. all addresses are merged together into a single abstract address.
This means that once a procedure is stored into a cell during abstract interpretation, any
fetch operation on any cell could potentially produce that procedure. We can represent the
abstract store as the set of procedures that have been stashed out in the store. Thenew and
set primops add procedures to this set; the contents primop produces the entire set.

D = P(Proc)
Store= D

ﬁ[[p:contents]] <&, l%> Ve O = (|_| f"f (o) ve 3) L K@'cpzcontenty B> N ];]
wj;gre?a = nb

~

ﬁz@Hﬂ
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f"[[p:set]] <&, d, i€> veT = (|_| ﬁf () ve (&Ucz)) L [<icpiset’ B> = ];]
WJ;]E;re?)A: nb

i=lpd

We can again choose more detailed abstractions if the programs being analysed require
more a precise analysis of the store. An example is the abstraction used in Hudak’s work
on static deall ocation of run-timedata structures[Hudak 86b]. We have an addressfor each
appearanceof an allocation primopin our program. Soif thenew (0r cons, Ormake-vector)
primop appearsfivetimesin the program, we havefive abstract addresses. Each occurrence
of the primop allocates a different abstract address, and the store distinguishes values
assigned to the different addresses.

If we choose a store abstraction that has multiple distinct addresses, then we must track
addresses as they are passed around during abstract interpretation as well as procedures.
This requires extending the D set in a straightforward way.

A further extension of the simple store abstraction would be to distinguish addresses
that were allocated by a given occurrence of a primop in different abstract environment
contexts. There are many possibilities here; | have not explored them in this dissertation.

3.8.2 External Proceduresand Calls

The control-flow analysis we have developed is a “ closed-world” analysis — it assumes
that the entire program is presented to the analysis. However, most compilers support
separate compilation and most Scheme and ML implementations support dynamic loading
and incremental definition. This means that our analysis needs to take into account cals
and lambdas that are external to the block of code being analysed.

Our abstract analysis can handle this by defining two special tokens: the external
procedure xproc, and the external call xcall. The xproc represents unknown procedures that
are passed into our program from the outside world at run time. The xcall represents calls
to procedures that happen external to the program text. For example, suppose we have the
following fragment in our program:

(foo (A k) (k 7))

In our main development, we restricted our programsto have no free variables. If we relax
thisrestriction, and allow foo to be free over the program, then in general we have no idea
at compile time what procedures foo could be bound to at run time. The call to foo is
essentially an escape from the program to the outside world, and we must record this fact.
We do this by binding foo to xproc at analysis time. Further, since (A (k) (k 7)) is
passed out of the program to external routines, it can be called from outside the program.
We do this by recording the lambda in the set of lambdas that could be called from xcall.

Lambdassuch as (A (k) (k 7)) inthe above example that are passed to the external
call have escaped to program text unavailable at compile time, and so can be called in
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arbitrary, unobservable ways. They have escaped close scrutiny, and in the face of limited
information, we are forced smply to assume the worst. We maintain a set ESCAPED of
escaped procedures, whichinitially contains xproc and the top-level lambda of the program.
The rulesfor the external call, the external procedure and escaped functions are simple:

1. Any procedure passed to the external procedure escapes.
2. Any escaped procedure can be called from the external call.

3. When a procedure is called from the external call, it may be applied to any escaped
procedure.

This provides very weak information, but for external procedures whose properties are
completely unknown at compile time, it is the best we can do. (On the other hand, many
external procedures, eg. print, or length, have well known properties. For instance,
both print and length only call their continuations. Thus, their continuations do not
properly escape. Nor are their continuations passed escaped procedures as arguments. It is
straightforward to extend the analysis presented here to utilise this stronger information.)

These rules can be easily integrated into our abstract semantics.

External procedures can potentially access the store, so these two semantic features
interact. Suppose we choose the simple store abstraction discussed in the previous section.

e Any procedure placed in the abstract store can be accessed by externa procedures
that can reference the store.

e Therefore, any procedure placed in the abstract store can escape.

e Any escaping procedure can be placed in the abstract store by an external procedure.

So, given the smple store abstraction, it makes sense to identify the ESCAPED set and
the abstract store set o, since any element that is placed in one of these sets must also be
placed in the other. (On the other hand, if we choose a more complex store abstraction, we
would want to separate these two sets, since not all abstract addresses escape, and so not
al elements of the abstract store are accessible by external procedures.)

3.8.3 Partitioning Proceduresand Continuations

A worthwhile enhancement of the basic semantics is to distinguish user procedures from
continuations.

CPS Schemeis an intermediate representation for full Scheme. In full Scheme, the user
cannot write CPS-level continuations. all continuations, all variables bound to continua
tions, and al callsto continuations (i.e., returns) are introduced by the CPS converter. This
dividesthe procedural world into two halves. user proceduresand continuationsintroduced
by the CPS converter. It iseasy for the CPS converter to mark these continuation lambdas,
variables and call sites asit introduces them into the program. This partition is a powerful
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constraint on the sets propagated around by the analysis. agiven call site either only calls
user procedures, or only calls continuations; a given variable is either bound to only user
procedures, or bound to only continuations. This partition holds throughout all details of
the CFA semantics; exploiting it produces a much tighter analysis.

Distinguishing user proceduresand continuationsisuseful for reasonsbesidesimproving
the data-flow analysis; both ORBIT and Kelsey’s transformational compiler do some form
of thismarking [Kranzt 86, Kelsey 89].

Notethat thischangedoesn’t alter the meaning of either user proceduresor continuations
— in CPS Scheme they both have the meaning of a continuation procedure. We are ssimply
able to statically partition the procedural world into two digoint sets, with consequent
improvements in the precision and efficiency of our analysis. In this way, a CPS-based
representation lets us “have it both ways’: We can distinguish procedure calls and returns
when it is useful to do so, and till enjoy the advantages of a unified representation and
semantics, treating all lambdas identically when convenient.

The user-procedure/continuation partition interacts with the external call mechanisms.
Instead of having a value xproc to represent external procedures, we need to provide both
for external user-level procedures xproc and external continuations xcont. Similarly, we
need to have both an external call xcall for calls to user-level procedures, and an external
return xret to mark callsto continuations. The extensionsto handlethisare straightforward.

A criteriato separate user procedures and continuation procedures is whether or not the
procedure takes a continuation argument itself. A user procedure is aways called with an
extra continuation argument to which it is to deliver its result. Thisimplicit continuation
is made an explicit parameter by the CPS conversion process, which introduces the extra
argument into the procedure’s formal parameter list and into all the calls to the procedure.
A continuation, on the other hand, completely encapsulates the computational future of a
process, so it requires no continuation argument itself.

It is an interesting feature of this partition that source-to-source transformations on a

CPS Scheme program can convert a user procedure to a continuation and vice versa. For
example, consider the following Scheme summation loop:

A @
(letrec ((1p (A (i sum)
(if (zero? i) sum (lp (- i 1) (+ sum i))))))
(1Ip n 0)))

If wepartially CPS-convert thisloop, introducing continuation variables, calls, and lambdas,
we get:

(A (n k)
(letrec ((1p (A (i sum c)
(if (zero? i) (c sum)
(Ip (- 1 1) (+ sum i) ¢)))))
(1p n 0 k)))
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Copy propagation (section 10.1) will discover that c isaways bound to the value of k — it
isbeing passed around theloop needlessly. We can remove c from the program compl etely,
and replace the call to ¢ with oneto k:

(A (n k)
(letrec ((1p (A (i sum)
(if (zero? i) (k sum)
(Ip (-1 1) (+ sum 1))))))
(1Ip n 0)))

Note that the (A (i sum) ...) lambda has shifted status from a user procedure, which
takes a continuation argument k, to acontinuation itself. 1n other words, in the transformed
code we do not pass 1p a continuation to which it should return; 1p’s definition already
includes this information.

If a CPS-based compiler distinguishes user procedures from continuations, it must

remember to update the status of atered lambdas after performing this type of source
transformation.



Chapter 4

Control Flow | I: Detailled Semantics

That which must be proved
cannot be worth much.
— fortune cookie,
by way of Robert Harper

The aim of the previous chapter was to develop a simple semantically-based definition of
control-flow analysis, along with safe, computable abstractions for it. The development
was kept simple for the sake of intuitive explication; the rigorous details of the necessary
mathematical machinery were intentionally glossed over in order to get the “big picture”
across.

Of course, one of thebig attractionsof defining an analysiswith adenotational semantics
is that we can then rigorously prove properties about our analysis. In this chapter, | will
redevel op the semanticswith enough precision and careto alow usto prove someimportant
basic properties of the analysis. The mgjor results will be to show that

e The equations defining the exact and abstract control-flow semantics have solutions.
e The abstract semantics safely approximates the exact semantics.
e The abstract semantics is computable.

This is what we need to show to put the computable control-flow analysis on a firm
theoretical foundation. If youareuncomfortablewith or unwillingtoread detailed semantics
proofs, you can simply take these three results on faith and skip to the next chapter.

The rest of the chapter follows this agenda:

1. First, we will change the ssmple equations given in the previous chapter to patch up
some holesin the definitions. For example, we will add side-effects and a store, and
restrict the domains of some functions to make them well-defined. (Section 4.1)

2. Next, we will show that the semantic functions (PR, A, C, F and their abstract
counterparts) exist. This requires showing that the recursive definitions are well-
defined and have solutions. (Section 4.3)

41
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Bas = Z + {false}
Clo = LAM x BEnv
Proc = Clo+ PRIM + {stop}
Addr = Z
D = Bas+ Proc + Addr
Store= Addr — D
CN = (contours)
BEnv = LAB — CN
VEnv = (VAR xCN) — D
CCixt = LAB x BEnv
CCache! = p(CCtxt x Proc)
CState ¢ CALL x BEnv x VEnv x CN x Store (seefigure4.7)
FState C Proc x D* x VEnv x CN x Store (seefigure4.7)

PR:PR — CCache
A:ARGU FUN — BEnv — VEnv — D
K:CONST — Bas
C:CState — CCache
F: FState — CCache

Figure4.1: Exact Semantics Domains and Functionalities

3. After establishing that all the mathematical structures we are dealing with actually
exist, we can prove properties about them. In particular, we can prove the two main
resultsof thischapter: theabstract semanticssafely approximatesthe exact semantics,
and the abstract semanticsis computable. (Section 4.4)

4.1 Patchingthe Equations

For purposes of proving theorems, the ssimple equations developed in the previous chapter
have several lapses. In this section, we will fix up the equations with enough precision and
detail to make them useful in aformal context. The domain and function equations for the
new semantics are collected together in figures 4.1-4.6.

L ater (Sec. 4.4) shown to be CCtxt — Proc
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PR =F (f, (stop), [1, bo, [1) U ({ctop, [1), f)
where f = A ¢ [][]

A[k] pve =Kk

A [prim] g ve = prim

A [v] 8 ve = ve (v, 3(binder v))
AL B ve = (L, B)

C ([e:(f ar...a)], B, ve, b, o) = f" ¢ Proc — []
otherwise {((c, 8), Y} UF (f', av, ve, V', o)
where f' = A f 3 ve
avli = Aa; § ve
b =nbbec
C ([e:(Qetrec ((f1 11)...) D], B, ve, b, o) =C (¢, 3, ve', I, o)
whereb’ = nbbc
B = Ble— V]
ve' = vel(fi, b') — Al 3 ve]

Figure4.2: Exact Semantic Functions (a)

4.1.1 Contour Allocation

Whenever control enters alambda, a new contour is allocated to bind its variablesto their
arguments. Inthe previous chapter, we swept this contour allocation under the rug with the
nb “gensym” function that returned anew contour each timeitwascalled. Suchafunctionis
obviously not well-defined. Inthedetailed semantics, we add a“ contour counter” argument
to the 7 and C functions. Thisvalueisacontour that is an upper bound for all the currently
allocated contours. The nb function is defined to increment this counter. Whenever a new
contour is needed, the current contour counter is used, and nb called to generate the new
bound.

Using terms like “counter” and “upper bound” means the contour set CN must be a
partial order and nb must be an increasing function. Sequentially applying nb to successive
contours is essentially moving up chains in the partial order of CN. This gives us that
if the current contour b is > all alocated contours, then nb b is > all allocated contours.
This is necessary for the exact semantics (both standard and control flow) to be a correct
specification of CPS Scheme. We'll also assume there is designated initial contour by that
isused by the PR function to start the interpretation.

TheC and F functionsadhereto the following invariant as they pass around the contour
counter:
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F {([t:(X (v1...v,) O], B), av, ve, b, o) =
lengthav #n — []
otherwiseC (¢, B[( — b], ve[(vi, b) — avli], b, o)

F [p:+], (=, y, k), ve, b, o) =
bad argument — []
otherwise{<<icp:+, ﬂ>, k>} UF <k, (z +y), ve, nbbic,,, 0'>
where 3 = [p — b]
F ([p:if], (=, ko, k1), ve, b, o) =
{ko, k1} ¢ Proc — []
x # fase — {<<icgzif, ﬂ>, ko>} UF <k0, (), ve, nb bicgzif, 0'>
otherwise {<<ic;:if, ﬂ>, k1>} UF <k1, (), ve, nb bic;:if, 0'>
where 3 = [p — b]

F (stop, av, ve, b, o) = ()

F ([pnew], (d, k), ve, b, o) =
k ¢ Proc — []
otherwise{<<icp:ne“, ﬂ>, k>} UF <k, (a), ve, nbbic
where 3 = [p — b]
a = alloco
F ([p:contents], (a, k), ve, b, o) =
bad argument — []

Otherwise{<<icp:contents, ﬂ>, k>} va <k, (o a), ve, nb bic, onrentes 0>
where 3 = [p — b]

F ([p:set], (a, d, k), ve, b, o) =
bad argument — []

otherwise{<<icp:set, ﬂ>, k>} UF <k, (), ve, nbbic, ., ola d]>
where 3 = [p — b]

U[a»—>d]>

pnew’

Figure 4.3: Exact Semantic Functions (b)
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Clo = LAM x BEnv
Proc = Clo + PRIM + {stop}
D = P(Proc)
Store = P(Proc)
CN=LAB (for 1CFA)
{1} (for OCFA)
BEnv = LAB — CN
VEnv = (VAR x CN) — D
CCixt = LAB x BEnv
CCache = (LAB x BEnv) — D
CState  CALL x BEnv x VEnv x CN x Store (seefigure 4.8)
FState C Proc x D* x VEnv x CN x Store (seefigure 4.8)

PR: PR — CCache
A: ARG U FUN — BEnv — VEnv — D
C: CState — CCache
F:FState — CCache

Figure 4.4: Abstract Semantics Domains and Functionalities

e The contour passed to C isthe greatest contour that has been used to date.

e The contour passed to F is acontour that has never been used.

This particular convention is the right one for the eventual 1CFA abstraction we are going
to make.

We could define nb asasimplefunction mapping contoursto contours, withfunctionality
CN — CN. However, when we abstract the semantics, we' [l be mapping these contoursto
abstract contoursthat can contain information about the dynamic behaviour of the program.
For example, in 1CFA, the abstract contour allocated for entering a given lambdaisthe call
from which we entered the lambda. 1t will help in establishing a connection between the
exact and abstract semantics if we build this information into the exact contour from the
beginning. We can do this by providing extrainformation to the nb function:

bi-l—l = nb bZ Z.
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PRL=F (f, ({stop}), [1, Ibol, [1) U [{ctop, [1) — {/}]
where {f} = A¢ ][]

Alk] B ve =0

A [prim] 3 e = {prim}

AL 3 v ={(¢ 3)}

.Zl[[v]] 3 ve = ve <v, B(biﬂder v)>

C ([e:(f ar-..a)], B, 7, b, &) = ( L] F{f, av, v, b, a>) U [(e, BY o ]

frer
where [’ = Af 3 ve
cwlz .AaZ 3 ve
W =nbbe

C ([e:etrec ((f1 1)...) D], B, o b 5y=C (B v V. 5)
where¥ = nb be 3 =
ve' =0t U [(fi. ) — Al B ]

Figure 4.5: Abstract Semantics Functions (a)

This extrainformation = could be anything from the CState or FState argument that might
be useful for abstraction. In 1CFA, thisextrainformationisthelabel of the current call site,
so we'll go ahead and build thisinto the functionality of nb:

nb:CN — LAB — CN.

Remember that this issue of adding extra information is irrelevant to the correctness of
the exact semantics. The only thing that isimportant to guarantee correctness of the exact
semantics is that the nb function behave as a counter gensym — thatis, b’ < b = ¥ <
nb bx. Adding the extrainformation, of whatever type, is purely to facilitate establishing a
connection between the exact semantics and useful abstractions. We'll return to thisissue
in detail in section 4.2.

4.1.2 SideEffects

Although side-effectswere discussed in section 3.8.1, they were omitted from the equations
in the main development of chapter 3 to keep the presentation ssimple. However, if we
are going to prove theorems, we should prove them about the full-blown semantics that
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F <<[[€:()\ (v1...v,) O], B>, v, ve, b, 3> =

lengthav #n — []

otherwise C <c, 3 [ﬁ . ?)], e L Kvi, ?)> . @li], b, 3>
F {[p+1. (&, 9, k), v, b, ) =

(|_| F{f. (). ve, ub bic,,, &>) U [(icy B) = ]

rek

where 3 = [p — b|

~

F <[[p:if]], <92'7 iﬁo, ]%1>, ve, ?), 3> =
(I_I F <f7 (), ve, nb Z;icgjifv 3>) L (I_l F <f, (), ve, nb ?)ic;:if, 3>)
feko feky
I_I[<icgzif, B> — l%o, <ic;:if, B> — ]%1]
where 3 = [p — b|

F (stop, @, e, b, 5) =[]

F (Ipmes], (d k). 5. b, &) =
(|_| F{f.(0). 56, nb bic,y,, &1 CZ>) U [{icymen B) = ]
fek
where 3 = [p — o]
F <[[p:contents]]7 <&, ]Ag>7 ve, b, 3> —
(Uﬁﬁ <f7 <&>7 e, I/J) ?)icp:conte“ts’ 3>) U [<icpicontentsv B> — iﬂ]
fek
where 3 = [p — o]
F <[[p:set]], <&, d, ];>, e, b, 3> =
(I—I }A— <f7 <>7 ve, I/ll\) ?”.cpzset’ ou CZ>) U [<icpiset7 B> = ];]
fek

where 3 = [p — o]

Figure4.6: Abstract Semantics Functions (b)
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area CPS-based compiler for Scheme or ML would have to deal with, and this means
Side-effects.

We can bring over the machinery devel opedin section 3.8.1 directly. Theonly detail not
dealt with in section 3.8.1 is how unused addresses are allocated by the alloc function. The
alloc function can pick an unused address either by incrementing some external counter
that bounds the set of currently allocated addresses, or by ssmply choosing an address that
is not in the domain of the partial function which is the current store. The second choice
requires less machinery, so it is the one we' |l adopt:

alloc: Store — Addr.
The critical property we require of alloc isthat it allocate an unused address:

alloc o ¢ Dom(o).

As discussed in section 3.8.1, there are several possibilities for store abstractions. The
onewe'll useisthesimplest: al exact addresses are abstracted to a single abstract address;
an abstract storeisjust the set of values that have been placed into the store.

4.1.3 Restricting the Function Domains

The(C function takesfive (curried) arguments. C ¢ 3 ve bo. These arethe call expression, the
contour environment, the variable environment, the contour counter, and the store. How-
ever, we cannot just apply C to any five arguments chosen arbitrarily from the corresponding
sets. The five arguments are all delicately intertwined and interdependent.

For example, we cannot evaluate the call ¢ = [(f 3)] in an empty environment
B =1[],ve =[] — the variable lookup A [£] 5 ve would not be defined. In order to
successfully perform variable references while evaluating a cal, the three arguments ¢, 3,
and ve must be consistent with each other.

Definition 1 ¢, 3, ve are consistent in program P if

e Dom(3)isc’slexical context: for every lambdaor letrec ¢ that islexically superior
to ¢ (i.e., c appearsin thelexical scope of (), { € Dom(3).

e vecovers 3: V{ € Dom(j3) Yv > binderv =1{ (v, §{) € Dom(ve).
That is, all variable lookups that can be done through 5 are defined by ve.

This definition of consistent ensures that all variable lookups that could be performed
while evaluating ¢'s subexpressions will be handled by the environment 3, ve. We can
extend the definition of consistent to closures with the following:

Definition 2 (¢, 3), ve are consistent in program P if
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e Dom(3)is{’slexical context: for everylambdaor Letrec ¢ thatislexically superior
tol, (' € Dom(j3).

e vecovers 3: V{' € Dom(/3) Vv > binderv =1 (v, ') € Dom(ve).

This guarantees us that free variable references occurring in the lambda’s internal call
expression must be defined by the current environment.

The idea of consistency should show that our semantic functions are only well-defined
when applied to particular combinations of arguments. Our semantic functions, as defined
in the previous chapter, have function domains that allow them to be applied to inconsistent
arguments. As such, they are not well-defined functions.

Notice that this problem is just a superficial issue of structure. When a syntactically
correct top-level program is evaluated in the initial environment, the chain of recursive
C and F applications that arise always have arguments that are consistent. This is no
accident, of course — the equations are carefully designed to do this. Environments
are aways constructed before dependent variables are referenced, addresses are aways
allocated before they are dereferenced, and so forth. In short, theillegal argument tuples
are ones that never occur during evaluation of a syntactically legal CPS Scheme program.
Inthissense, these constraintson legal argument valuesto the semantic functionsareaform
of invariant on the semantics — constraints that are satisfied at al times during program
evaluation.

There are a few ways to make the equations well-defined. First, we could take the
semantic functions to be partial functions rather than total functions; the illegal argument
combinations would be removed from the function domains. The problem with this ap-
proachisthat wewill be dealing with limitsof sequences drawn from these spaces of partial
functions. The particulars of defining the ordering relations and limits on these structures
complicates the proofs unnecessarily.

Alternatively, we could add an extra “static error” value to the range of the semantic
functions. When a semantic function is applied to a bad argument tuple, it could return
the static error value. This would make the semantic functions well-defined over their
complete domains, and we could then subsequently prove that the static error value isnever
returned from the top-level application of the C and F functions. Adding such a static
error value, however, complicates the definition of the Ans and CCache domains. Proving
that the resulting recursive domain equations have solutions is messy, which is unfortunate
considering that the actual value we must work so hard to add to the set is never actually
used by the equations at all. Furthermore, requiring the semantic functions to check their
arguments for correctness further complicates their definitions.

The approach we will follow hereis to restrict the domains of the semantic functions.
WE' || define the domain of the semantic functionsto be only those combinations of values
that are consistent. Thiswill make the semantic functions well-defined total functions.

Consider the five arguments that C is applied to: ¢, 3, ve, b, 0. We want to take the
domain of C to be asubset of CALL x BEnv x VEnv x CN x Store— only those values
that satisfy the consistency constraints will be included in the subset. To appeal to the
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Atuple(c, 3, ve, b, o) € CALL x BEnv x VEnv x CN x Storeisin the set CState iff

1. All environment contexts in the system are consistent: [C-ENV]
(@ ¢, 3, ve are consistent
(b) V (¢, p) € (Im(ve) U Im(c))NClo ((, ), ve are consistent.

2. All addresses in the system are defined by the current store: [C-ADDR]
(Im(ve) U Im(o)) N Addr C Dom(o).

Atuple(f, av, ve, b, o) € Proc x D* x VEnv x CN x Storeisin the set FState iff

1. All environment contexts in the system are consistent: [F-ENV]
YV, B3) € ({f} UavUIm(ve) U Im(c)) NClo ({, 3), ve are consistent.
(where the argument vector av istaken as asimple set).

2. All addresses in the system are defined by the current store: [F-ADDR]
(av U Im(ve) U Im(o)) N Addr C Dom(o)
(where the argument vector av istaken as asimple set).

3. Primops applications have correct arity: [F-ARITY]
f €PRIM = lengthav = arity of f.

Figure 4.7: Function domainsfor C and F.

notion of the semantic functions giving afunctional interpreter for CPS Scheme, a 5-tuple
(¢, B, ve, b, o) can beviewed as an interpreter state. Let’s call the set of legal interpreter
states for the C function CState. Similarly, the subset of Proc x D* x VEnv x CN x Store
that are legitimate argument tuplesfor the F function will be called FState.

The relationships that these argument tuples must satisfy to be legitimate are given in
figure4.7. C-ENVarequiresthe call context ¢/f3/ve that C is evaluating to be consistent, so
al variable references are well-defined. C-ENVb requiresall the other evaluation contexts
that exist in the system (in the environment Imm( ve ), or the store Im(o)) to be well-defined.
C-ADDR requires every address in the system to be defined by the store. This means that
any address dereference will be well-defined. F-ENV and F-ADDR are similar constraints
for the argument tuples in the domain of F. The third F constraint, F-ARITY, requires
primop applications to be of the correct arity, so that the semantic equations won't have to
perform this check themselves.

We could redefine the A function by similarly restricting its domain. Since A is not
defined recursively, we do not need to invoke all the fixed-point machinery to prove its
existence and properties. So we can take the ssmpler approach of declaring .A to be apartial
function, defined only when its arguments are consistent. Note that the domain restriction
on C impliesthat applications of A inC are always well-defined.

TheC and F functions are defined recursively, so we need to ensurethat if one of these
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functions is applied to an argument in CState or FState, that the argument tuples used in
the recursive applications are a'so in CState and FState. Thisis necessary to show that the
recursive definitions are legitimate. We'll return to this issue when we prove the existence
of theC and F functions (section 4.3).

The domains of abstract functionsC and F are much easier to restrict, since there are
much fewer ways to go wrong in the abstract semantics. Since the abstract variable envi-
ronment ve isatotal function to power sets, the operation of looking up a variable/abstract-
contour pair <v, ?)> is aways well-defined. This removes half of the C-ENV and F-ENV
constraints. Addresses have been eliminated from the abstract semantics entirely, so the
issue of which addresses are defined by the current store doesn’t arise (constraints C-ADDR
and F-ADDR). The only itemsthat must be checked for are (1) contour lookupsin 3 must
be defined and (2) primop applications must have the correct arity. Thisis summarised in
figure 4.8.

A tuple<c, 3, ve, b, 3> € CALL x BEnv x VEnv x CN x Storeisin the set CState iff

1. All contour environment contextsin the system are consistent: [C-ENV’]

o~

(8 Dom(p)isc'slexical context.
(b) V<€, B> € (UIm(ve)Uo)n Clo Dom(B) is(’slexical context.

Atuple<f, v, ve, b, 3> € Proc x D* x VEnv x CN x Storeisin the set FState iff

1. All environment contexts in the system are consistent: [F-ENV’]
v(t, 3) € ({/} u(Ua) U (UIn(we)) Us) N Clo Domf(B)is(’slexical context.
(where the argument vector av istaken as asimple set).

2. Primops applications have correct arity: [F-ARITY’]
f €PRIM = lengthav = arity of f.

Figure 4.8: Function domainsfor C and F.

4.1.4 Redefining CCache

In the previous chapter, we defined an exact call cache v to be a partial function from acall
context (that is, a call-site/contour-environment pair) to aprocedure: CCtxt — Proc. Inthe
old semantics, we updated the call cache with an expression of theform ~[cc — f].

An update of thisform has the potential to delete information from the final call cache:
the update [cc — f] could shadow apreviousentry for cc in~. What wewant is an update
that isincreasing — that never shadows old information in the call cache.

In this chapter, we define a call cache to be arelation on CCtxt x Proc, that is, a set of
(ce, f) pairs. Sothe update now hastheform~ U {{cc, f)}, whichisobviously increasing.
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With this definition, we can be confident that our semantics definition isn’t accidentally
deleting any entries after adding them to the call cache, and so the result call cache contains
every call that was made during program execution.

It is, however, notationally convenient to manipulate call caches in functiona ways.
Furthermore, our chapter 3 intuitionsare, in fact, correct: the call caches we construct with
the relational update have the structure of a partial function. So, the development in this
chapter will proceed as follows:

o First, we'll definethe exact semanticsusing therelational update, clearly establishing
COrrectness.

e Next, we'll show that the semantic functions defined this way exist.

¢ Finaly, we'll show that thecall cache produced by thesefunctionsisapartial function.
That is,

(ce, [ (ec, fev=f=["

After we've done this, we can revert to treating exact call caches as partial functions
whenever it is convenient to do so.

4.1.5 Order Relations and Join Operations

Table 4.9 collects the definitions of C and LI for the domains using these operations in the
semantics equations. These definitions are all the obvious ones; they are collected together
into a single table smply for reference purposes. Note that if adomain isnot also alattice,

CCache | C U

CCache | pointwise ¢ | pointwise U

D C U

VEnv | pointwiseC | pointwiseU

Store | C U

D~ elementwise C | elementwise U
e D

Table 4.9: Order and join definitions

then its U operation is only defined on elements that are ordered. Consider D* for example.
A two-element argument vector <d, é> and a three-element argument vector < f,q, h> are

not ordered with respect to each other, and so <cZ, é> L <f, 4, 71> is not defined.
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Proc — Proc |prim| = prim |stop| = stop (¢, B)| = (¢, |5])
D—D bl =1a[=0  [f| = {|flpoct
D — D~ - (da, ..oy dy)| = (Jda] ..., |da])
BEnv — BEnv 1Bl =||op

B 81 ¢ =184
CN — CN b = 1 (OCFA)

lco- - cnl = cn (1CFA)
VEnv — VEnv |ve|:)\<v, l;> | ] |ve (v, b)]
|b|=b

Store — Store lo| = U [Im(o)]

CObxt — CCxt— |{e, B)| = (e, [3])
CCache — CCache || = Ace. L] 1y el

|cc|:cAc

Figure 4.10: Abstraction functions

4.1.6 Result Semantics

The new, detailed semantics we get after applying the changes of the previous two sub-
sections is collected in figures 4.1-4.6. Figure 4.1 gives the semantic domains and func-
tionalities for the exact control-flow semantics; figures 4.2 and 4.3 give the definitions of
the A4, C, and F functions; figure 4.4 gives the domains and functionalities for the abstract
semantics; figures 4.5 and 4.6 give the definitions of the A, C, and F functions.

4.2 Abstraction Functions

The connection between an exact and an abstract semantics is specified by an abstraction
function. An abstraction function maps an exact value x to itsabstract counterpart |=|. The
abstraction function for a set S iswritten |- |, and has functionality |-|s: S — 5. We will
drop the subscript and just write |-| whenever convenient. An abstraction function precisely
specifies how we “throw away” information to arrive at our abstract semantics.

The abstraction functions for the control-flow semantics are given in figure 4.10.

Procedures Primops and the stop continuation are abstracted to themselves. A closure
(¢, j3) isabstracted by forming an abstract closure (¢, |3|), with lambda ¢ and abstract
contour environment | 3|.

Values The abstract semantics only tracks procedural values> — abstract values are sets of

2Certain analyses — for instance, constant propagation — might want to track non-procedural values, as
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abstract procedures from Proc. So booleans and addresses, which obviously are not
procedures, abstract to the empty set: |b] = |a| = 0. A procedure f abstractsto the
singleton set containing its abstract counterpart: {|f|po.}-

Argument Vectors An argument vector of values is smply abstracted elementwise:
|(d1, ..., d.)| = (|d1] ..., |dxn]).

Contour Environments An exact contour environment /3 is abstracted by composing it
with the contour abstraction function.

Contours The contour abstraction is the critical one that determines most of the other
abstractions.

OCFA Inthe OCFA analysis(section 3.6), the abstract semanticshasonly one abstract
contour, 1. So the OCFA abstraction istrivial: all contours abstract to 1.

In OCFA, the exact contour set can sSsmply be taken to beintegers, CN = Z; and
the contour allocation function just increments the current contour: nb b ¢ =
b+ 1. Notethat nb ignoresits extra argument ¢ — thisis because the eventual
abstraction doesn’'t need any information at al, so we don’'t need to build it in
to the exact contour. Theinitia “seed” contour bg is0. The abstract contour set
is the unity set: CN = {1}. The contour allocation function always returns 1:
nb be = 1. The abstraction function abstracts all contoursto 1: |b| = 1.

If we use these definitions for CN, by, nb, CN, ub, and |-|cn 1N the semantic
eguations given in figures 4.1-4.6, we get a OCFA interpretation.

1CFA The 1CFA contour abstraction requires a little more machinery. The abstract
contour allocated when entering alambdaisthe call site from which thelambda
was called. We need to have this information present in the exact contour so
that the abstraction function can extract it. A straightforward way to do thisis
to use call strings for the exact contours. A call string is just the string of call
sites through which control has passed during the execution of the program.®
Each time a call is performed, the call site is appended to the end of the call
string. Note that in CPS, calls never return, so the current call string is just a
trace of the execution path through the program, continuousy growing as the
program executes. The current call string will suffice as a unique “gensym”
for the purposes of the exact semantics, since each time a new call string is
constructed, it is longer than al the previously created call strings and hence
unique.
If the current contour b = ¢q...c, when we enter some lambda is the current
call string, then the call site we just branched fromisclearly ¢,. So the contour
we want for the 1CFA abstraction is¢,,. Thus our contour abstraction function
just picks off thelast call siteinthecall string: |co...c,| = ¢,-

well. Thiswould be accomplished by specifying anew abstraction function and abstract value domain D.
3Call strings have been used in other interprocedura analysis work [Harrison 89, Sharirt 81]. Thiswork
usually uses a more complex structure than the simple CPS variant we need here.
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So, in the 1CFA model the set of exact contoursis just the set of finite strings of
call stes: CN = LAB~*. Theinitia call string is the label of the top-level call:
bo = crop. Exact contours are allocated by tacking the current call site onto the
end of the current call string: nb b ¢ = b§¢c. The abstract contour set is Ssimply
call sites: CN = LAB. When an abstract contour is allocated, it isjust taken to
be the current call site: nb b¢ = c. Us ng these definitions in the equations of
figures 4.1-4.6 will give us a 1CFA interpretation.

It's easy to change the details of this abstraction to come up with variants on
atheme. For example, if we take CN = LAB x LAB, and define nb bc =
(b2, ¢), then our abstract contours are the last two calls made during program
execution. This would extend 1CFA along the control dimension to a 2CFA
abstraction. Alternatively, when entering a closure we could all ocate as contour
the pair of call sites (1) the call from which we just branched to the closure and
(2) the call from which we previously branched to the the closure’s lexically
superior lambda. This would extend 1CFA along the environment dimension
to adifferent kind of of 2CFA abstraction. There are many ways to abstract the
analysis— OCFA and 1CFA are not intended to be the last word on this subject.

CN |by |nbbc|CN |nbbe||bl
OCFA || 2 0 [b+1 {1 |1 1

1CFA || LAB™ | ciop | bSc LAB | ¢ ¢n, Where
b=cg...c,

Table4.11: OCFA and 1CFA Contour Machinery

The details of these two contour abstractions are summarised intable 4.11. Notethat
with either of these choices, our domains, alocation policies, and abstractions obey
the following properties.

e nb functionsasa gensym.
Asdiscussed earlier (section4.1.1), inorder for the exact semanticsto becorrect,
the exact contour set needs to be apartially ordered, and the all ocation function
nb must be an increasing function. This is also necessary to guarantee that
the exact call cache produced by the exact control-flow semantics is a partial
function (lemmab).

In OCFA, the partial order isjust arithmetic <; in 1CFA, 6 < ¢’ if call string b is
aprefix of call string ’. The nb functionis clearly increasing for each of these
contour definitions.

e Contour allocationishomomor phicunder abstraction: |nb b z| = nb |b| |z|.
This ensures that the evolution of the abstract interpretation stays linked to the
exact interpretation — as successive contours are allocated in the two interpre-
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tations, they stay related due to this property. The proofs that the abstract
semantics safely approximates the exact semantics (section 4.4) rely upon this.

In the particular contour allocation machinery we are using, = isacal label c.
If we define |¢| = ¢, then both the OCFA and 1CFA nb functions given above
have this property:

OCFA: |nbbe|=|b+1 =1=nb |b| ||
1CFA: |nbbe| = |b§c| = c=nb |b| ¢ =nb |b] ||

e CNisfinite.
The computability of the abstract semantics relies upon the finiteness of the
contour set (section 4.4.3).

These are the only properties we require of our contour machinery, so the proofsin
following sections go through in both the OCFA and 1CFA cases.

Variable Environments An abstract variable environment maps a variable/abstract-con-
tour pair <v, ?)> to an abstract value. When an abstracted variable environment
|ve| is applied to such a pair, it performs the lookup in the exact environment
ve for each variable/exact-contour pair that could abstract to <v, ?)>. This pro-
duces al the exact values that the corresponding exact |lookup might have produced:
{ve (v, ) | 6] = b }. Eachvalueinthissetisthen convertedto an abstract value, and
all these abstract values arejoined together4toformthereﬂJltvalueuM:é |ve (v, b)].
This abstraction isa specific example of ageneral technique for abstracting functions
whose domainsand rangeshave abstractions: |f| = AZ. |,=z |f «|. Notethat when
f isapartia function (asin thevariable environment case), it is assumed that thejoin
operation’sindex variable « ranges over Dom( f).

Stores Inthe single-address abstraction introduced in section 3.8.1, an abstract storeisjust
the set of all values placed into the store. So an exact store abstracts to its contents:

ol = U{ldl | d € Im(o) } = L |m(o)].

Call Contexts A call context cc = (¢, [3) isabstracted by abstracting itscomponent contour
environment: |cc| = (¢, |5]).

Call Caches Call caches are abstracted following the same pattern for variable environ-
ments. When the abstracted call cache || isapplied to acall context <c, B> weapply
the exact call cache  to all the exact call contexts that could abstract to (¢, 3). All
the result procedures are abstracted and joined together® to produce the result value:
s B) = Upooeepy b el = Upgg by e B)1-

4Since abstract values are sets of abstract procedures, and the join operation for D is set union, thisjust
means al the abstract procedures are collected together into one set.
SThat is, collected into a set.
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4.3 Existence

In the exact semantics, the only values whose existence is non-obvious are the C and F
functions. The value sets, such as D, Proc, and VEnv, and the semantic functions PR and
A are all defined with ssimple, constructive definitions, and clearly exist. C and F, on the
other hand, are defined with recursive equations, and so we must go to a little trouble to
prove these equations are well-defined and admit a solution.

We will define C and F as the least fixed point of afunctional H. That is, we'll define
aseries of approximations Co, C1, ... and Fo, F1,... to C and F, such that (C;1, Fit1) =
H (C;, F;). If we can show that H isa continuous operator, then it has aleast fixed point,
which will be the limit of our approximation series:

C,Fy=H(C,F)=|](C, F).

>0

This isthe standard method of constructing functions from recursive definitionsin denota-
tional semantics.

We take the definition of H from the recursive definitions of C and F given in figures
42and4.3. (C", F") = H (C', F') isjust the value we get if we define (C”, F”) fromthe
figure 4.2 and 4.3 definitions, using the functions C’ and F’ for the recursive calls inside
the equations. Clearly, we are seeking a solution to the equation (C, F) = H (C, F).

4.3.1 H iswell-defined

First, we need to determine that H is a well-defined functional. This is guaranteed for us
by the constraints we placed on values from CState and FState. Suppose we apply H to a
pair (C', F'), getting result (C”, F").

Consider C” first. Suppose C” isbeing applied to an argument tuple (¢, 3, ve, b, o). If
the call expression cisasimplecal [(f a;...a,)], thenC” usesthe partial function A to
evaluate the procedure f and arguments «,. The C-ENVa constraint (Figure 4.7) on ¢, (3,
and ve guaranteethat the arguments passed to A areall withinthe partial function’sdomain.
So all evaluations with A are well-defined within C”. We also need to show that in the
recursivecall to 7', theargumentsthat C” passes (//, av, ve, b, and o) satisfy the constraints
of FState so that the application is correct. C” does not ater the variable environment or
store, so to show the environment constraint F-ENV, we need only show that the procedure
f"and arguments av areall consistent with ve. If the procedureexpression f or an argument
a; 1S a constant or primop, .4 will certainly evaluate it to a non-closure, so we can ignore
it. If itisavariable, A will evaluate it to some already-existing value in Im(ve), so the
constraints on C” guarantee us the value is consistent with ve. On the other hand, if the
expression is alambda ¢, then A will evaluate it to anew closure (¢, 3); we need to show
that this new closure is consistent with the variable environment. This is straightforward.
Suppose lambda ¢ is an argument of call ¢, and is being closed in environment 3/ve. The
CState constraint requires Dom(3) to include ¢’s lexical context, thet is, every lambda
lexically superior to c. Thisis¢’slexical context as well, so the F-ENVa half of the FState
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environment constraint is satisfied. The CState constraint C-ENVa also requires ve to
cover 3, so the F-ENVDb half of FState's environment constraint is satisfied aswell. We' ve
syntactically restricted primop applicationsto be of correct arity, sothe F-ARITY constraint
is preserved if ¢ happens to be a primop application. Clearly, since C” does not alocate
any new addresses or ater the store, the address constraint F-ADDR is preserved in the
argumentsit passesto F’. So C” iswell-defined in the smple-call case.

Suppose that the call expression ¢ that C” isevaluating isinstead aletrec expression:
[(letrec ((f1 I1)...) )]. Inthiscase, C” recursively calls C’ to evaluate the internal
call expression in an augmented environment /' /ve’. To show that this application of
C’ is well-defined, we need to verify that it is applied to arguments satisfying the CState
constraints. Again, clearly the store constraint C-ADDR is preserved, since the store is
unchanged, and no new addresses areintroduced into the system. Verifying the environment
constraint C-ENV means showing that the inner call expression ¢ is consistent with the
environment structure that C” builds, and showing that each closure (/;, ') created by the
letrec isconsistent with the updated variable environment ve’.

To show that aletrec closure (/;, ') isconsistent with ve’, we need to show first that
the domain of 3’ contains /;’s lexical context. /;’s lexical context is the lexical context of
¢ plus the binding introduced by the 1etrec itself. Thisisjust Dom(3) U {c}, which is
precisely the domain of 3. Similarly, ve’ covers 3’ by construction. The new variable
environment ve’ isthe old ve plus an update [(f;, 0') — Al; 5’ ve], where b’ = nbb. If a
binding construct ¢ isinthedomain of 3’ = 3[c — b'], theneitheritiscoritisin Dom(3).
If itisthe letrec ¢, then the update portion of ve’ (i.e., [(fi, b') — A l; 5’ ve]) handlesall
of the Lletrec'svariables. If itisin Dom(/3), then the old portion of ve’ (i.e., ve) handles
all of the variables bound by ¢'.

Showing that 7" is well-defined follows similar reasoning. When F” is applied to a
closure (¢, /3), we need to show that the internal application of C’ has arguments satisfying
the CState constraints. Thisis straightforward. We know that the arguments of F” satisfy
the FState constraints. Thismeansthat (¢, ) isconsistent with the variable environment ve
(by F-ENV). After augmenting the environment structure to bind the lambda ¢’s variables,
the resulting environment must be consistent with the lambda’s internal call expression.
Since the store remains unaltered, its constraints remain satisfied. No new addresses or
closures are added to the system, so the other constraints remain satisfied.

The primop cases in the definition of 7" generally involve recursive applications of
F' to invoke the primop continuation. So we need to show that the arguments used in the
recursive applications satisfy the FState constraints. Consider the addition operator. No
new environment contexts or addressesareintroduced into the system, and the continuation,
being afirst-class value, can’t be a primop, so the constraints are all trivially satisfied. The
if, contents, and set primops are Smilar. The new primop, however, does introduce a
new address into the system. Since this addressis defined by the result store passed along
to the recursive 7' application, however, we continue to satisfy the FState constraints.
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4.3.2 H iscontinuous

Now that we've established H is a well-defined operator, we need to show that it is a
continuous one, which will allow us to take its fixed point. Continuous operators operate
on values taken from acpo. H operates on values taken from the space

(CState — CCache) x (FState — CCache).

This space is a cpo, under the pointwise ordering induced by the ordering on call caches.
Call caches are ordered by set inclusion: v C ~' iff v C +’. So the cpo upon which H acts
has bottomvalue L = (Acs. 0, Afs. 0).

H isacontinuous operator if

e it preserves chains:
((C;, Fi) |+ >0) achan = (H (C;, ;) |+ > 0) achain

e it preserveslimitson chains:
H UG, Fi) = U H (Ci, Fi).
i>0 i>0

Lemmal H ismonotonic
Thisfollows straightforwardly from the form of H.

Lemma 2 H preserves limits on chains. That is, if ( (C;, F;) |+ > 0) is a chain, then
H |_|i20 <Ci7 7:2'> = uiZOH <Civ 7:2'>-

Proof: Let (Co., F..) bethelimit of thechain: (Co, Fuo) = Liso (Ci, Fi). Let (C', F') =
H (Coo, Foo)and (C", F") = iso H (C:, Fi). Wewant toshow that (C’, F') = (C", F").

Part 1: C' =(C"
Let ¢s be some argument drawn from CState— that is, ¢s isatuple (¢, 3, ve, b, o).
The call expression c iseither asimplecall or aletrec. Supposeitisasimplecall,
and that evaluation of the call doesn’t cause an immediate run-time error. Then

¢ cs = {{ce, )} U Fuo fs,

where cc = (e, ) and F., fs is the recursive call to F,, with fs the appropriate
argument tuple. On the other hand,

¢ es = U llee, 1)) UF o)
= {{ee, NYUUF s
= {(ec, fH} U JZ-"OO fs.
SoC ¢s =C" es.
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If evaluation of the call’s subforms causes arun-timeerror, then the situation is even
simpler, since al the functions abort and produce the empty cache:

C"cs:U@:@:C’cs.
If cisnotasimplecall, thenitisaletrec expresson: [(letrec ((f1 1)...) &)].
In this case,

C'es =Cy s,

where ¢s’ isthe argument value passed on therecursive call to evaluatethe letrec’s
inner call expression ¢’. However,

C" ¢s = UCZ' es’' =Cy cs'.
SoC ¢s =C" es.
Ineither case, C' ¢s =C" ¢s,ands0C’ = C".

Part 2. F' = F”

The main recursive case proceedsalong the samelinesasitsC’ = C” counterpart. Let
fs besomeargument drawn from FState— that is, fs isatuple( f, av, ve, b, o). Sup-
pose that the procedure f isaclosure, and that processing the procedure application
doesn’'t cause a run-time error.

F' fs = Cy cs,

where ¢s the appropriate argument tuple for the recursive call to C.,. On the other
hand,
F' s = UCZ' cs = Cy CS.

SOF fs = F" fs.

Suppose instead that the procedure f is aprimop, and, again, that no run-time errors
are caused. We'll only consider the f = [p:+] case here; the others primops are
similar. Inthiscase,

F' fs = {({icyur b), k) } U Fuu J5.

where {<<icp:+, b>, k>} records the immediate call to the continuation, and ., fs'
is the recursive application that actually handles the continuation. Considering F”,
we have

7= U ({80, )07 ) = (e B). )} 0 R

K3

SOF fs = F" fs.

If f = stop or fs causesarun-timeerror, then, just asin theC error case, both 7" and
F" trivially return the empty call cache ().

In either event, 7' fs = F" fs. So F' = F".
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Q.ED.
Theorem 3 H iscontinuous
Proof: Thisfollowsfrom the two previous lemmas.
Corollary 4 H hasaleast fixed point: (C, F) = fix H.

Proof: Continuous functions have least fixed points.

This suffices to show the main result of this section: the C and F functions exist. We
also need to know that the abstract functions C and F exist. This involves showing that
their defining functional H iswell-defined and continuous. | omit the actual proof of this
fact, asit isamost identical to the proof for C and F.

4.4 Properties of the Semantic Functions

Now that we know C, F, A, PR and their abstract counterparts exist, we can proceed to
proving properties about them. In this section we' Il work out proofsto show

e Theanswer returned by PR isactualy a partial function.
o PR safely approximates PR.
e PR iscomputable,

The proof technique we' |l use to show most of these theorems and their supporting lemmas
is the technique of fixed-point induction.

Suppose that ® is a predicate on some cpo D. ¢ isan admissible predicate if ¢ holds
over achain (d; |7 > 0) impliesthat ¢ holdson thelimit: ® (d; |: >0) = ® ], d;. It
isasimple theorem that if ¢ isan admissible predicate on D, H: D — D isacontinuous
function, ® L, and ® d = & (H d), then @ (fix f). Thisisastandard proof technique found
in most introductory texts on denotational semantics [Brookes 89, Schmidt 86, Stoy 77].

4.4.1 Call cachesarepartial functions

Lemma 5 The call cache returned by C or F isalways a partial function.

Informal proof: Each time F callsC, it passes along a new contour environment /3 that has
never been created before. The contour environment is guaranteed to be unique because
the innermost contour was newly allocated by F. So C’s update ((¢, 3), f') is guaranteed
unique in 5. Similar reasoning applies to the cache entries made by the primops: their
cache entries aways have a contour environment containing a newly allocated contour, so
the environment is guaranteed unique. No collisions among the entries means the result
cache isapartia function.
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A careful proof would use an admissible predicate formalising the above ar-
gument. The predicate would be something like: if C’s argument has (1) b
dominating all contours in the system, and (2) 5 does not occur in the system
then (3) the returned call cache is a partial function and (4) b lower bounds
the innermost contour of every entry in the returned call cache. .. with similar
Statements about F .

Establishing that our semantic functions produce partial functions allows us to do two
useful things. First, we can now manipulate the result call cache ~ in functional wayse.g.,
we can apply it to values: ~ cc. Second, we can take the call cache updates in the defining
equationsto be either aset update (v U {({c, 3), f)}) or afunctionupdate (v[(c, 3) — f])
as convenient, since the result is the same.

4.4.2 Abstract semanticsis a safe approximation

In this section, we will show that our abstract control-flow analysis gives a safe approxi-
mation to the exact analysis.

First, we need to define formally what we mean by “conservatively approximates.” An
exact call-cache~ can have an infinite domain and image— it isatable that givesinfinitely
precise answers to infinitely precise queries. At compile time, however, we are restricted
to asking finitely precise queries, and receiving finitely precise answers. Thus, an abstract
call-cache 4 has finite domain and range.

Now, an abstract call context c¢ € CCixt corresponds to a set of exact call contexts,
that is, the set of all exact call contexts that abstract to cc:

{cc‘|cc|:EE}.

That is, the finitely precise abstract call context ¢¢ describes a set of potential exact call
contexts.

Similarly, an abstract procedure f € D correspondsto a set of exact procedures, that is,
the set of all exact procedures that abstract to values contained in f:

{rlirei}.

(Inthiscase| f| = {|flpoc}, 0|/ £ f means| iy, € f)
So, when we query an abstract call cache 4 with some abstract call context c¢, we get
back an abstract procedure 4 ¢¢ that describes a set of exact procedures:

{r|ingse}.

If we query an exact call cache v with the equivalent set of exact call contexts, we get

{’ycc‘|cc|:EE}.
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Our abstract call cacheisasafe approximationif the approximate answer to our approximate
guery ¢c contains the exact answer to our approximate query:

{vee|leel=a}c{r|lficya}.

Theleft-hand sideisthe set of all proceduresthat werereally called from some call context
described by the abstraction ¢¢. The inclusion guarantees us that all of these procedures
areincluded in the answer the abstract call cache produces. Thisinclusion is equivalent to
stating that

lecc|=¢cc = |yce|] T Aee.

So, stating that “4 conservatively approximates ~” can be formally stated as “
4 |ee] .” We can extend this concept to any exact/abstract pair of functions:

v el B

Definition 3
f conservatively approximates(c.a.) f if f |z| 3 |f | (ie, fo Il 2|0 f)-
f strongly conservatively approximates(sc.a) fif & J|e| = f2 3 |f «|.

If fisapartial function, it isunderstood that = isrestricted to Dom( f) in the
above comparisons.

“Strongly conservatively approximates,” is an even stronger condition than smple “con-
servatively approximates,” and will be of use in our upcoming proofs of correctness.

Note the extra qualification in this definition for the partial function case. We glossed
over this detail in the above discussion: ~, a partial function, is not defined over al the
cc to which we might apply it in the expression {7 ce | |ec| = @} . When ce ¢ Dom(y),
then there is no call recorded in the cache for that call context, so the correct expression
is {7 cc ‘ |ce| = ¢¢ A ec € Dom(cc) } With this qualification, our definition correctly
expresses the notion of safe approximation in the partial function case as well as the total
function one.

In this section we will prove as lemmas that (roughly speaking) A, C, and F conserva-
tively approximate A, C, and F, respectively. With these lemmas, we can show the main
result of this section:

Theorem 6 PR ( conservatively approximates PR /.
Thatis, 4o || 3]|-|ov,wherey = PR (,~v =PRUL.

Proof: The theorem follows from the fact that F conservatively approximates F.
Lety =PR (and4 = PRU.

JE— o~

Y=PRL=F (((,[1), ({stop}), [, Ibo|, [1) U [{ctop, [1) = {(¢; [D)}]
v=PRL=F (£, []), (stop), [1, bo, [1) [{ctop, [1) — (€, [1)]

There are two cases to consider.
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® CC= (ctop, []):
Y leel =4 [{ewop, [N =7 (cwop. [1) 2 L [D)]
[y el = |7 {ewop, [DI = [(6, [D] = {0 1)}

So, 5 |ee| 3 |y cel.
® CC# (crop, []):
§ Jeel = F (¢, 11), ({stop}), [1. Ibol, [1) |ec]
|y el = [F (&, 1), (stop), [1; bo, [1) el
Now, [(¢, [])| = (¢, [1), [(stop)| = {{stop}), and [[]| =[], 0
¥ Jee| 2|y el
by the conservative approximation property of F and F (lemma9).

In either case, 4 |ce| 2 |y ¢c|, and the theorem is shown. Q.E.D.

Now, let's prove the supporting lemmas of the above theorem. Because A and A are
defined non-recursively, the proof of their approximation lemmais correspondingly direct.

Lemma?7 AavVe |3 3| Aaves|whereve J |vel. (sca. inveandc.a. ingj.)
Proof by cases:

1. a =[k] ora = [prim] (constant or primop)
Immediate.

2. a=[0:(\ (v1...v,) ¢)] (lambda)

Al we [5] = {{L. 51)}
|A Cve s = [(C, B)] = {{(, 15])}

3. a=[riw] (variablereference)
Let { = binderv.

Ar e |8 = e (v, 8] €) 3 |ve| (v, 8] )
= | lve (v, 0)| 3 |ve (v, B0)]

|b]=18] ¢
= |Ar ve §

Q.ED.

Thenext twolemmasusetheelementwiseorderingon CStateand FState. Notethat thee,
6 and b components of aCStatetupI e, and the f b ccomponents of aFStaIetupI eareordered

discretely. This means, for example, that if <c1, 61, veq, bl, 01> C <c2, B35, véa, bz, 02>,
it must be the case that ¢; = ¢, 61 = ﬁ2 and by = bs.
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Lemma8 C ¢s |cc| I |C cscc|, where¢s J [cs|.  (sc.a. incs, and c.a. in cc)
Equivalently: Suppose cs = (c, 3, ve, b, o) € CState and Cs = (c, |3, Ve, [b], &
CState such that 65 J |cs|. Lety = C (c, 3, ve, b, o) and4 = C (c, |3], V&, |b|, 5). Then
cc € Dom(~) = 4 |cc| 2 |y cc.

2
m

Lemma9 F fs |cc| J |F fscc|, wherefs J |fs|.  (sc.a. infs, and c.a. incc)
Equivalently: Suppose fs = (f, av, ve, b, o) € FState and fs = (|f|, av, Ve, |b|, &) €
FState such that fs I |fs|. Let v = F (f, av, ve, b, o) and 4 = F (|f], &, Ve, |b], &)
Then cc € Dom(~) = 4 |cc| O | cc|.

The “equivalent” restatements of these lemmas take advantage of the observation that
4 3 |y| iff 4 c.a ~. Thisisdueto the definition of |-|ccacne (figure 4.10).

Proofs of the Inductive Case

Because of their recursive definitions, the approximation lemmas for C, C, F and F are
proved with a fixed-point induction. The following proofs will proceed in two distinct
steps. First, we'll “prove” the lemmasin arecursive fashion: the proofsof the lemmaswill
actually assume the lemmas already hold for the applications of the semantic functionsin
the recursive expansions of the function definitions. This does not constitute a sound proof.
These “recursive proofs’ do, however, establish theinductive case of therelated admissible
predicate. Thisisthe part of the proof that provides the most insight, and so we'll handle
it separately. The extraissues of showing the base case and the limit case are uninteresting
machinery, and will be addressed in the following text.

As we discussed in section 4.2, our contour abstraction and allocation functions are
related by the identity |nb bc¢| = nb [b] ¢. WE'Il be using these two expressions inter-
changeably in the proofs of the following two lemmas.

L emma 8 Proof of Inductive Case (C conservatively approximatesC)
Recursion assumption: C and C aredefined in terms of ¢ and C functionsfor which lemma
8 holds, and F and F functions for which lemma9 holds.

 Suppose the call expression being evaluated is a smple cal, [c:(f ai...a,)]. Let
f=Af |3 ve,avli=Aa; || ve,and f' = A f Bve. If f ¢ Proc, then C encountersa
run-time error, and aborts with the empty cache[]. In this case, the lemmaholds trivialy.
Supposg, instead, that f’ € Proc.

C (e, |8, v, |b], 3)

[( 18]) — f] U F <f, v, ve, nb b ¢, 0'> (4.19)
fref
Ile 8 = 1100 L F (s av, @, ub (b ¢, 5) (4.1b)
frelf

= [{e, 18]) = [F'TUF {|F'lovoes @0, 3¢, nb [B] ¢, &) (4.10)
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Equation 4.1aisthe definition of C. Equation4.1b holds because A approximates.A (lemma
7),sothat | f'| C f. Thejoinover f € |f’| can be discarded, because | f/| = {|f/|poc) I1S@
singleton set, giving us equation 4.1c.

a. cc = (¢, 5)

C (e: 18], 5, |0}, 5) lec| B
3 (e 18) = 1PN UF (If lpoe> @, 2, nb [b] ¢, 5)) (e, |8} (by4.1)
3]

C (c, B, ve, b, o) ccl
= [(F (J'; av, ve, nbbe, o)) [{c; B) = ['] (e, )| =[]  (bydef’'nC)

Therefore, C (¢, |B], ve, |b], @) |ec|) T|C (¢, B, ve, b, o) ce.
b. cc # (¢, 3)
C (c, 18], e, [B], &) |ec]
3 (Le 18) = [FNUF (If looe> @, 2, nb [b] ¢, 5)) |ec| — (by4)
= F {|/'poe: @0: 7, nb [b] ¢, &) |ec]

= ﬁ <|f/|Proc7 @7 667 |bec|7 5‘> |CC|

C {c, B, ve, b, o) cc| =|(F (f', av, ve, nbbe, o)) [{c, B) = [] cc|
= |F (f', av, ve, nbbec, o) cc|

Therefore, C (e, |8, ve, |b], &) |ec| T IC (¢, B, ve, b, o) cc| by ca onF.

Suppose, instead, that C isAevaIuating aletrec form, [c:(letrec ((f1 I1)...) D].
Let = nbbc(sothat |0'| = nb |b] ¢),and 5’ = S[c — '] (sothat |3'| = |5] [c — |V]]).
C (e |8, 5, [b], ) [ec| =C (¢, 18], T2 U [(fi, D)) = Al |3] T, V], 5) Jec]

IC (c, B, ve, b, o) cc| =1|C (, B, ve[(fi, V') — Al " ve], V', o) cc|

The result follows from (1) 5 U [(f:. [b]) — Al [3] Te| 2 |ve[(fi, ¥) — Al 3 ve]]

~

(shown below), and (2) the recursion assumption onC and C.
To see that

ve U [(fi |0]) — AL |8] 5] 3 [vel(fi, V) > Al B ve]|,

let § be the expression on the left, and /. be the expression on the right.
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g (fi 1) k(S )
g (fis [0'])

P18 ve U (fiy |0]) 3 AL 1A' Be Ufve| (fi [V])
dlpleeu | Jve (fi, 0)]

b |=[?'|

Al g veu [ fve (i, 0")]
|6 |=(2"]
b”;ﬁb/

JAL B velu ] foe (i)
16" |='|
b”;ﬁb/

hifi W]y = || lvellfi, ) — Al 8 ve] (fi, "]

|6 ]=[b"]

= AL Fvelu || Jve (fi, 0)]
=1
b//#b/

Al
Al

1L

g (v, by 3 h (v, b)for (v, b) £ (f:, [V'])

(o, By = 7 (v, B)

g
b (o, By = L Joel{fi ) = Al 8 ve] (0, 8)
bt =b
= |_| lve (v, b")| = |ve| <v, ?)>
b7 =b

The (v, ") lookup skips past the [( f;, ¥') — A I; #' ve] environment update because
either v # f; or b # |V/|. Inthefirst case, the lookup obviously skips the update. In
the second case, || = b, S0 [b| # ||, and therefore b + & — also causing the
lookup to skip the update.

This completes the recursive proof that C conservatively approximatesC.
Q.E.D.

Lemma 9 Proof of Inductive Case (F conservatively approximates F)
Recursion assumption:  and 7 aredefined intermsof C and C functionsfor which lemma
8 holds, and F and F functions for which lemma 9 holds.

The argument f is either a closure, the stop continuation, or a primop. We will show
each case in turn. We may assume for al the cases that none of the run-time error checks
apply. Otherwise, F aborts with the empty cache|[ ], and the lemmaholds trivially.

Assume the procedureisaclosure: f = ([(:(A (v1...v,) @], ).
F (L, 3), av, ve, b, o) cc =C (¢, B[l — b], ve[(vs, b) — av]i], b, o) cc
F (L, 18), av, 5e, [b], 5) |ec| = C (e, |B] [€ — |b]], 7 U [(vi, [b]) = @v ], [B], &) |ec|



68 Chapter 4. Control Flow I1: Detailed Semantics

The result follows from (1) [B[¢ — b]| = 3] [( = [b]], (2) ve U [{v;, [b]) = av]d] 2
|ve[{v;, b) — av]7]| (shown below), and (3) the recursion assumption on C and C.

To see that
5 U (v, [bl) > @0 L] 3 Jve[(vy, b) > avli]],

let g be the expression on the left, and h bethe expression on the right.

a. g (vi. [b) D h (vi, |B])

g (viy 18]) = @i LT (vr, [b]) 3 favli] U Jve] (vy, [b])
—JavlilU ] Jve (v, 8] 2 favlilu ] fve (o, 5)

|b7]=]5] (6" |=1b]
b'£b
ho(on 18 = L Jvel(vn B) = avld] {oi, 8] = avli| U || Joe (v, )]
|b7]=]5] (b’ |=1b]

b'#£b
Therefore, § (v, |b]) I h (vs, |b]).
b. g <v, ?)> mp <v, l;> for <v, ?)> # (v;, |b])

<v, ?)> = (ve U [{v;, |b]) — avli]) <v, ?)> = ve <v, ?)> 3 |ve| <v, ?)>
h <v, ?)> = || [ve[(vi, b) = avli] (v, )] = [ ] |ve (v, V)] = |ve] <v, ?)>

|b!|=b b/ |=b

Nu3Y

Therefore, § <v, ?)> mp) <v, ?)>.

Alternatively, the procedure could be the stop continuation. Thisisatrivial case, since
F produces the empty call cache which abstracts to the empty abstract call cache that F
returns.

Finally, the procedure could be one of the primops: +, if, new, contents, and set.
Supposethat [ = [p:+]. Let

{

> s k] ULl F <k’, (L), T8, nb |b] ic,.., a>
k' ek

> — Ikl] u L] F <k’, (L), e, nb [b] ic,., a>

)

k'e|k|
[nbbic,.|, &)

p*

v =F (lp+], (@, y, k), ve, b, o)
( <k, (z +y), ve, nbbic,,, U>)[<icp:+, ﬂ> — k],

where 5 = [[p:+] — b], sothat |3]| = [[p:+] — |b]]. Wewant to show that § |cc| 3 |y ccl.

I
)
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cC = (ic,u: )
A fee| 2 [kl and |5 cc| = k.

cc # {ic, )

nbbic

p*

i leel DF ([Mlpges (L), 7, 15) lec
|y cc| = ‘.7: <k, (x +y), ve, nbbuc,,, 0'> cc‘

By Fca F,4 |ec| 3|y cel.

Showing the lemmafor the rest of the primopsinvolves minor variations on the + case.
Supposethat / = [p:if]. Let

¥y = F <[[p:if]], <:f:, Jo, 7;1>7 ve, [b], &>

LI F (£, Q) e, b [b] i), &>) U (Ll F (£, (), 5, nb |b] i}, &>)

feko f€ky

U[(ie. 181) > ko, (icksg, 181) > ki
F (£, (), 5, nb [8] icS,s, 3>) N ( L F (£ Q). 5, nb [b] ickys. 3>)

T€lkol FEla
Ui 181) = ol (ichaes 181) > [fal]
= F {{holpae {)» 7 [mb bickel, ) UF (falpes € 7,

piif

U[(i0ser 181) = Lol (ickser 181) — [kal]

1L
N TN

1
nbbic,;,

. 5)

v = F {[p:if], (x, ko, k1), ve, b, o)
= ¢ #fdse — F <ko, (), ve, nb bicgzif, 0'> [<ic2:if, ﬂ> — ko]
otherwise F <k1, (), ve, nb bic;:if, 0'> [<ic;:if, ﬂ> — kl],

wheres = [[p:if] — b],sothat |3| = [[p:1f] — |b]]. Wewanttoshow that 4 |cc| 3 |y cc|.
We have to be a little bit careful in manipulating the various subexpressions of the exact
cachereturned for i1f. Exact caches are partial functions, and although cc isassumed tolie
within Dom(~), that does not imply that we can apply the caches for both arms of the if to
cc — itispossibly in the domain of only one of these arms. The following development is
careful to handle this small complexity.

_ /;0
CC = <Zcp2if7 ﬂ>

In this case, we are looking up the call to the true continuation k.

)
nb bic,;

5 Jeel =4 (iQue, 181) I kol UF ([ktlpyogr () e,

L6 ec]
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Suppose that = # false. Then |y cc| = |ko|, and the conservative inequality holds.
Alternatively, suppose that « = false. Then

|y ce| = ‘(.7-" <k1, (), ve, nbbicd 0'> [<ic;:if, ﬂ> > kl]) cc‘
= ‘.7: <k1, (), ve, nbbch . 0'> cel,

and the result follows from the recursion assumption on F and 7.

CC = <ic;:if7 6>
In this case, we are looking up the call to the false continuation £;. This case is
analagous to the previous case for the true continuation.

cc # (icse B), (ickss B)
The final case involves looking up some call other than the two immediate potential
callsto the if primop’s continuations.
> |ccl

A Jec] 3 F <|ko|pmC7 (), ve , |nb bic®
uF <|k1|m, (), e, |ub bict
Supposethat « # false. Then

piif|»

&) lec|

piif|»

|y cc| = ‘.7: <k0, (), ve, nbbch i) 0'> cel,

and the result follows from the recursion assumption on F and F. Alternatively,
suppose that + = false. Then

|y cc| = ‘.7: <k1, (), ve, nbbchlf, 0'> cc‘.

Adgain, the result follows from the recursion assumption on F and 7.

Supposethat / = [p:new]. Let

= F ([pmewl, (d. k), we. |b], 7) =
[(iCymens 181) = B U | F (K, (L), 5, nb [b] ic, e, (U d))

E'ek
F <k, (a), ve, nbbic,, ., ola d]> [<icp:new, ﬂ> > k],
where 3 = [[p:new] — b] (so that |3| = [[pinew] — |b]]) and « = alloc o. We want to
show that 4 |ce| 3 |y ccl.
CC = <icp2new7 ﬂ>
i lec| 2k 23 k[ and |} cc| = [K].
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CC # (iCyinen: B)

5 leel 2 | F (K, (L), 5, nb [b] ic

p.new’ (
k'ek

3 F (|klevees (L), e, |nb bic
|y cc| = ‘.7: <k, (a), ve, nbbic

p.new’

GUd)) |ec|

pnes)s (GLd)) |ec]
ola— d]> cc‘

Theresult followsfrom F ca F and 5 L d 3 |o[a — d]].
Toseethat5 Ud 3 |o[a — d]|:
ola — d]| = [ ||Im(c[a — d])| € | |[Im(c) U {d}]
=Im(o)|ud =|o|u|d CFud
Supposethat / = [p:set]. Let
= F ([piset], (. d, k), ve, |b], &) =
[(iCpaes 1B1) = k[ U [ F (K, (), 78, nb [b] iy, (61U d))
k'ek
v =7F ([piset], {a, d, k), ve, b, 0) =
(F <k7 <>7 1)6, Hb bicp:set? O'[Cl = d]>)[<icp:set7 ﬂ> = k]

where 5 = [[piset] — 0], sothat | 3| = [[p:set] — [b]]. We want to show that ¥ |cc| T
el

CC = <icpiset7 ﬂ>
§ lec] 2k 2 |kl and |y ee| = [k|.

CC # (iCyiaa: B)

nb bic

p.set

i lee| 3 L F (K, (), 7,

k'ek

L (GUd)) el

3 F (klere: (). 7, [nb bic
|y cc| = ‘.7: <k, (), ve, nbbic

yoes]s (GL1d)) Jec]
ola— d]> cc‘

p.set?
The result followsfrom F c.a. F and (asin thecase of new) 5 U d 3 |o[a — d]|.

Supposethat / = [p:contents]. Let

~

y=F <[[p:contents]], <&, ]%>, ve, |bl, 3> =
[(iCpcomsenser 181) = K L[] F (K. (5). 7. b [b] ic,comsenssr 7)

k'ek
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v =F ([picontents], (a, k), ve, b, o) =
(‘7: <k7 <U a>, ve, nb bicp:contents? U>) [<icpicontents7 6> = k],

where 3 = [[p:contents] — b], so that || = [[picontents] — |b]]. We want to show
that 4 |cc| 3 |7 ccl.

CC = <icp1contents7 ﬂ>
§ lec] 2k 2 |kl and |y ee| = [k|.

cC 7£ <icp2contents7 ﬂ>

’A}/ CC| g |_| ﬁ <k/7 <a->7 667 Hb bicp:contents Y a-> |CC|
kek

g |_| F <k/7 <a->7 667 Hb bicp:contents Y a-> |CC|
k'e|k|

=F <|k|Procv <a->7 EE7 nb b icp:contents ’ a-> |CC|

|y cc| = ‘.7: <k, (o a), ve, nb bic, onrentes 0'> cc‘

loa| C |o| C &, and the result follows from F c.a F.

This completes the recursive proof that F conservatively approximates F.
Q.E.D.

Proofsof the Base and Limit Cases

Recall from section 4.3 that the C and F functions are defined as the limit of a sequence
of approximations ( (C;, F;) | + > 0) generated by the H functional, such that (C;, F;) =
Hi 1. Similarly, C and F are the limit of an approximation sequence< <@, ij> = O>,
generated by some H functional. We prove propertiesof C, F, C, and F with the technique
of inductive predicates. With thistechnigue, a complete proof of the two previous lemmas
involves showing the lemma holdsin three cases:

e The base case. o
That i, showing that the lemmas hold on (Co, o, Co, o).

e Theinductive case. o
That is, showing that if the lemmas hold on <c F, G, ]—"> then they hold on
<Ci+17 Firts Cisa, ﬁ+1>.

e Thelimit case. o
That is, showing that if the lemmas hold over a chain { (C;, 7, C;, 7:) |i > 0),
then they hold on thelimit of the chain 5o (C:, 7. Ci, 7).

The recursive proofs we' ve just completed establish the inductive case. We till need to
show the lemmas hold in the base and limit cases.
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Proof of Base Case o
Our guadruples of functions <Ci, F;, C;, J—}> are taken from the cpo

(CState — CCache) x (FState — CCache) x (CState — CCache) x (FState — CCache).

The ordering on this cpo is pointwise over each element of the quadruple. So the bottom
element of thecpo is

(Co, Fo. Co, Fo) = (Aes. [1, Afs. [1. AG. [1, Afs. [1)

where the exact empty call caches from CCache are empty partial functions (i.e., [] = 0),
and the approximate empty call caches from CCache are total functions mapping all inputs
to the empty set (i.e., [] = Ace. D).

To establish the base case for lemmas 8 and 9, we must show they hold for the bottom
tuple of functions <Co, Fo, Co, fo>. This is trivial. The empty exact call cache [] that
Co and Fy return in all cases is the empty partia function, with domain Dom([]) = 0
The conservative approximation definitions (definition 3) restrict the comparison of the call
caches to the domain of the exact call cache, which isempty. So thelemmartrivially holds.

Q.E.D.

Proof of the Limit Case

Suppose that < <Ci, Fi, C;, ﬁ> = O> is a chain from our cpo of function quadruples
such that lemmas 8 and 9 hold for each element of the chain. We need to show that the
lemmas hold on the limit (C..., Fuc, Cuv, Fuo) = Ui (Ci, Fi, Ciy Fo).

o C.. conservatively approximatesC., (Lemma 8):
Supposethat cc € Dom(Ce, (¢, 3, ve, b, 0)).

Cec e 181, 7, 1 3) leel = (LIG: {es 131, . 0] 9)) fec
| <|7| IC; (¢, 3, ve, b, 0>|) |ccl
= (U Jee

where~;, = C; (¢, 3, ve, b, o).

|Coo (¢, 3, ve, b, o) cc| = ‘(UC , 3, ve, b, 0>) cc

= (L)«

(|ZJ|vi|) jec| 3 \(uy) o

Now,
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so0 the lemma holds. To see the above inequality, first note that since (C; |7 > 0)
is a chain, applying the C; functions to a common argument produces a chain of
results. So (v;|¢ > 0) isaso achain. Now, the ; are partia functions, ordered
by inclusion. If ¢cc € Dom(Co. (¢, 3, ve, b, o)), and Cs, (¢, 3, ve, b, o) = [U;iso Vi,
then cc € U;so Dom(v;). Let n be the smallest integer such that cc € Dom(~,,).
Sincethe v; areachain, Vj > n, cc € Dom(v;) and v, cc = 7, cc. SO, cc isaso
the value produced by applying the chain’s limit, (|l;~97:) cc. The result follows
from the chain of inequalities: -

(Ui) teel = Ltk leeh =1 1 e’

>0 120 |ec!|=]ce|
J |_| |_| |v; ec’| 3 |_| |y cc| = <|_| ’yi) cel.
ZZTL |cc/|:|cc| ZZTL ’LZO

F.. conservatively approximates F..  (Lemma 9):
Foo (If], av, e, [b], &) |cc| = <|_|7f" (If], av, ve, b], 3>) | ccl
3 (U 4 av, ve, b, 0)1) e
= (bl el
wherey;, = F; (f, av, ve, b, o).
Foo (f, av, ve, b, ) cc| = KUE (f, av, ve, b 0>) cc

= (L)«

With reasoning identical to the C case above,
(L) teet 2| (L) o]

and thus the limit case holds for lemma 9.

This compl etes the proofs of lemmas 8 and 9. Q.E.D.

4.4.3 Computability

Thewhole point of the abstract semanticsisthat it should be computable. Inthissubsection,
we'll see that the abstract functions PR, C, F, and A are computable.

A and PR are no problem. A isa function from a finite domain to afinite range; it is

defined in terms of computable primitives: atype-case conditional, a pair constructor, and
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some table lookups. It can be directly implemented as a program. PR consists of as ngle
call to F; it's computabili |ty depends on the computability of F.

Recursive functions F and C require alittle more thought to show there are effective
procedures for computing them. F and C have similar structure that we can exploit:

e They arefunctions from finite domains to finite ranges.

e When caled on a value, each function makes a loca contribution to its result, and
recurses on some new argument for another term.

Let's consider the simple form for this class of functions. Suppose we have a function
f: X — A, for somefinite set X and some lattice A, where f is defined by the following
recursive equation:

fa=galf(ra). (4.6)
That is, f’saction on « isdefined by afunction ¢ that makes alocal contribution ¢ « to the
answer, and a recursive component, which is specified by the recursion function . If ¢, r,
and the join operation LI are computable, then there is a ssmple computable algorithm for
computing fz.

The key to f’s computability is the finiteness of its domain. Consider the set
{x,T'x,TZ(r,TS(r,...}.
Thisisthe set of al elements making acontributionto f «. Because it isafinite set (being
a subset of thefinite set X), the naive expansion of f’s definition:
fr=gaxlUg(ra)Ug(?z)Ug(r3z)u---

actualy has only afinite set of terms:

fe=1{g (+'z)]i>0}.

A simple agorithm to compute these finite termsis:

f(x) =
let S =10 /* elements already processed */
ans = 1, /* accumulated answer -- ||g(S) */
loop(y) = if y ¢ S then
S := 8 U {y};
ans := ans U g(y);
loop(r(y));

in loop(x); ans

That concludes the intuitive discussion of f. Let's formally prove our claims. We
would like to prove that the function

f:z::>|_|()g (TZJ})

isaminimal solution to the recursive definition of f.
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Theorem 10 f z = ;509 (r* ) istheleast solution to equation 4.6.

Proof:
Firgt, let's show that f satisfies the recursive definition:

fe=]{g (') |i>=0}
=gaU [{g (r'z)|i>1}

=gzUf (ra).
Now, we want to show that f istheleast solution:
he=gaUh(rz) = h3f

That is, any solution to equation 4.6 must be greater than or equal to f. Supposethat % isa
solution to equation 4.6. It isan easy induction to show that for al j > 0,

hae=g0Pz)U---Ug( z)Uh(r z)

That is, ~ « isan upper bound for each term of f’s expansion, and so
hzdfa.

Q.ED.

Why do we want aleast solution? By our ordering on cache functions, aleast solution
is the one producing the tightest, most accurate caches, subject to the constraints of the
eguations.

Now that we have a computable solution for the class of finite functions given by
equation 4.6, let's return to the specifics of C and F. As given in figures 4.5, 4.6, C
and F don’t have quite the right form. Instead of being self-recursive, as required by
equation 4.6, they are mutually recursive: C calls F and vice versa. However, it is fairly
straightforward to mechanically transform a system of recursively defined functionsinto a
single self-recursive function. Aslong as theindividual recursions and local contributions
are monotonic, the results go through. We'll pass over this complexity to smplify the
presentation.

We till need to handle one final detail: the recursions in ¢ and F have a branch
factor greater than one. For example, when Cis s applied to asimple call [(f a1...a,)],
it performs arecursive call to F for each f’in A f 6 ve. We can generalise theform of
eguation 4.6 dightly to allow for this:

f:z;zg:z;lJI_lf(R:z;), (4.7)

where R:X — P(X) isafunction mapping an input « to the set of elements on which f
recurses (herewe use f (R x) asshorthand for {f y | y € R «}).
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Allowing for branching does not change the essence of the proofs we' ve worked out;
we simply move to the power-set relatives of f, ¢, and R:

gY =|lgY, RY=|JRY,

and
iY:g_]Yl_li(ﬁY). (4.8)

These related power-set functions have functionality ¢: P(X) — A, R:P(X) — P(X),
and i: P(X) — A.
The relations between ¢, R and ¢, 12 cause f and f to be related:

fx=[{z}, inI_lfY. (4.9

Furthermore, f satisfies the ssmple recursion of equation 4.6, which we know (theorem 10)
has the least solution

[Y=]g(RY

i>0

Putting this together with f = = f {+} givesusasolution for f:
Ja=]g (& {«})
It only remains to prove equations 4.9.

Lemma 11 If f satisfies recursive equation 4.7, then the function f Y = || f YV satisfies
recursive equation 4.8.

Pr oof:

fy=Usry = lgyulJf(Ry)

yeYy

=gVUu S (Ry)=gYU[(RY)

Q.ED.

It should be clear that ¢ and £ distribute over union: ¢ (AU B) = g AU g B, and
(AUB) = RAU RB. Thisimplies that powers of R also distribute over union:
(AUB) = R' AUR' B. Thisal implies, in turn, that the least solution to equation 4.8,
Y =|i»0g (R'Y), distributes over union.

We can now derive the least solution to equation 4.7:

R
R
f

Theorem 12 f 2 = f {«} istheleast solution to recursive equation 4.7, where f is the
least solution to recursive equation 4.8, f Y = | 509 (R'Y).
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Proof:
(1) f satisfies 4.7:
fae=[fAa} =g {aiU [ (B {z}) (by egn. 4.8)
=gxUf(Rx)
=gxUllier. [ {2} (by distributivity of f)
=gxUlper, f 7
=gxUlf(Rx)

(2) f isleast solutionto 4.7:

Suppose f’ isasolutionto 4.7. Wewant f C f'. f'Y = || f'Y isasolution to 4.8 by

lemmall. So fx = f {2} C f’ {z} = f’ x, where the inequality follows from the

leastness of f. a - Q.ED.
We have just proved that the least solution for recursive functions with branching is

Fe=|lg (B {«}) =g UR {a}.

i>0 i>0

The finiteness of X again guarantees us a limited number of termsto join together to find
the value of the function for a given argument. This expansion can be computed with the
following algorithm:

f(x) =
let S 0, /* elements already processed */
ans = 1, /* accumulated answer -- ||g(S) */
loop(y) = if y ¢ S then
ans := ans U g(y);

S := 8 U {y};
for each z € R(y)
loop(z);

in loop(x); ans

For an intuitive explanation of why this procedure computes f, consider that U, £; {z}
is essentially a breadth-first exploration of the tree rooted at x, where R is the “sons-of”
function. &' {z} isthe set of children at depth i in the tree. The procedure £ (x) isjust the
equivalent depth-first search.

We will returnto adetailed analysis of algorithmsfor computing our semantic functions
in chapter 6.
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| mplementation |

That this manages to work is truly remarkable.
— Sussman & Steele

The equations of chapters 3 and 4 define mathematical functions. We need to define
algorithms to compute these functions. In this chapter, we'll consider how to do this. I'll
start with the basic algorithm for computing the abstract control-flow semantics, and then
discuss some tricks that can be played to increase the speed of the algorithms. | won't
attempt to rigorously prove that the algorithms are correct; 1’'ll rely mostly on intuitive
appeals. Formal rigour will be deferred to the next chapter.

5.1 TheBasic Algorithm

When the C or F functionis applied to an argument, it adds some local contribution to the
final answer, and then recurses on some new arguments (actually, it’'s amutual recursion: C
calls 7, and vice versa). The basic algorithm, then, for computing one of these functionsis
to keep aset of al the argumentsto which the function has been applied during therecursive
evaluation of the top-level argument. When the function recurses on an argument, it checks
to see if it has already been applied to that argument. If so, we have looped: al the
contributions arising from this argument and all its recursive successors have already been
made, so the function returns immediately. If not, the argument is added to the set of
aready-seen arguments, the local contribution is made, and the function recurses.

So, ignoring the letrec case for simplicity, the C function can be reaised with the
following procedure for the 1CFA abstraction:

79
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Chat (call,benv,venv,store)
if <call,benv,venv,store> € S then return; /* Quit if repeat. */
S := S U {<call,benv,venv,store>}; /* New arg. Memoise it. */
let [c:(f . args)] = call, /* Destructure call form. */
F = Ahat(f,benv,venv), /* Eval proc subexp. */
argv = mapAhat(args,benv,venv) /* Ahat(a,benv,venv)
in for a in args. */
ans := ans Ll [<c,benv> — F];
/* Argument c to Fhat is the 1CFA contour: */
for each f in F do Fhat(f,argv,venv,store,c);

With a similar memoising definition of 7, the PR procedureisjust;

PRhat(lam)
s :=10;
ans := [];
Fhat (Ahat(lam, [],[]),<{stop}>,[1,[],topcall);
return(S)

This algorithm is similar to the “memoised pending analysis’ treated by Young and
Hudak [Young™ 86].

5.2 Exploiting Monotonicity

We can optimise this procedure by taking advantage of its monotonicity to use a more
aggressive cutoff. C’s arguments have a simple elementwise ordering:

= —— o~ /\/ —— o~ . > /\/ —— —— o~ o~
<c,ﬂ, ve,a>§<c’,ﬂ,ve',a’> if c=c,B=p43,ve Cve',ands C &',

The ordering on Z’s argumentsis similar.

It'sfairly straightforward to see that given these orderingsthe C, 7, and A functions are
al monotonic. Suppose we have acall subform a, contour environment 3, and two related
variable environments ve C ve’. It followsthat A ¢ 3 ve must be asubset of Aa 3 ve'.

Similarly, suppose that we apply C to a pair of related arguments: <c, 3, ve, 3> and
<c, 3, ve', &’>, where e C ve¢’ and ¢ C &'. Then it is clear, from the monotonicity
of A, that C's local contribution to the final answer cache for the first, precise argument
([(e. B) — A f 3 we|) iis contained by its contribution for the second, approximate argu-

ment (Kc, B> — Af 3 @’]). Further, for each recursive call to F made by C in the first

case, thereis arecursive call to F in the second case, with an argument that approximates
the argument used in thefirst case. So all the contributionsto the answer cache proceeding
from the chains of recursive callsin thefirst case are covered by the contributions made by
the chains of callsin the second case.
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We can take advantage of this fact to speed up the algorithm. If we call Chat on
some argument tuple <call,benv,venv,store>, and we notice that we' ve already called
Chat on some other argument tuple that approximates <call,benv,venv,store>, then
we can cut off the search immediately, since all the contributions produced by the earlier,
approximate tuple will cover al the contributions made by the current one.

We can implement this optimisation by changing the singleline
if <call,benv,venv,store> € S then return;
to
if <call,benv,venv,store> L cs for some cs € S then return;

in the Chat procedure. Note that the new cutoff is strictly more aggressive than the basic
one: since <call,benv,venv,store> C <call,benv,venv,store>, the aggressve
cutoff will trigger whenever the current argument isalready in s.

5.3 Time-Stamp Approximations

/* too painful to do right */
— <stdio.h>, 5.3 (Berkeley)

Even with the aggressive cutoff of the previoussection, the function€ is painful to compute.
It requires us to maintain and search sets of argument tuples. Since each argument tuple
includes a complete abstract variable environment and abstract store, these tuples are
sizeable structures. So the space and time expense of computing C is fairly high.

An dternativeisto compute arelated function that approxi matesC but ismuch cheaper
to compute. Thisis the function that uses single-threaded variable environment and store
datastructures.

Suppose we keep the variable environment and store in the global variables venv and
store. The variable environment and store are passed to the Chat, Fhat, and Ahat
procedures implicitly. For instance, Chat now only takes arguments call and benv, with
the store and variable environment taken fromtheir global variables. Whenever aprocedure
adds information to the variable environment or store, it ssmply atersthe global variables.
When arecursive procedure has completed, it makes no effort to restore the values of venv
and store beforereturning to itscaller. Thus, al the additionsthat were madeto venv and
store Will be visible to the procedure’s caller.

The reason we can do this is that our error is always going to be on the safe side.
Suppose Chat isevaluating some call expression (£ 2 5), and f evaluates to a set of three
abstract procedures. Then Chat is going to perform three recursive calls to Fhat, one for
each of the abstract procedures to which £ could possibly be bound. Let's assume that
beforethefirst call to Fhat, venv hasthe correct value. During thefirst call to Fhat, venv
isgoing to be augmented, so that when Fhat returns, venv will no longer haveitsoriginal,
pre-call value. So when the second call to Fhat is made, the variable environment and
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store won't have their correct values. Instead they’ |l have values that are approximations
to their correct values, because they’ Il include extrainformation.

Using the approximationsinstead of the correct valuesis allowable because C and F are
monotonic. This means that if we apply them to approximate arguments, they’ |l produce
an answer cache that is a safe approximation of what we'd have gotten with the exact
arguments.

So if we proceed without restoring the venv or store values around recursive calls,
we'll get aresult that is a little weaker than the result provided by the basic algorithm of
section 5.1, but consistent with it.

What is the advantage of this approximate algorithm? By making the variable en-
vironment and store single-threaded, and only changing them monotonically, we can be
assured that the temporal sequence of venv and store values are strictly ordered during
the search procedure. This means we can use time stamps to describe the different variable
environments and stores. We can compare the variable environments that existed at two
different callsto Chat, say, Ssmply by comparing their corresponding time stamps. The one
with the larger number approximates the one with the smaller number.

All we need to do isintroduce global variablesvenv-ts and store-ts that are integer
counters serving as modification time stamps for venv and store. Every time venv is
altered, we increment the venv-ts counter; and similarly for store and store-ts. If an
operation on one of these tables doesn’t add any new information, we leave its time stamp
unchanged.

Now we can memoise the variable environment and store by their time stamps. The
argument tuples we store away in our memo table need only contain the time stamps for
the variable environment and store; <call,benv,venv-ts,store-ts>. This meanswe
don’'t need to keep around large numbers of variable environments and stores in our memo
table, and we can also search the table and compare tuples much faster.

Note further that for any two memoised argument tuples

¢s1 = <call,benv,venv-ts;,store-ts;>,

csp = <call,benv,venv-tso,store-tsy>

with identical call and contour environment components, the tuples must be ordered. That
is, either
venv-ts; < venv-ts; A store-ts; < store-tsp

or
venv-tsy; < venv-ts; A store-ts; < store-ts;

(i.e, either ¢s; C ¢sp 0r ¢sp C ¢sp). Thisisbecause the tuples are generated sequentially,
and the time-stamp pairs are thus always ordered. So, for agiven call and benv value, we
only need storethe most recent time stampsfor their correspondingvenv-ts and store-ts
valuesin the memotable. Thiswill still implement the aggressive cutoff of section 5.2, but
with till lower storage overhead for the memo table s.

If we put all of thistogether, we get the following approximate algorithm:
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Cts(call,benv)
let <venv-memo,store-memo> = fetch-memo(call,benv)
in
if venv-ts < venv-memo and store-ts < store-memo then

return;
memoise(call,benv,venv-ts,store-ts);
let [c:(f . args)] = call, /* Destructure call form. */
F = Ats(f,benv), /* Eval proc subexp. */
argv = mapAts(args,benv) /* Ats(a,benv)
in for a in args. */
ans := ans Ll [<c,benv> — F];

/* Argument c to Fts is the 1CFA contour: */
for each f in F do Fts(f, argv, c);

PRts(lam)
S := [1;
venv := []; venv-ts := 0;
store := []; store-ts := 0;
ans := [];

Fts(Ats(lam, [1),<{stop}>,topcall);
return(S)

fetch-memo(call,benv)
if <call,benv> in table S then
return(table-entry(S,<call,benv>));
/* Never seen <call,benv> before. Initialise memo entry. */
memoise(call ,benv,-1,-1);
return(<-1,-1>);

memoise(call,benv,v-ts,s-ts)
set-table-entry(S, <call,benv>, <v-ts,s-ts>);

This agorithm is the one that | have actualy implemented. All of the applications
| discuss in the following chapters have been built on top of this implementation. The
running time of the package, when applied to small examples, is effectively immediate
(about asecond, in the interpreter), and the loss of precision has not been noticeable for the
examples | havetried.
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5.4 Particulars of My Implementation

| have an implementation of 1CFA written in the Scheme dialect T [Reest 82, Reest 84].
It uses amodified version of the ORBIT compiler’s front end to produce CPS Scheme code
from programswritten in full Scheme. The features of the particular algorithm are:

e 1CFA (section 3.7)

simple side-effects analysis (section 3.8.1)

external procedures and calls (section 3.8.2)

user procedures and continuations partitioned (section 3.8.3)

single-threaded variable environment and store with time stamps (section 5.3).

The front end and its related utilities are about 2100 lines of commented code. The
actual 1CFA codeis about 450 lines of commented code.

Appendix A isacodelisting of my 1CFA implementation. Appendix B givesadetailed
dump of the call cache produced by applying this code to two small Scheme procedures,
iterative factorial and the small “puzzle” example from chapter 9 (page 120).

On a DECstation 3100, running uncompiled in the T interpreter, the 1CFA analysis can
analyse an iterativefactorial procedurein .58 seconds, and adelq procedurein 1.8 seconds.
| have not made a serious effort to carefully evaluate the running time of the analysis, these
running times are only given to suggest that the execution times are manageable. A detailed
study of compile-time costs would be premature at this point. The efficiency of the ssimple
implementation given in appendix A could be improved agreat deal by tuning the code and
data structures for speed. These issues are discussed in greater detail in chapter 11.



Chapter 6

| mplementation |1

You wouldn’t want usto give you a Ph.D.
for a buggy optimiser, would you?
— J. Reynolds

Do the algorithms of the previous chapter correctly implement the abstract control-flow
analysis semantics functions? In this chapter, we'll develop proofs to show:

e The basic algorithm computes the abstract CFA function.
e The aggressive-cutoff algorithm is equivalent to the basic algorithm.

e The time-stamp agorithm safely approximates the basic algorithm.

Thiswill formally establish the correctness of our algorithms.

6.1 Preiminaries

First, we need to briefly summarise the framework of section 4.4.3. The functionsC and F
have the same, ssimple structure. When one of these functions is applied to an argument,
it makes a local contribution to the final answer, and then recurses on some set of child
arguments. If the local contribution for argument « is ¢ =, and the set of children to recurse
onis R z, then we have the general form!

fe=gaU||f(Ru). (6.1)

We assume these functions map afinite set X to alattice 4, i.e. f/: X — A. (Inthecase
of C, for instance, X isCState and A is CCache.) The functionalities of the parameterising
functionsareg: X — Aand R: X — P(X).

IActualy, C and F are mutually recursive — one callsthe other. See section 4.4.3 for further discussion.
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It smplifies our descriptions of these functionsto introduce their power-set relatives:
gY =|lgY, RY=[JRY,

with functionality ¢: P(X) — A, and R:P(X) — P(X). The power-set analog of
equation 6.1 is

fY=gYUf(RY), (6.2)
where f:P(X) — A. We saw in section 4.4.3 that the least solution of equation 6.2 is
[y =]g®&Y),

i>0
and the least solution of equation 6.1 is
fa=[fAa}y=[]g(B {«}).

i>0

6.2 TheBasic Algorithm

We need to show that the basic algorithm of section 5.1 computes

fo={]g (B {«}).

i>0

For the remainder of this chapter, we will concentrate on computing the set U, ' {z}
instead of its image under g. This will smplify the discussion. Let A be the function
computing i’sclosureon Y':
LY = [JR'Y.
>0
Itsclearthat f = =g (b {z}).
Altering the basic algorithm of section 5.1 to simply compute the closure set S gives us

hix) =
let s =0,
loop(y) = if y ¢ S then
S :=85 U {y};
for each z € R(y)
loop(z);

in loop(x); S

We would like to show that h (x) correctly computesthe set £ x.

Firgt, it's clear that h (x) terminates. Each recursive call either terminates immediately
(if y € 8), or increases the size of S, making progress towards termination.

We can provethat h computesthe desired set by considering the associated loop function
L. Suppose we call the interior procedure loop on vaue y’, with S initially having the
value S’. Define L 5" 3’ to be the value of S after 1oop (') returns.
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The procedure 1loop(y) recursively explores the subtree rooted at y in a depth-first
order, where R can beviewed asthe “sons-of” function. However, 1oop cuts off the search
when it arrives at a node in the set S. So, we can intuitively see that . S y returns the
tree explored from y, stopping at elementsin S. The £ function, on the other hand, can be
viewed as a compl ete breadth-first search from its argument. This leads usto the following
theorem:

Theorem13 L SyUARS=h {y} ULS.
Proof:

1. LSyUhS Ch {y}UhLS:
During the execution of loop(y), al elements added to S are produced by chains
of R applications, starting with y, hence each such element must be in y’s closure,
h {y}. So,
LSych{yluScCh{ytUhrS.

The inclusion follows.

2. h {yy URS C LSyULS:
Proof by negation. Supposez € A {y} — (L SyUAS). Now z € L {y} means
thereisasequence so, ..., s, suchthat so = y, s, = z,and s;31 € R s; (thatis, there
is a sequence of R applications leading fromy to z). Sincez ¢ A S, we know that
none of the s; arein S — if one was, then its descendant = would have to be in the
closure. Sincez ¢ L Sy, weknow s,,_1 ¢ L Sy. However, s,,_; isn'tintheinitial S
set, soif it were ever added to S, 1oop would recurse over itschildren R s,,_1, which
includes z, and so z would have been added to S. In asimilar fashion, we can derive

z¢ LSy = s,.1¢LSy = -+ = s1¢LSy = y¢LSy.
But, clearly y € L S y. Contradiction.

Q.E.D.
We can finish off h with the following corollary:

Corollary 14 h(x) = h {z}

Proof: This followsfrom the previoustheorem, h(x) = L z,and » 0 = 0.

6.3 TheAggressive-Cutoff Algorithm

If we similarly abstract the basic structure of the aggressive-cutoff algorithm of section 5.2,
we get the procedure:
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h’(x) =
let s =0,
loop’(y) = if not (y C z for some z € S) then
S :=3 U {y};
for each z € R(y)
loop’ (z);

in loop’(x); S

Assume that the domain of our functions, X, is a partial order with order relation C.
This order relation induces an preorder on the power set (X ):

YCVY' iff VyeY Iy eY yCy.

Thatis, Y C Y’ if every element in Y isC some element in Y. (We will extend this
notation to scalar elements: y C Y is shorthand for {y} C Y'.) We will call two sets
equivalent if they are ordered in both senses:

Y=Y iff YECY'AY' CVY.

Let’s further assume that the functions ¢ and R are monotonic with respect to these
orders. Theng, R, and R' aremonotonic. It followsthat f« = | |, g (E {x}) ismonotonic.

What dothe R and ¢ functionscorrespond tointhe control-flow semantics? Consider the
simple-call case of theC function. R givestherecursionset {{ f', @, @e, ', 5) | f' € I'}
calculated from the input argument tuple, and ¢ is the local contribution made by the
function towards the answer cache: [<c, B> — F] (figure 4.5). All of the C and F cases
have definitions with similar structure, so R and ¢ functions can be defined for them. It
should be a smple matter to convince yourself that, given the above definitions of set
ordering and monotonicity, the ¢ and R components of C and F are monotone. Passing C
more approximate arguments causes it both to make a larger contribution to the call cache
and to recurse over alarger set of argument tuples; similarly for F. So our assumptions of
monotonicity apply to the abstract semantic functions.

Now, let’s return to the two sets h(x) and h’ (x) — the former computed by the
basic agorithm, and the latter computed by the aggressive algorithm. If we know that
h(x) C h’ (x), then the monotonicity of ¢ gives us that

| Jgh(x) E| Jgh’ ).

Similarly,h’ (x) C h(x) impliesthereverseordering. So, if h(x) = h’ (x), thenthejoins
of their images under ¢ are equal:

hizx) =h’(x) = |_|gh(x):|_|gh’(x).
Now, the left-hand side of the equality | |¢ h(x) isjust f x. So, if we can show the

equivalenceof h andh’, we can use the aggressive h’ in place of the basic h to compute f.

In order to show this equivalence, we need to use the analog of the I function for h’.
Define L’ to be the corresponding function: L’ S’ y’ isthe value of S after initialising it to
S’ and calling loop’ (3/).
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Theorem15 L' SyULS=h {y} URS.

Proof:

The proof is similar to the previous proof for the basic algorithm, using C in place of €.

1.

L'SyUhSCh{y}UhRS:
During the execution of Loop’ (y), al elements added to S are of produced by chains
of R applications, starting with y, hence each such element must be in y’s closure,
h {y}. So,

L'Sych{ytuSch{y}UhS.

Clearly, h S C h {y} UL S aswell, o
L'SyUhSch{y}ULS,

whichinturnimplies
L'SyUrhSCh{ylULS.

A{yURLSC L'SyUhLS:

Proof by negation. Supposedz € h {y} — h S suchthat 2 IZ ' Sy U A S. Since
z € h {y}, thereisasequence so, ..., s, suchthat so = y, s, = z, and s;41 € R s;
(that is, there is a sequence of R applications leading from y to z). Now, since
z IZ h S, weknow that V: s, IZ S — if some s; were C S, then by the monotonicity
of R, its descendant ~ would haveto be C the closure 4 S.

Sincez IZ L'Sy,weknow s,,_; IZ L'Sy. Toseethis, supposethats,,_1 C x € 'Sy,
forsomex. Sinces,_1 Z S, weknow that « ¢ S, sox must havebeenaddedto L' S'y
during the execution of the algorithm. However, when loop’ adds some element
x t0 S, it also recurses over z’s children R x. R is monotonic, so the recursion set
R x includes some element «w 2 z. Since loop’ iscaled on w, the final valueis
guaranteed to be J w (either w is = some element already in S, or it is added to
S itself; either way, the result set is J w), hence J z. Soz C L' S y, whichisa
contradiction. Hence s,,_1 IZ L' S y.

We can apply this reasoning backwards along the s; chain, giving us the series of
implications:

zZ LSy = s,.ZLSy = -+ = s iZL'Sy = yZLSy
But, clearly y C L’ S y. Contradiction.

Q.ED.

This theorem allows usto show that the aggressive-cutoff algorithm is equivaent to the

basic

Corol

algorithm, with the following corollary:

lary 16 Yy, h’ (y) = h {y}.
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Proof: The previous theorem gives us
L'Oyuh0=h{y}UhD.

h =0,andh’ (y) = L' )y, and the equivalence follows. Q.E.D.

Now that we' ve established that the basic and aggressive-cutoff algorithms are equiva-
lent, we can implement the more efficient aggressive-cutoff algorithm and know that it will
compute the desired function.

6.4 TheTime-Stamp Algorithm

Itisfairly smpleto show that the time-stamp algorithm is a conservative approximation to
the basic algorithm.

Suppose that the C function is being appli ed to some simple-call tuple ¢s. Consider the
recursion set R ¢s of FState tuples on which C recursively applies 7. Thisisthe set

{<ﬁ, av, @,I/J)?)c,&>|1§i§n},

where {fl, . ,fn} = A f 3 ve. Changing to an algorithm that uses a single-threaded

implementation of the variable environment and store means that between the f1 call and
the f> call, the store and variable environment could increase. So the actual values of the
global variable environment and store present when the /, call ismadearen’t ve and &, but
some values ve, 1 ve and o, J 0. This means we are actually calling F with the tuple

fa. @0, Tz, nb be, 62) 3 (fa, @b, v, nb be, 7). Between the f, call and the 5 call,
the globally modified ve and & variables can again beincreased. So the actual values of the
variable environment and store present when the f3 is made are some values ve; J ve, and
o3 1 0, and so forth for the successive callsto therest of the f;. So the effective recursion
set for the single-threaded implementation is

Call thisalternate recursion set R’ ¢s. It'sclear that the ve; areall 2 ve and that the o; are
al J &, soeachtuplein R ¢s isJ itscounterpartin R ¢s. Thuswe know R’ 2 R using
the ordering of the previous section.

Thisis pervasively true throughout the C and F functions: the only change of making
the variable environment and store be global, single-threaded data structures is to shift
to recursion sets that are J their counterparts in the basic algorithm. So, returning to
oursmple f« = g U] f (R«) model of the semantics functions, the single-threaded
algorithm computes the function defined by

f’:z;:g:zjl_ll_lf’(R':zj),

which isjust

fla = Ug_](R’ix).
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Now, the basic recursion is computing the function

fx:Ug_](Rix).

As we discussed in the previous section, if # 3 R, then % 3 R'. This plus the
monotonicity of g gives usthat

f3af
or that the single-threaded recursion safely approximates the basic recursion.
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Chapter 7

Applications|

The term “ collection of hacks’ is not meant
to be pejorative. Some of my best friends are

collections of hacks.
— S. Fahiman

Once we' ve performed control-flow analysis on a program, we can use the information
gained to perform other data-flow analyses. Control-flow analysisby itself doesnot provide
enough informationto solve all the data-flow problemswe might desire (we' |l discussthese
limitations in the following chapter), but we can still solve some useful problems.

In this chapter, we'll consider three applications we can perform using control-flow
information: induction-variable elimination, useless-variable elimination, and constant
propagation.

7.1 Induction-Variable Elimination

Induction-variable elimination is a technique used to transform array references within
loops into pointer incrementing operations. For example, suppose we have the following
C routine:

int a[50] [30];

example() {
integer r, c;
for(r=0; r<50; r++)
for(c=0; c<30; c++)
alr][c] = 4;
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The example function assigns 4 to all the elements of array a. The array refer-
ence al[r] [c] on a byte addressed machine is equivalent to the address computation
a+4* (c+30*r). This calculation requires two multiplications and two additions. How-
ever, since the address value is linear in the ¢ and r terms, we can cheaply compute the
address computation incrementally.

example() {
integer *ptr;
for(ptr=a; ptr<a+1500; ptr++)
*ptr = 4;
}

Theptr variabletracksthedependent valuea+4x (c+30%r). Induction-variableelimination
(IVE) isatechnique for automatically performing the above transformation. Classical IVE
istreated in detail in the “Dragon” book [Ahot 86].

Classical 1 VE for imperative languages such as C or Pascal begins by searching for
basic induction variables (BIVs). A BIV is avariable that is only altered in a loop by
incrementing or decrementing it by constants. The r and ¢ variables are BIVsin the above
example. In Scheme, the role of a single C BIV is played by a set of related Scheme
variables, called abasic induction variable family. We use a set of Scheme variablesin the
place of a single C variable because of the different ways that loop variables are updated
in the two languages. In C, aloop variable is updated multiple times within a loop by
assigning to that single variable:

3=0;

while(test) {
J o= 3+
=34
J = 3%
}

In Scheme or ML, an iteration variableis updated by rebinding it in atail-recursive loop:

(Letrec ((loop (A (3)
(if (not test)
(et ((57 (+ 3 1)))

(et ((§% (= 37 4)))

(oop (+ 3% 2010
(loop 0))
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In the Scheme code, the variables {3, j’, j%} correspond to the C variable j.! So, whereas
IVE analysisin C searches for the basic induction variable j, the Scheme variant searches
for thefamily {j,j°, j%}.

A basicinduction variable (BIV) family isaset of variables B = {vy, ..., v, } obeying
the following constraints:

1. Every call sitethat calls one of the v;’s lambdaexpression may only call one lambda
expression.

2. Each v; may only have definitions of the form & (constant b), and a + v; (v; € B,
constant «). This corresponds to stating that »;’s lambda must be one of:

e Caled fromacall site that ssimply binds v; to a constant:
(A (x vi z) ...) foo 3 bar).

e The continuation of a+ call, with »; and a constant for addends:
(+ vja (A (vi) ...)).

e The continuation of a- call, with v; and aconstant for subtrahend and minuend:
(- vja (A (vi) ...)).

e Called fromacall site that smply binds v; to somev;, e.g.:
(A (x vi z) ...) foo vj bar) (Thisisaspecia caseof « = 0).

Given the control-flow information summarised by an abstract call cache function 4, it is
fairly smple to compute sets of variables satisfying these constraints.

After finding BIVs, IVE analysis searches for dependent induction variables (DIVs) —
variables whose values are affine functions of some other induction variable. The com-
putations calculating these variables are then replaced with cheaper incremental updates.
Again, the Scheme variant looks for families of variables dependent on BIV families, and
the emphasisis on binding updatesinstead of assignment updates.

A dependent induction variable (DIV) family is a set of variables D = {w;} together
with afunction f(n) = a + b * n (a,b constant) and aBIV family B = {v;} such that:

e For each w;, every definition of w; isw; = f(v;) for somev; € B.

We call the value f(v;) the dependent value.

We can introduce three sets of new variables, {z;}, {z;}, and {y;}. The z; and z;
track the dependent value, and the y; are introduced as temporariesto help update the basic
variable. Inthefollowing description, we use for illustration the following piece of Scheme
code:

Ynfact, al three variables in the set would probably be named j by the programmer — there is no point
in distinguishing the names if they represent the same conceptual identifier at different pointsin the code. So
the binding operations would look more like areal update: (1et ((j (- j 4))) ...). However, by the
time the compiler begins to analyse the code, the compiler front-end has “aphatised” the three variables to
have distinct names.
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+vli 4 () (v2) ...(x3v2 (A wl) ...))))

T\DIV w1 defined
BIVsv1i & v2 tobe3x*v2

with associated function f(n) = 3* n.
We perform the following transformations on the code:

e Introduce z; intothe v, lambda expression:
Modify each lambdathat binds one of the v; to simultaneously bind the corresponding
value f(v;) to z;.
Binding site (A (v2) ...) becomes:
A v2 z2) ...)

e Introducecodetocomputez; = f(v;) from z; = f(v;) when v; iscomputed from
v;
All call siteswho have continuations binding one of the v, (i.e., call Sitesthat step the
BIV family) are modified to update the corresponding z; value. Temporary variables
x; and y; are used to serially compute the new values.
Call site (+ v1 4 k) becomes:

(+ z1 12 (A (x2)
(+ vi 4 () (y2)
(k y2 x2)))))

e Replace computation of DIV w; from v; with smple binding:
Sincez; = f(v;), we can remove the computation of w; fromv;, and Ssmply bind w;
to z;. Dependent variable computation (x v2 3 (A (w1) ...)) becomes:
(A (w1) ...) z2) and z; can be 5-substituted for w;.

Notice that {w;} U {z;} U {x,} now form anew BIV family, and may trigger off new
applications.

For example, consider theloop of figure 7.1(a). It isconverted to the partial CPS of (b).
Now, {n} isaBIV family, and {m} isa DIV family dependent on {n}, with f(n) = 3n. A
wave of IVE transformation gives us the optimised result of (c). Analysisof (c) revealsthat
{3n,3n’,3n%} isaBlV family, and {p} isaDIV family, with f(n) = 4+ n. Another wave
of IVE gives us (d). If we examine (d), we notice that 3n, 3n’, and 3n% are never used,
except to compute values for each other. Another analysis using control-flow information,
useless-variable elimination, spots these useless variables; they can be removed, leaving
the optimised result of (). (We'll discuss useless-variable elimination in the next section.)

This example of figure 7.1 was produced by an IVE implementation that | wrotein T
using the results produced by a OCFA analysis.
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(letrec ((f (A (n) (if (< n 50)
(if (= (aref an) n) (f (+ n 1))
(block (print (+ 4 (* 3 n)))
(£ (+n2)))))N))

0 (a) Before

(letrec ((f (X (n)
(if (< n 50)
(if (= (aref an) n) (+ n 1 £)
(* 3n (A (m) (+ 4m (A (p) (print p)
(+n21))))))))N

(£ 0)) (b) Partial CPS conversion

(letrec ((f (A (n 3n)
(if (< n 50)
(if (= (aref a n) n)
(+ 3n 3 (A (3n?)
(+n1 (A () (£ n’ 3n%)))))
(+ 4 3n (A (p) (print p)
(+ 3n 6 (A (3n%)
(+n2 O\ @
(£ n% 3n%))))))))))))

(2000 (©) IVE wave 1

(letrec ((f (A (n 3n 3n+4)
(if (< n 50)
(if (= (aref a n) n)
(+ 3n+4 3 (A (3n+4?)
(+3m3 (A GBn’) (+n1 (X (n)
(f n’ 30’ 3n+4°)))))))
(block (print 3n+4)
(+ 3n+4 6 (X (3n+4%)
(+ 3n 6 (A (3n%)
(+n2 (A @
(£ n% 3n% 3n+4%)))))))))))))

(£004) (d) IVE wave 2

(letrec ((f (A (n 3n+4)
(if (< n 50)
(if (= (aref a n) n)
(+ 3n+4 3 (A (3n+4’) (+ n 1 (A (n?) (f n’ 3n+4°)))))
(block (print 3n+4)
(+ 3n+4 6 (A (3n+4%)
(+n2 O\ @
(£ n% 3n+4%)))))))))))

(£04)) (€) After

Figure7.1: Example IVE application
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7.2 Usdaless-Variable Elimination

A useless variable is one whose value contributes nothing to the final outcome of the
computation. We can remove a useless variable and the computation producing its value
from our program. For example, consider the following code fragment:

(let ((sum (+ a b)) (let ((sum (+ a b)))
(prod (* a b))) = (f sum a))
(f sum a))

Prod is never used in the program, so we can remove it and its binding computation
(* a b). Thisexample is fairly easy to detect; most Scheme compilers would find and
optimise it.

On the other hand, some useless variables involve circular dependencies or multiple
(join) dependencies. The simplelexical analysis that suffices for the above example won't
spot these cases. For example, consider the factorial loop:

(letrec ((1p (A (ans j bogus)
(if (= 0 j) ans
(1p (* ans j)
-3j D
(sqrt bogus))))))
(1p 1t n n))

Although the variable bogus doesn’t contribute anything at all to thefinal result, it appears
to be used in the loop. Useless-variable elimination is used to spot these cases.

UVE isoften useful to clean up after applying other code transformations, such as copy
propagation or induction-variable elimination. For example, when we introduce a new
variable to track an induction function on some basic induction variable, the basic variable
frequently becomesuseless. (For an example produced by aworking UV E implementation,
compare parts (d) and (e) of figure 7.1.)

7.2.1 Finding Useless Variables

Detecting these cases requires a simple backwards flow analysis on the CPS intermediate
form. We actually compute a conservative approximation to the inverse problem — finding
the set of all useful variables. We start with variables that must be assumed useful (e.g., a
variable whose value is returned as the value of the procedure being analysed). Then we
trace backwards through the control-flow structure of the program. If a variable’s value
contributes to the computation of a useful variable, then it, too, is marked useful. When
we're done, all unmarked variables are useless. This gives us a mark-and-sweep algorithm
for asort of “computational gc.”

To be specific, in the implementation of UVE that | have implemented, a variable is
useful if it appears
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¢ inthefunction position of acall:
(f 50)

e asthe predicate in a conditiona primop:
GEp X O ...) OO ...)»

e asthe continuation of a primop:
(+ 35 ¢)

e asanargumentinacall to

— asde-effecting operation (output or store):
(print a), (set-car! x y)

— an externa procedure, or a primop whose continuation
is an external procedure.

— aprimop whose continuation binds a useful variable:
(+ metoo 3 () (used) ...))

— alambda whose corresponding parameter is useful:
(A (x used y) ...) 3 metoo 7)

Thefirst three conditions spot variables used for control flow. The next two mark variables
whose value escapes, and must therefore be assumed useful. The final two recursive
conditions are the ones that cause the analysis to chain backwards through the control-flow
graph: if avariableisuseful, then al the variables used to compute its value are useful.

7.2.2 Optimising Useless Variables

Once we have found the useless variables in a program, we can optimise the program in
two steps. In thefirst step, we remove al references to useless variables and eliminate all
useless computations (primop calls). Inthe second step, we remove useless variables from
their lambda lists where possible.

Removing useless variablesfrom calls

In this phase, we globally remove all references to useless variables in our program. If
a useless variable appears as an argument to a primop call, we remove the entire primop
computation. For instance, suppose the useless variable x appears as an argument in
the primop call (+ x y k). By the definition of a useless variable, we know that the
continuation k must bind the result of the addition to auseless variable, aswell (if it didn't,
we' d have marked x as useful). This renders the addition operation useless, so we can
removeit, replacing (+ x y k) with (k #f). The actua value passed to the continuation
(weused #£ here) isnot important — remember that we are globally deleting all references
to useless variables. Since the continuation k must bind the value #£ to a useless variable,
the value is guaranteed never to be referenced.
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If areference to a useless variable appears in a non-primop call, we ssimply replace it
with some constant. If x is useless, we convert (f x y) to (£ #f y). Similar reasoning
appliesinthiscase: if x isuseless, it must be the case that £’s corresponding parameter is
useless aswell. All references to this parameter will be deleted, so we can pass any value
weliketoit.

Removing useless variablesfrom lambda lists

Suppose we have determined that x is useless in lambda ¢ = (A (x y) ...). After
applying the transformation of the previous subsection, we can be sure that ¢ contains no
referencesto x. The only remaining appearance of x isin {’s parameter list. Consider the
placesthislambdaiscalled from, eg., (f a 7). We can delete both the formal parameter
x fromits lambdalist and the corresponding argument a from itscall:

AGEy D=0 .. and (fa7)=(f7).

However, we can’'t apply this optimisation in all cases. Suppose ¢ is called from two
places, the external call and (£ a 7). We can't smply delete x from (’s parameter list,
because the external call, which we have no control over, isgoing to pass avaueto ¢ for
x. Or, suppose that our lambdais only called from one place, (f a 7), but that call site
calls two possible lambdas. Again, we can’t delete the argument a from the call, because
the other procedureis expecting it (unlessit, as well, binds a useless variable).

We have acircular set of dependencies determining when it is safe to remove a useless
variable from its lambdalist and its corresponding arguments from the lambda’s call sites:

e We can delete a variable from alambda list only if we can delete its corresponding
argument in all the calls that could branch to that lambda.

¢ Wecan delete an argument from acall only if we can delete the corresponding formal
parameter from every lambda we could branch to from that call.

It is not hard to compute a maximal solution to these constraints given control-flow infor-
mation. We use a smple algorithm that iterates to a fixed point. We compute two sets:
the set RV of removable useless variables, and the set RA of removable call arguments.
Initialise RV to be the set of all useless variables. For each useless variable v , find all the
call sites that could branch to »’s lambda, and put the call’s corresponding argument into
RA. Then iterate over these sets until we converge:

ITERATE until no change
FOR each argument a in RA
IF a’s call could branch to a lambda whose
corresponding parameter is not in RV
THEN remove a from RA
FOR each variable v in RV
IF v’s lambda can be called from a call site whose
corresponding argument is not in RA
THEN remove v from RV



7.3. Constant Propagation 101

For the purposes of the first loop, the external lambda counts as a disqualifying branch
target; for the purposes of the second loop, the external call countsas adisqualifying branch
source. When we're done, we're left with RV and RA sets that satisfy the circular criteria
above. We can safely remove all the argumentsin RA from their callsand all the variables
in RV from their lambdalists.

Results

Applying these two phases of optimisation will eliminate useless variables and their asso-
ciated computations wherever possible. For example, we can remove the useless bogus
variable and its square-root calculation from the factorial 1oop we considered at the begin-
ning of this section, leaving only the necessary computations:

(letrec ((1p (A (ams j)
(if (= 0 j) ans
(1p (* ans j)
=3 1))
(1p 1 n))

Notethat asaspecial case of UVE, all unreferenced variablesin aprogram are useless. The
second phase of the UVE optimisation will remove these variables when possible.

7.3 Constant Propagation

Constant propagation is another standard code improvement based on data-flow analysis.
In brief, if the only def of x that reaches sin(x) isx:=3. 14, then we can replace sin(x)
with sin(3.14) (and, subsequently, -1.0).

In the Scheme and ML world, where we bind variables instead of assigning them, this
corresponds to finding variables that are always bound to constants, and replacing their
references with the constant. 3-substitution spots the easy cases, e.g.:

(let ((x 3.14))
(sin x))

However, just as for useless-variable elimination, we need something more powerful to
spot circular and join dependencies.

A simple variant of control-flow analysis will handle constant propagation. Simple
control-flow analysis uses an abstract environment that binds variables to sets of abstract
procedures. We just augment the variable environment (and the store) to include constants
as well as procedures. When we perform a call with a constant argument «, we just pass
the singleton set {«} as the corresponding value set. As the abstract interpretation runs
forward, it builds up a table of which closures and constants are bound to which variables.
When the analysis converges, we look up the data that was bound to a given variable v.
If there's only one such datum, and it’s a constant, not a procedure, we can go ahead and
replace all referencesto v with the constant.

= (sin 3.14)
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Chapter 8

The Environment Problem and Reflow
Analysis

Inthischapter, we' Il examinethelimitsof smple control-flow analysis. Thenwe’ll develop
an extension, called reflow analysis, to move beyond these limits. In the following two
chapters, we'll look at some optimisations that can be performed with reflow analysis.

The work discussed in these next three chaptersis not supported by the kind of careful
formal development and proofs of correctness that I’ ve shown for the ssmple control -flow
analysis in the previous chapters. This work must be taken smply as interesting ideas
that have not yet been backed up with rigorous mathematics. With reflow analysis, we' ve
arrived at my research frontier as of the writing of this dissertation.

Future work could include a better theoretical characterisation of reflow analysis, and
proofs of conservative abstraction and computability for reflow-based optimisations. |
suspect that this sort of work would be carried out in basically the same fashion asthe work
on simple control-flow analysis in chapter 4.

8.1 Limitsof Simple Control-Flow Analysis

At the start of this dissertation, | told the following story: Data-flow analyses require a
control-flow graph. Scheme programs don’t have static control-flow graphs. But, if we
could somehow recover a good approximation of the control-flow graph, we could useit to
perform al the classical data-flow analyses.

It turns out that this is somewhat optimistic. While control-flow analysis does enable
some classical data-flow analyses — such asthe ones we just developed in the last chapter
— another class of applications cannot be handled this way.

This is the class of analyses that require detailed environment information. Classical
data-flow analyses assume a single, flat environment over the program text. Assignments
and references to global variables are the conduits through which computed values flow
through the program. Thusany two referencesto the samevariablerefer to the samebinding
of that variable. Thisisthe model provided by assembly code.

103
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The intermediate representation we are using, CPS applicative-order A-calculus, is
different. Here, we can have ssimultaneous multiple bindings of a single variable. For
instance, consider the following puzzle:

(let ((£ (A (x h) (Af (zero? x) () (A O x)))))
(f 0 (£ 3 *#£)))

Thefirstcal to £, (£ 3 ’#f), returnsaclosureover (A () x) inenvironment [[x] — 3.
This closure is then used as an argument in the second, outer call to £, whereit is bound
to h. Suppose we naively picked up information from the conditional (zero? x) test, and
flowed the information x = 0 and x # 0 down the two arms of the if to be picked up by
references to x. This would work in the single flat environment model of assembler. In
this Scheme puzzle, however, we are undone by the power of lambda. Suppose that our
contour abstraction maps the contours allocated by the two callsto £ to the same abstract
contour. After ensuring that x = 0 inthethen armof theif, wejumpofftoh = (A () x),
and evaluate areference to x, which inconveniently persistsin evaluating to 3, not 0. The
one variable has two simultaneous bindings. We tested one binding and then referenced
the other. Confusing the two bindings of the same variable can lead us to draw incorrect
conclusions.

This problem prevents us from using plain control-flow analysis to perform important
flow analysis optimisations for Scheme, such astype recovery. In typerecovery, we would
like to perform deduction of the form:

;33 references to x in f are int refs
(if (integer? x) (£f) (g))

Unfortunately, as demonstrated above, we can't make such inferences.

The problem arises because of lambda’s ability to create multiple environments over a
given context. Analyses such as type recovery depend upon keeping these environments
distinct; computable procedural approximations depend upon folding these environments
together. Thisbasic conundrumiswhat | call the“environment problem.”

Only certain data-flow analyses are affected by the environment problem. The key
property determining thisisthe direction in which the iterative analysis moves through the
approximation lattice. In control-flow analysis or useless-variable elimination the analysis
starts with an overly precise value and incrementally weakens it until it converges, all
motion in the approximate lattice is in the direction of more approximate values. So,
identifying two contours together ssmply causes further approximation, which is safe.

With an analysis like type recovery, however, our analysis moves in both directions
along the type lattice as the analysis proceeds, and this is the source of the environment
problem. In type recovery, we are passing around statements about the types of the values
bound to specificvariables. Whentwo different callsto aprocedure, each passing arguments
of different types, bind avariable in the same abstract contour, the types are joined together
— moving through the type lattice in the direction of increasing approximation. However,
passing through a conditional test causes type information to be narrowed down — moving



8.2. Reflow Analysisand Temporal Distinctions 105

inthedirection of increasing precision. Unfortunately, whileit islegitimateto narrow down
avariable' stypein asingle exact contour, it isnot legitimate to narrow down itstypein the
corresponding abstract contour — other bindings that are identified together in the same
abstract contour are not constrained by the type test. Thisis the heart of the problem with
the above puzzle.

In general, then, the simple abstraction techniques of chapters 3—7 yield correct, con-
servative, safe analyses only when the analysis moves through its answer lattice solely in
the direction of increasing approximation. Moving beyond this requires something new.

8.2 Reflow Analysisand Temporal Distinctions

Our central problem is that we are identifying together different contours over the same
variable. We are forced to this measure by our desire to reduce an infinite number of
contours down to afinite set.

For example, suppose we know that abstract procedure f = <[[£: A & ..0], B> is
called from 3 different call sites, ¢1, ¢ and ¢3. In 1CFA, all the contours allocated when
entering ¢ will be folded down to 3 abstract contours, one of {c1, ¢, c3}. Now, suppose we
arein the middle of an abstract interpretation, and we have acall to f from ¢,:(g z). We
desire to track information associated with this binding of x. First, notice that the contour
abstraction already distinguishes this binding of x from al the bindings that abstract to
contour ¢; or c3. We get into trouble from two sources. (1) previous bindings of x in the
same abstract contour ¢,, and (2) future bindings of x in the same abstract contour ¢;. In
other words, we won't confuse this binding with any bindings made in abstract contours ¢,
or c3, but we could confuseit with any made by other callsfrom ¢, — either calls previously
made during program execution, or callsto be made in the future.

So, if we want to track the information associated with a general abstract binding of
avariable, we need a way to distinguish it from past and future bindings made under the
same abstract contour. Thisisthe key to an iterative technique called reflow analysis.

We will start the program up in the middle of its execution, running it forward from
the ¢, call to /. We'll call this re-interpretation of the program from some mid-point a
single “reflow.” On this particular entry to ¢, we'll allocate a special contour, ¢, that will
distinguish the ¢, contour being tracked from the other ¢, calls, past or future, that would
allocate the same abstract contour. It’s the ¢, binding of x that we will track.

Now, it is quite likely that there is already a ([x], ¢2) binding in ve when we start the
program up in mid-stride, but this abstract binding is distinct from the specia ¢, binding
we are uniquely allocating at the beginning of thisreflow. Further, any future entriesto ¢
from ¢, during this reflow will alocate the ordinary ¢, contour, merging them in with the
previoudy-recorded ¢, binding, but remaining distinct from the special ¢, binding we are
tracking during thisreflow. Inthismanner, we aredistinguishing thereflow’sinitial binding
from other bindings, past and future, that would otherwise abstract to the same binding.

This alows us to track the special ¢, contour’s variable bindings during the program
reflow. Suppose we are running the program forward, and we come to a reference to x,
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bound in contour ¢,. We know thisisn't a binding of x established by any call to ¢ from
either ¢; or ¢z, else the contour would be ¢; or ¢3. We aso know that thisisn’t abinding of
x caused by a call to ¢ from ¢, that occurred either before or after the call we're tracking,
because those calls get allocated contour ¢, — the special contour ¢ is allocated only once.
So we' ve managed to keep this binding of x distinct from its other bindings.

This means that as we run the program forward, whenever we test x, if the test occurs
in contour ¢, we can track the information produced by the test. If thetest isto some other
binding of x, we ignoreit. Whenever we arrive at areference to x, if the reference occurs
in contour ¢, we can record the information. If the referenceisto some other binding of x,
weignoreit. Tracking the ¢, binding of x is safe, because we' veisolated it from any of its
other possible bindings.

Since we' ve only tracked one of ¢’s possible contours, we must repeat the analysis for
the two other abstract contours allocated to /. So we restart the program from the cal ¢,
allocating specia contour ¢;, and track the binding of x in that special contour. Finally, we
restart the analysis from the ¢3 call.

One detail we must handle is how to restart the analysis in mid-stream. What values
do we use for ve and &, for example? A simple solution isto take values for ve and & that
safely approximate any value they could have had at that point of the interpretation. We
could, for example, use thefinal values of ve and & after performing a control-flow analysis
of our program using the time-stamp approximatea gorithm discussed in section 5.3. These
values are guaranteed to approximate any ve or ¢ that could arise during interpretation of
the program. So, we can safely use them to restart the program from any call context (c, 3)
that appears in the domain of the call cache ~ produced by the analysis.



Chapter 9

Applications!|: Type Recovery

Strong types are for weak minds.
— anon.

In this chapter we'll examine in detail an optimisation that requires reflow analysis:
type recovery. The full-blown semantics machinery for type recovery is fairly complex,
and | recommend browsing or skipping these sections on afirst reading.

9.1 TypeRecovery

Scheme is a latently typed language [Rees™ 86]. This means that unlike statically typed
languages such as ML or Pascal, types are associated only with run-time values, not with
variables. A variable can potentially be bound to values of any type, and type tests can
be performed at run time to determine the execution path through a program. This gives
the programmer an extremely powerful form of polymorphism without requiring averbose
system of type declarations.

This power and convenience is not without substantial cost, however. Since run-time
behavior can determine which values are bound to a given variable, precisely determining
the type of a given reference to a variable is undecidable at compile time. For example,
consider the following fragment of Scheme code:

(let ((x (if (oracle) 3 ’three)))
(f x))

The reference to x in the subexpression (£ x) could have any one of the types integer,
symbol, integer+symbol, or bottom, depending on whether the oracle always returnstrue,
awaysreturnsfalse, sometimesreturnsboth, or never returnsat all, respectively. Of course,
determining the oracle’'s behavior at compiletimeis, in general, undecidable.

We can use data-flow analysis to recover a conservative approximation of the type
information implicit in a program’s structure. This analysis performs a kind of type
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inference. Since the term “type inference” is commonly used to refer to the generation
of static type assignments for variables, | will instead refer to the type analysis performed
by this technique as type recovery: the recovery of type information from the control and
environment structure of a program.

9.1.1 Sourcesof Type Information

Type information in Scheme programs can be statically recovered from three sources:
conditional branches, applications of primitive operations, and user declarations.

Conditional Branches

Consider asimple version of the Scheme equal? predicate:

(define (equal? a b)
(cond ((number? a)
(and (number? b) (= a b)))
((pair? a)
(and (pair? b)
(equal? (car a) (car b))
(equal? (cdr a) (cdr b))))
(else (eq? a b))))

Therearethreearmsin the cond form. Referencesto a down thefirst arm are guaranteed to
have type number. Furthermore, in the numeric comparisonform, (= a b), an assumption
can be made that b is also a number, since the and guarantees that control reaches the
comparison only if (number? b) istrue. Similarly, we can infer that referencesto a in
the second arm of the cond have the pair type and, less usefully, that referencesto a in
the third arm of the cond do not have either type pair or number. It isimportant to realise
from this example that Scheme type recovery assigns types not to variables, but to variable
references. The referencesto a in the different arms of the cond all have different types.

Type recovery of this sort can be helpful to a Scheme compiler. If the compiler can
determine that the (= a b) form is guaranteed to compare only numbers, it can compile
the comparison without a run-time type check, gaining speed without sacrificing safety.
Similarly, determining that the (car a), (car b), (cdr a), and (cdr b) forms are al
guaranteed to operate on pairs alows the compiler to safely compile the car and cdr
applications without run-time type checks.

Primop Application

An obvious source of type information is the application of primops such as + and cons.
Clearly the result of (cons a b) isaypair. In addition, we can recover information about
the type of subsequent references to primop arguments. For example, after the primop
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application (cdr p), referencesto p along the same control path can be assumed to have
the pair type.
As asimple example, consider the following Scheme expression:

(let* ((a (cdr b))
(q (char->integer (vector-ref a 1i))))
. (car b) ... (+ q 2))

Referencesto b occurring after the (cdr b) form are guaranteed to have the pair type —
otherwise, the cdr application would have rendered the effect of the computation to be
undefined. Hence, the subsequent (car b) application does not need to do a type check.
Similarly, after evaluating the second clause of the 1et*, references to a have type vector
and references to i and q are small integers, because vector-ref requires an integer
index, and char->integer generates an integer result. Hence the compiler can omit all
type checksin the object codefor (+ q 2), and simply open-code the addition.

In recovering information about the arguments to primops, we are essentially using
information from “hidden conditional tests’ inside the primop. The semantics of a (dan-
gerous) CPS car primop is:

(define (car p cont)
(if (pair? p) (cont (Ycar p))
($)))

where the subprimitive operation %car isonly defined over cons cells, and ($) isa specia
primop denoting a computation with undefined effect. Computation proceeds through the
continuation cont only in the then arm of the type test, so we may assume that p’s valueis
a cons cell while executing the continuation. Recovering the type information implied by
car reduces to recovering type information from conditional branches.

Of course, the compiler does not need to emit code for a conditional test if one arm
is ($). It can simply take the undefined effect to be whatever happens when the code
compiled for the other arm is executed. This reduces the entire car application to the
machine operation %car.

A safeimplementation of Schemeisone that guaranteesto halt the computation as soon
asatype constraint is violated. This can be modeled by replacing the ($) formin the else
arm of the car definition with a call to the run-time error handler:

(define (car p cont)
(if (pair? p) (cont (Ycar p))
(error)))

Of course, type information recovered about the arguments to a particular application of
car may allow the conditional test to be determined at compile time, again allowing the
compiler to fold out the conditional test and error call, still preserving type-safety without
the run-time overhead of the type check.
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User Declarations

Type recovery can also pick up information from judiciously placed declarations inserted
by the programmer. There are essentially two types of user declarations, one requesting a
run-timetype check to enforcethe verity of the declaration, and one simply asserting atype
at compile time, in effect telling the compiler, “Trust me. This quantity will always have
thistype. Assume it; don’t check for it.”

The first kind of declaration is just T's enforce procedure [Rees™ 82], which can be
defined as:

(define (enforce pred val) (if (pred val) val (error)))

Enforce Smply forcesarun-timetype check at apoint the user believes might be beneficial
to the compile-time analysis, halting the program if the check is violated. For example,

(block (enforce number? x) ...forms...)

allowsthe compiler to assume that referencesto x intheformsfollowing the enforce have
the number type. Enforce allows execution to proceed into the body of

(let ((y (enforce integer? (foo 3)))) body)

only if (foo 3) returns an integer. Clearly, enforce-based type recovery is smply
conditional -branch based type recovery.

The “trust me” sort of user declaration is expressed in Scheme via the proclaim
procedure, which assertsthat its second argument hasthe type specified by itsfirst argument.
For example, (proclaim symbol? y) tellsthecompiler to believethat y hastype symbol.
Like enforce, proclaim can also beviewed as akind of conditional expression:

(define (proclaim pred val) (if (pred val) val ($)))

with ($) the “undefined effect” primop. Since an undefined effect means that “anything
goes,” the compiler is permitted to elide the conditional expression atogether and simply
take note of the programmer’s assertion that val has the declared type. Incorrect assertions
will still result in undefined effects.

9.1.2 Type Recovery from Multiple Sources

All three sources of type information — conditional branches, primop applications, and
user declarations — can be used together in recovering type information from programs,
thereby enabling many optimisations. Consider the delq procedure of figure9.1. Because
ans IS bound only to the constant ’ (), itself, and the result of a cons application, it must
alwaysbealist. Soall referencesto ans are completely typeable at compiletime. Because
of the conditional type test (pair? rest), car and cdr are guaranteed to be applied to
legitimate pair values. Thus compile-timetype recovery can guarantee the full type safety
of delq with no extrarun-time type checks.

For a numerical example, consider the factorial procedure in figure 9.1. Note the
use of an explicit run-time type check, (enforce integer? n), to force the subsequent
reference to n to be of integer type. With the help of this user declaration, the analysis
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(define (delq elt lis)
(letrec ((1p (A (ans rest)
(if (pair? rest)
(let ((head (car rest)))
(1p (if (eq? head elt) ans
(cons head ans))

(cdr rest)))

(reverse! ans)))))

(1p » O 1is)))

(define (fact n)
(letrec ((1p (A (ans m)
(if (= m 0) ans
(Ip (* ans m) (-m 1))))))
(enforce integer? n)
(1p 1 n)))

Figure9.1: Schemedelq and factorial

can determine that m is always bound to an integer, and therefore, that ans must also be
bound to an integer. Thus, the factorial function written with generic arithmetic operators
can have guaranteed type safety for the primop applications and also specialise the generic
arithmetic operations to integer operations, at the expense of a single run-time type check
per fact cal.

If we eliminate the enforce form, then the type recovery can do less, because fact
could be called on bogus, non-integer values. However, if the equality primop (= m 0)
requires its arguments to have the same type, we can infer that references to m after the
equality test must beinteger references, and so the multiplication and subtraction operations
are guaranteed to be on integer values. Hence, even in the naive, declaration-free case,
type-recovery analysis is able to pick up enough information from the code to guarantee
the type safety of fact with only asingle type check per iteration, as opposed to the four
type checks required in the absence of any analysis.

The implementation of the type recovery algorithm discussed in section 9.5 can, in fact,
recover enough informationfromthedelq and fact proceduresof figure 9.1 to completely
assign precise typesto al variable references, as discussed above. For these examples, at
least, compile-timetype analysis can provide run-time safety with no execution penalty.
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9.2 Quantity-based Analysis

Typerecovery isan example of what | call aquantity-based analysis. Consider the Scheme
expression
(if (< 3 0) (- 3) j)

Whatever number j names, weknow that it isnegativein the then-arm of the if expression,
and non-negative in the else-arm. In short, we are associating an abstract property of j’s
value (its sign) with control points in the program. It is important to realize that we are
tracking information about quantities (j's value), not variables (j itself). For example,
consider the following expression:

(let ((i j)) (Af (< j 0) (foo i)))
Clearly, the test involving j determines information about the value of i since they both
name the same quantity. In aquantity-based analysis, information istracked for quantities,
and quantities can be named by multiple variables. Thisinformation can then be associated
with the variable references appearing in the program. For the purposes of keeping track of
thisinformation, we need namesfor quantities; variables can then be bound to these quantity
names (which are called gnames), which in turn have associated abstract properties.

In principle, callsto primopssuch as+ or cons create new gnames since these operations
involve the creation of new computational quantities. On the other hand, lambda binding
simply involves the binding of a variable to an already existing gname. In practice, extra
gnames often must be introduced since it can be difficult to determine at compile-time
which gname avariable is bound to. Consider, for example, the following procedure:

(define (foo x y) (if (integer? x) y 3))
It might be the case that all callsto foo are of theform (foo a a), inwhich casex and y
can refer to the same gname. But if the analysis cannot determine thisfact at compiletime,
x and y must be allocated two distinct gnames; hence determining information about x’s
value will not shed light on y’s value.

As another example, consider the vector reference in the expression:

(let ((y (vector-ref vec 1))) ...)
Now, y is certainly bound to an existing quantity, but it is unlikely that a compile-time
analysis will be able to determine which one. So, a new gname must be assigned to y’s
binding.

In general, then, a conservative, computable, quantity-based analysis approximates the
tracking of information on run-time values by introducing new gnames whenever it is
unable to determineto which existing gname avariableis bound. These extragnameslimit
the precision of the analysis, but force the analysis to err conservatively.

9.3 Exact Type Recovery

Following the NSAS approach, the first step towards type recovery is to define an exact
analysis that will capture the notion of type recovery. Our exact semantics, which we will
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call ETREC, does not have to be computable; we will concern ourselves with acomputable
approximation in section 9.4.

For the purposes of this chapter, we' |l drop back to the simpler, lessformal semantics of
chapter 3. So the semantics will have no store or side-effects, run-time error checks will be
omitted, we'll gloss over the details of the nb gensym function, and the semantic functions
will be curried over their multiple argumentsinstead of taking singletuples. These features
can be restored as we did going from the informal control-flow semantics of chapter 3 to
the formal semantics of chapter 4.

Exact type recovery gives us atype cache:
A type cachefor a CPS Schemeprogram P isafunction ¢ that, for each variable

reference r and each binding contour b over r, returns 6(r, b), atype of the
value to which r could evaluate in contour 6.

Once we' ve computed a type cache, we can easily find the type for any variable reference
riv in our program:
RefType[r:v] = | | 8(r, b).
b

Here we are joining in the type lattice al the various types that areference » had in all its
various binding contexts. The least-upper bound of these typesis a legitimate static type
for r.

9.3.1 Basic Structure

The ETREC semantics maps a CPS Scheme program to its type cache. Its structure,
however, isvery similar to astandard semanticsfor CPS Scheme. Before proceeding to the
details of the type-recovery machinery, I’ll briefly sketch out this basic structure.

The setsBas, Proc, and D are just asin the standard semantics of chapter 3. The domain
of type caches, TCache, isthecpo of partial functionsfrom variable-reference/contour pairs
to types.

Bas= Z + {fdse}
Proc = (LAM x BEnv) + PRIM + {stop}
D = Proc + Bas
TCache = (REF x CN) — Type

The basic environment and procedure structures are identical to the standard semantics
case. Notethat we' ve named the VAR x CN set of variablebindings; thiswill be convenient
later on.

CN  Contours

VB = VAR x CN
BEnv = LAB — CN
VEnv =VB — D
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In the ETREC semantics, the procedure and argument forms of a call expression are

evauated to valuesin D with the A, function, which is identical to the A function of the
standard semantics.

A, ARGUFUN — BEnv — VEnv — D

A, [k] pve =Kk
A, [prim] 3 ve = prim
Ay [0] 8 ve = ((, B)
A, [v] B ve = ve (v, F(binderv))
Procedure calls are handled by the C and F functions.

C:CALL — BEnv — VEnv — QEnv — TTab — TCache
CI(f ar...a)] Bveqger =

SUF fav qu ve qe 7'
where av|i = A, a; 3 ve

f'=A, f B e
'=f€EREF — TN T[A, f 5 qe — type/proc]
otherwise

6 = [(r;, B (binderv;)) — 7(A, v; B qe)] V[, a; € REF
where a; = [[ri:vi]] and f = [[To:vo]]
qlt=a; € REF — A, a; § qe (quantity)
otherwise A, a; (type)

C takes five arguments. acall expression, the lexical contour environment 3, the variable
environment ve, and two othersused for typerecovery. C processesthefirst threearguments
just asinthe standard semanticscase; wewill returnto the processing of thetypeinformation
in the next subsection.

The F function applies procedures to arguments.

F:Proc — D* — (Quant + Type)* — VEnv — QEnv — TTab — TCache

F ([t:(X (v1...v,) O], B) av qv ve ge 7 =
Ccp ve ge 7/
where b = nb
B = Bl — bl
ve' = ve[({v;, b) — avli]
qge’ = qe[(vi, b) — quli] Vi > quli € Quant  (¥)
O }W > e tee 9

Besides the extra arguments used for tracking type information, ¢v, ¢e, and =, and their
associated processing, F isidentical to the standard semantics case.
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To fully specify F, we must also give the functional representation for each primop
and the terminal stop continuation. We will return to this after considering the mechanics
of type-tracking. We also need to specify how C handles call forms that are letrec
expressions instead of ssmple procedure calls. Again, ignoring for the moment the type
processing, this case isjust like the standard semantics case:

Cle:(Qetrec ((f1 l1)...) D] pveger=Cd B ve ge' 7'

where b = nb
B = Ble 0]
ve' = vel(f;, b) — A, 1; 5 ve]
qel = qe[<fi7 b> = <f27 b>]
' = 7[(fi, b) — type/proc]

9.3.2 Quantitiesand Types

We can now turn to the details of tracking type information through the ETREC interpre-
tation. Thiswill involve the quantity analysis model discussed in section 9.2. The general
type recovery strategy is straightforward:

¢ Whenever anew computational quantity iscreated, it isgiven aunique gname. Over
the lifetime of a given quantity, it will be bound to a series of variablesasit is passed
around the program. As a quantity (from D) is bound to variables, we also bind its
gname (from Quant) with these variables.

e As execution proceeds through the program, we keep track of all currently known
information about quantities. Thistakesthe form of atype table = that maps gnames
to type information. Program structure that determines type information about a
guantity entersthe information into the type table, passing it forward.

e When avariable reference is evaluated, we determine the gname it is bound to, and
index into the type table to discover what is known at that point in the computation
about the named quantity. Thistellsuswhat we know about the variablereferencein
the current context. Thisinformation is entered into the answer type cache.

This amounts to instrumenting our standard semantics to track the knowledge determined
by run-time type tests, recording relevant snapshots of this knowledge in the answer type
cache as execution proceeds through the program.

Thefirst representational decisionishow to choose gnames. A simple choiceisto name
aquantity by thefirst variable binding (v, b) to whichiitisbound. Thus, the gname for the
cons cell created by

(cons 1 2 (A (x) ...))
is ([x], b), where b is the contour created upon entering cons’s continuation. When future
variable bindings are made to thiscons cell, the binding will beto the gname ([x], ). Thus,
our gname set Quant is just the set of variable bindings VB:

Quant = VB.
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Having chosen our gnames, the rest of the type-tracking machinery falls into place. A
quantity environment (ge € QENvV) is a mapping from variable bindings to gnames. The
gname anal og of the variable environment ve, the quantity environmentisaglobal structure
that is augmented monotonically over the course of program execution. A type table
(7 € TTab) isamapping from gnames to types. Our types are drawn from some standard
typelattice; our toy dialect will usethe obviouslattice over thethree basic types: procedure,
false, and integer.

Type = {type/proc, type/int, type/false, L, T}
QEnv = VB — Quant
TTab = Quant — Type

We may now consider the workings of the type-tracking machinery in the 7 and
C functions. Looking at F, we see that the function linkage requires three additional
arguments to be passed to a procedure: the quantity vector ¢v, the quantity environment
qe, and the current type table . The quantity environment and type table are as discussed
above. The quantity vector gives quantity information about the arguments passed to the
procedure. Each element of ¢v is either a gname or a type. If it is a gname, it names
the quantity being passed to the procedure as its corresponding argument. However, if
a computational quantity has been created by the procedure’s caller, then it has yet to be
named — aquantity isnamed by thefirst variablebinding towhichitisbound, so the current
procedureisresponsible for assigning a gname to the new quantity when it bindsit. Inthis
case, the corresponding element of the quantity vector gives the initial type information
known about the new quantity. Consider the cons example given above. The cons primop
createsanew quantity — aconscell — and callsthe continuation (A (x) ...) onit. Since
the cons cell is abrand new quantity, it has not yet been given a gname; the continuation
binding it to x will nameit. So instead of passing the continuation a gname for the cell,
the cons primop passes the type type/pair (i.e., qv = (type/pair)) giving the quantity’s
initial type information.

We can see this information being used in the F equation. The line marked with (*)
binds gnames from the quantity vector to their new bindings (v;, ). The lines marked with
(**) handle new quantitieswhich do not yet have gnames. A new quantity must be assigned
its gname, which for the ith argument is just its variable binding (v;, b). We record the
initial type information (qv|: € Type) known about the new quantity in the type table 7.
The new quantity environment ¢e¢” and type table 7’ are passed forward to the C function.

C receives as type arguments the current quantity environment ¢e, and the current type
table 7. Before jumping off to the called procedure, C must perform three type-related
tasks:

e Record in the final answer cache the type of each variable referencein the call. If a
call argument «; isavariablereference, a; = [r;:v;], thenitisevaluated to agnameby
the auxiliary function A, the gnameanalog to the A, function. If the procedureform
f isavariablereference, f = [ro:vg], itissimilarly evaluated to agname. The gname
is used to index into the type table 7, giving the type information currently known
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about the quantity bound to variable v;. Call thistype¢. We record in the type cache
that the variable reference r; evaluated to a value of type ¢ in contour 3(binder v;).
Thisisthe contribution ¢ that C makesto the final answer for the current call.

e Compute the quantity vector ¢v to be passed to the called procedure f. If a; is
a variable reference, its corresponding element in ¢v is the gname it is bound to
in the current context; this is computed by the A, auxiliary. On the other hand,
if the argument «; is a constant or a lambda, then it is considered a new, as-yet-
unnamed quantity. The auxiliary A4, determinesitstype; the called procedure will be
responsible for assigning this value a gname.

e Finadly, notethat C can doabit of typerecovery. If f doesnot evaluateto aprocedure,
the computation becomesundefined at thiscall. We may thusassumethat f’squantity
is a procedure in following code. We record this information in the outgoing type
table 7': if f isavariable reference, we find the gname it is bound to, and intersect
type/proc withthetypeinformationrecorded for thegnamein . If fisnotavariable
reference, it isn't necessary to do this. (Note that in the letrec case, C performs
similar typerecovery, recording that the new quantitiesbound by theletrec al have
type type/proc. Thisisal the type manipulation C doesfor the letrec case.)

A, [v] 8 qe = ge (v,  (binder v))

A [ (vr...v,) )] = type/proc
A; [n] = type/int (numeral n)
A, [#£] = type/false

Most of the type information is recovered by primop applications, defined by 7. We'll
use + and test-integer for representative examples.

FI+] (=, y, k) (q, qu, k) ve qe 7 = F k (x 4+ y) (Is) ve qe 7"
where tz = QT gz 7
ty=QT gy~
ts = infer+(tx, ty)
"= Tu gz (te Ntype/int) T
™ = Tuqy (ty N type/int) 7'

The + primop takes three arguments: two valuesto be added, = and i, and a continuation
k. Hencethe argument vector and quantity vector have three componentseach. The primop
assigns tx and ty to bethetypesthat execution has constrained = and i to have. Thesetypes
are computed by the auxiliary function QT:(Quant + Type) — (Quant — Type) — Type.

QTgr=¢q € Quant — 74
qEType — q
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QT maps an element ¢ from a quantity vector to type information. If the element is a
gname, then QT looks up its associated type information in the type table 7. If the element
is atype (because the corresponding quantity is a new, unnamed one), then it isthe initial
type information for the quantity, and so QT simply returns that type. Having retrieved
the type information for its arguments = and y, + can then compute the type ¢s of its result
sum. This is handled by the auxiliary function infer+, whose details are not presented.
Infer+ is a straightforward type computation: if both arguments are known to be integers,
then the result is known to be an integer. If our language includes other types of numbers,
infer+ can do the related inferences. For example, it might infer that the result of adding
a floating point number to another number is a floating point number. However infer+
computes its answer, ts must be a subtype of the number type, since if control proceeds
past the addition, + is guaranteed to produce a number. Further, + can make inferences
about subsequent references to its arguments: they must be numbers (el se the computation
becomes undefined at the addition). The auxiliary function Tu updates the incoming type
table with thisinference; the result type table 7" is passed forward to the continuation.

TugtT=¢q€ Quant — 7[qg — 1]
geType — 71

Tutakesthree arguments. an element ¢ from aquantity vector (i.e., agname or type), atype
t,and atypetable r. If ¢ isagname, the typetableisupdated to map ¢ — ¢. Otherwise, the
type table is returned unchanged (the corresponding quantity is ephemeral, being unnamed
by agname; thereisno utility in recording type information about it, as no further code can
referenceit). Withtheaid of Tu, + constrainsits arguments« and 4 to have the number type
by intersecting the incoming type information ¢z and ty with type/number and updating
the outgoing type table 7" to reflect this! The sum = + v, its initial type information
ts, and the new type table " are passed forward to the continuation, thus continuing the
computation. To ssimplify the equations, we omit the case of halting the computation if
thereis an error in the argument values, e.g., « or y are not numbers.?

F [test-integer] (x, ko, k1) (qz, qko, gkq) ve qe T =
r€Z — Fhko() () veger
otherwise F k1 () () ve qe 74
wherete = QT gz 7
Ty = TU qu (tx — type/int) T
7, = TU gz (te M type/int) T

INote that the + primop is missing an opportunity to recover some available type information: it is
not recovering type information about its continuation. For example, in code executed after the call to +'s
continuation, we can assume that the quantity called has type type/proc. As discussed in section 3.8.3, dl
continuations, variables bound to continuations, and calls to continuations in a CPS Scheme program are
introduced by the CPS converter; the converter can mark these forms as it introduces them. So the types of
continuation variables can be inferred statically, and there's no point in tracking them in our type-recovery
semantics.

2These equations will consistently omit the handling of run-time errors, e.g., applying a two-argument
procedureto threeva ues, dividing by zero, or applying + to anon-number. Thisissimpletoremedy: run-time
errors are defined to terminate the program immediately and return the current type cache.
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The primop test-integer performs a conditional branch based on a type test. It takes
as arguments some value = and two continuations ko and 41. If x is an integer, control
is passed to kg, otherwise control is passed to k3. Test-integer uses QT to look up tx,
the type information recorded in the current type table 7 for =’s gname gx. There are two
outgoing type tables computed, one which assumes the test succeeds (r;), and one which
assumes the test fails (7). If the test succeeds, then gx's type table entry is updated by
Tu to congtrain it to have the integer type. Similarly, if the test fails, gx has the integer
type subtracted from its known type. The appropriate type table is passed forward to the
continuation selected by test-integer, producing the answer type cache.

Finally, we come to the definition of the terminal stop continuation, retrieved by F.
Calling the stop continuation halts the program; no more variables are referenced. So the
semantic function for stop just returns the bottom type cache | :

F [stop] av qu ve ge T = L.

The bottom type cache is the one that returns the bottom type for any reference: | rcache =
Avb. Lrype. Notethat in most cases, the bottom type cache returned by calling stop is not
the final type cache for the entire program execution. Each call executed in the course of
the program execution will add its contribution to the final type cache. This contributionis
the expression ¢ inthe C equation for smple call expressions (page 114).

Having defined all the ETREC type tracking machinery, we can invoke it to compute
the type cache 6 for a program by simply closing the top-level lambda ¢ in the empty
environment, and passing it the terminal stop continuation as its single argument:

6 =F ((,[1) (stop) (type/proc) [ [T[].

9.4 Approximate Type Recovery

9.4.1 Initial Approximations

Having defined our exact type recovery semantics, we can consider the problem of abstract-
ing it to a computable approximation, while preserving some notion of correctness and as
much precision as possible.

Let’s start with the standard set of approximationsthat we used for ssmple control-flow
anayss.

e We run the interpretation forward for both continuations to a conditional branch,
joining the result type caches together.

o Wefoldtheinfinite contour set down to afinite contour set. The variable environment
maps abstract variable bindingsto sets of values.
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9.4.2 Problemswith the Abstraction

Because of the environment problem, this standard set of approximations breaks the cor-
rectness of our semantics. The reason is that by folding together multiple bindings of the
same variable, information can leak across quantity boundaries. We can seethisby adapting
the environment puzzle of chapter 8 to the type recovery case:

(et ((£ (A (x h) (if (integer? x) (h)
A O NN
(f 3 (f 2.7 "#£)))

Suppose that the procedural abstraction used by our analysisidentifiestogether the contours
created by thetwo callsto £. Consider the second execution of the £ procedure: the variable
x istested to see if its value (3) isan integer. Itis, so we jump to the value of h, which is
smply (A () x). Now, we have established that x isbound to an integer, so we can record
that thisreferenceto x isan integer reference — whichisan error, sinceh = (A () x) is
closed over a different contour, binding x to a non-integer, 2.7. We tested one binding of x
and referred to adifferent binding of x. Our analysis got confused because we had identified
these two bindings together, so that the information gathered at the test was erroneously
applied at the reference.

Thisisadeep problem of the approximation. Fixing it requires going to areflow-based
anaysis.

9.4.3 Special Contours

To repeat the basic idea of the previous chapter, the problem with abstract variable bindings
isthat they refer to values bound at temporally distinct pointsin the abstract interpretation.
We don’'t want to confuse the binding that we are tracking with past or future bindingsin
the abstract interpretation that will use the same abstract contour.

The fix is to define a special contour that will stand for the particular contour whose
bindingswe are tracking for asingle reflow. Flow analysis then tracks this special contour,
whose bindings will never be identified with any other bindings of the same variables.
Information associated with quantities bound in this special contour cannot be confounded.
The other approximate contours are used only to provide the approximate control flow
information for tracing through the program’s execution. We still have only afinite number
of contours — the finite number of approximate contours plus the one special contour —
so our analysisis still computable.

For example, suppose we know that abstract procedure f = <[[£:()\ x v ..0], B> is

called from abstract call context<[[c:(g 3 false)], B'> We can do apartia typerecovery
for references to x and y. When we perform the initial function call of the reflow to f,
we allocate the unique contour special. The variables we are tracking are bound in this
contour, with variable bindings ([x], special) and ([y], special). We creste new gnames
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Proc = (LAM x BEnv) + PRIM + {stop}
D = P(Proc)
TCache = (REF x CN) — Type
TCachege. = REF — Type
CCtxt = CALL x BEnv
CN = LAB + {special}
VB = VAR x CN
BEnv = LAB — CN
VEnv = VB — D

Quant = VB,
TTab = Quant — Type

C: CALL — BEnv — VEnv — TTab — TCachegec

F: Proc — D* — Quant — VEnv — TTab — LAB — TCachege
Feee:  Proc — D* — Type* — VENnv — LAB — TCache

Figure 9.2: Abstract Domains and Functionalities

for the arguments passed on this call to f, which are just the new special variable bindings
([x], special) and ([y], special). Our initia type table

T = [{[], special) — type/int, ([y], special) — type/false]

is constructed from what is known about the types of the arguments in ¢ (this may be
trivially known, if the arguments are constants, or taken from a previous iteration of this
algorithm, if the arguments are variables).

We may now run our interpretation forward, tracking the quantities bound in the special
context. Whenever we encounter a variable referenceto x or y, if the reference occursin
the contour special, then we can with certainty consult the current type table = to obtain the
type of the reference. Other contours over x and y won't confuse the analysis. Note that
we are only tracking type information associated with the variables x and y, for asingle
call to /. Inorder to completely type analyse the program, we must repeat our analysis for
each lambdafor each call to the lambda. This brings us to the Reflow semantics.

9.4.4 TheReflow Semantics

The abstract domains and functionalities of the Reflow semantics are given in figure 9.2.
The abstract domains show the approximations discussed in subsection 9.4.1: basic values
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have been dropped, the contour set CN is finite, and elements of D are sets of abstract
procedures, not single values. We'll use the 1CFA abstraction, so the contours are call site
labels plus the token special to mark the special reflow contour.

Notice that we have two different abstract variants of the F function: F and Fopec.
The F function is the ordi nary variant which allocates abstract contours when applying
procedures. The ]f“qoec function is the special variant which allocates the special contour
whenitisapplied. The Jf“qoec function is used only once per reflow, during the initial call.

The ideaof the Reflow semanticsisto track only one closure’s variables at atime. This
is done by the Reflow function:

Reflow: CCtxt — VEnv — Type® — TCache.

For example, Reflow <[[(f a b)], B> ve (type/int, type/proc) restarts the program at

thecall (£ a b), inthe context given by the abstract contour environment 3 and variable
environment ve, assuming a hastype type/int and b hastype type/proc. Reflow runsthe
program forward, tracking only the variables bound by theinitial call to £, returning atype
cache giving information about references to these variables. This is done by allocating
a single, special contour for the initial procedure called from (f a b), and tracking the
variables bound in this contour through an abstract execution of the program.

The initial type vector given to Reflow comes from an auxiliary function, TVInit:

TVInit: CCtxt — TCache — Type"

TVInit ([(f a1...a)], B) 8 = (tr.... 1) o
wheret; = a; € REF — 5<ai, S(binder ai)>
otherwise A4, a;

TVInit takes a call context and atype cache, and returns the types of all the argumentsin
thecall. If theargument isavariable reference, the type cacheis consulted; if the argument
isaconstant or alambda, the auxiliary function A; gives the appropriate type.

If we wish to restart our program at an arbitrary call context <c, B> with Reflow, we
need a variable environment ve that approximates all the variable environments that ever
pertained at this call context. This is easy to handle: we aways use the final variable
environment that was present at the end of a control-flow analysis performed using the
single-threaded environment algorithm of section 5.3. Since the variable environment is
only augmented monotonically during the course of thisanalys's, theterminal environment
is a superset of every intermediate variable environment through which the interpretation
evolved. So, before performingthereflow analysis, wefirst performacontrol-flow analysis
with the single-threaded environment algorithm. This produces two items critical for the
reflow analysis: the call cache 4 and terminal variable environment ve z,,,;. The domain of
the call cache Dom(#) gives us the call contexts from which we must reflow, and ve,,.;
allows usto restart the interpretationsin mid-stride.

Given TVInit and Reflow, we can construct a series of approximate type caches, con-
verging to afixed point. Theinitial type cache & isthe most precise; at each iteration, we
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redo the reflow analysis assuming type cache é;, computing aweaker type cache SM. The
limit  isthe final result. The recomputation of each successive type cache is straightfor-
ward: for every call context <c, B> in the domain of call cache# (that is, every call context
recorded by the preliminary control-flow analysis), we use the old type cache to compute
thetypes of theargumentsin the call, then reflow from the call, tracking the variablesbound
by the call’s procedure, assuming the old type information. The returned type caches are
joined together, yielding the new type cache. So the new type cache is the one we get by
assuming the type assignments of the old type cache. A fixed point is a legitimate type
assignment. Since all of our abstract domains are of finite size, and our type lattice has
finite height, the least fixed point is computable.

30 = A <T, ?)> . L
Si-l-l = SZ L |_| Reflow <C, ﬂ> @ﬁnal (TVlnIt <C, B> 32)
(¢, BYe Dom(#)
S| 5.

Beforewe get to themachinery of the Reflow functionitself, let usexaminethefunctions
that evaluate argumentsin call expressions:

A, [k] B 5 =0 A, [prim] 3 5e = {prim}
A, [ 5 A, [v] 5 ve = EE<U, ﬂ(binderv)>

A, [v] 3= B(biﬂder v) = special — (v, special)
otherwise L

The A, function evaluates call arguments, and is the straightforward abstraction of its
counterpart in the ETREC semantics. The A, function is a little more subtle. Since
the Reflow semantics only tracks variables bound in the special contour, flq only returns
quantities for these bindings, approximate bindings are mapped to an undefined gname,
represented with L. This means that we no longer need a quantity environment to map
variable bindings to gnames — the special bindings of the variables being tracked are aso
the gnames of their bound values.

Now we are in a position to examine the machinery that triggers off a single wave of
special contour type tracking: the Reflow function, and its auxiliary Feec function.

Reflow ([c:(f a1...a,)], B) vetv= | | ﬁspecf’@tvﬁéc
freF o
where ' = A, f 3 ve

avli=A,a; § ve

Reflow simply reruns the interpretation from each possible procedure that could be called
fromcall context (¢, 3). Each procedureis applied with the “ special” function Fgec, Which
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arranges for the initial application of the procedure to be a special one. The 1CFA contour
¢ passed to Jf“qoec is the abstract contour that special will represent during this reflow. The
type caches resulting from each call are joined together into the result cache.

The special application of aprocedure performed by Jf"qoec isdone only at the beginning
of the reflow. Instead of allocating the 1CFA contour b, e alocates the special contour
in its place, designating it the one and only specia contour in a given execution thread.
The incoming values are bound in the outgoing variable environment ve’ under the special
contour. The incoming type information is used to create the initial type table 7 passed
forward to track the values bound under the special contour. The rest of the computationis
handed off to theC procedure. C issimilar to C with the exception that it only records the
type information of references that are bound in the special contour.

Faee {[:(\ (v1...0,) O], B) @ tv ve b= despech (Cc § e’ 7)
where 7 = [(v;, special) — tv|i]
B/ = B [ — special]

ve' = ve U [(v;, special) — av 1]

despec: CN — TCachege. — TCache
despec b Sspec = )\<r, ?)'> b=0 — Sspecr
otherwise L

Because a single reflow tracks only the bindings of one special contour, the result type
cache has information only for variable references bound in that contour. So the type cache
returned by the C application indexes on variable references, not reference/contour pairs
— the contour is understood to be the special contour. Now, for this particular reflow, the
special contour allocated by Fope: Stands for a particular abstract contour, b. So the resuilt
type cache must be converted to a type cache that replaces the smple variable reference r
entrieswith <r, ?)> entries. Thisis done with the auxiliary despec function. Let

Then & <r, ?)> just returns dgpec r, and 6 <r, ?)’> gives bottom when ¥  b.

Jf“qoec must also be defined over primops. Primops do not have variables to be tracked,
so instead primops pass the buck to their continuations. The + primop uses itsinitial-type
vector (tx, ty, tk) to computetheinitial-typevector (¢s) for itscontinuation. The + primop
then employs Jf“qoec to perform type recovery on the variable bound by its continuation.

Fapec 4] (i, i1, k) (t, ty, th) 56 b= | | Fgeck (0) (ts) ve ic,
kek
where ts = infer+(tz, ty)

The test-integer primop is even smpler. Since its continuations do not bind variables,
thereis nothing to track, so the function just immediately returns the bottom type cache.

fspec [test-integer] <:JZ', l%o, ]%1> (tx, tho, thy) ve b= 1
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Once the initia call to Jf“qoec has triggered a wave of type recovery for a particular
lambda’s variables, the actual tracking of type information through the rest of the program
execution is handled by the 7 and C functions.

Cle(f ar...an] B %:3u( || ' @ qo e # c)
fler
where F = A, f 3 e
ali= A, a; B ve
[[ri:vi]] = a; (\V/GZ € REF)
[[To:vo]] = f (If f € REF)
b; = B(biﬂder v;)
gi = Agv; B
@ = <qu/J—77qAn/J->
t'= Go# L — 7MNT[do — type/proc]
otherwise 7

As C evaluates its arguments, it checks to see if any are variables whose types are being
tracked. Suppose an argument a; is a variable reference [r;:v;]. The variable v; is being
tracked if itisbound in the special contour, that is, if b; = special, whereb; = B(bjnder v;).
In this case, it will be mapped to a non-bottom gname by flq. If an argument is being
tracked, we look up its current type 7 ¢;, and record thisin C’s contribution & to the type
cache. An outgoing typetable 7' is constructed, reflecting that f must be of type type/proc
(again, note that this fact is only recorded in 7' if [ isavariable currently being tracked).
The notation ¢; / L in the construction of the outgoing quantity vector gv means “the value
of ¢; if itisdefined, otherwise L.” In other words, if an argument «; isavariablereference,
then the corresponding element in gv is ¢;. If the argument is a lambda or constant, then
it clearly isn't one of the special gnames created by Jf“qoec at the beginning of the reflow,
so the corresponding element in gv isjust L. Therest of C’s stucture is a straighforward
abstraction of the exact analysis. In keeping with the 1CFA abstraction, the call site ¢ is
passed to F to be used for its abstract contour.

Since multiple contours are identified together in the abstract semantics, valuesin the
approximate domain are sets of abstract procedures. Because of this, the call must branch
to each of the possible procedures f” to which the expression f could evaluate. The result
type caches are then al joined together.

An approximate, non-special contour is allocated when F causes control to enter a
closure. Because multiple environments are thus identified together by F applications, it
cannot track type information for the variables bound by the procedure. Hence F has a
fairly ssmple definition for the closure case, just augmenting the environment structure and
passing the closure’s body ¢ off to C.
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F I (o) O F) avquie # b=Ce § w7
where 3’ = 3 [0 — 1]
v’ = ve U [(vi, by — avli]

F’sdefinition for theterminal stop continuation is, again, trivial, ignoring its argument
v and returning the bottom type cache:

F [stop] @v qo ve # b= L.

F’s behavior on primopsis more interesting. |f the argument & is being tracked (i.e.,
gz isaquantity, not bottom), then we intersect type/int with ¢z’sincoming type, passing
the result type table 7, to the true continuation, and we subtract type/int from gz’stypein
77 the table passed to the fal se continuation. In other words, we do the type recovery of the
ETREC semantics, but only for the values being tracked.

ﬁ[[p:test—integer]] <:JZ', Jeo, ]%1> <§E, 6%0, 6%1> ve 7 b=

(U EkQ O ai)u (L] Fr (@ i)

keko kek,
where?s = q@ # L — 7[q@ — (7 q@ — type/int)]
otherwise 7
7= q# L — 7[q@ — (7 qzMNtype/int)]
otherwise 7

The + primop is similar. If the arguments & and ¢ are being tracked, then we update
the type table passed forward, otherwise we ssimply pass along the incoming type table
# unchanged. Since the continuations % are applied by the approximate F function, the
quantity vector is (L) — we will not be tracking the variables bound by the call to .

Flpl (&9, k) (@ G, ab) v # b=
L] 7k (0) (L) 5 #" dc,

kek
V\fhere%’ = @@ # L — 7[q@ — (type/number M7 qz)]
otherwise 7
= qy# 1L — 7 [qy— (type/number N7 qy)]
otherwise 7/

To finish off the Reflow semantics, we must take care of letrec. Abstracting C’s
definition for letrec issmple. Evaluating the Letrec’s bound expressions only involves
closing lambdas, not referencing variables. So the 1etrec will not “touch” any of the
variableswe are currently tracking. Hencethe letrec doesnot makeany local contribution
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to the answer type cache, but smply augments the variable environment ve with the
procedure bindings and recursively evaluates the inner call ¢'.

Cle:(letrec ((f1 l)..) ] Bwe+=Cc B v+
whereb = ¢

B =ple—1
ve' = ve U [(fi. b) > A 1 § 7]

One detail of letrec that we have neglected is tracking the types of the variables
bound by letrec. There are several ways to handle this. We could add a case to the
Reflow function to handle reflowing from letrec expressions, creating a specia contour
for the letrec’sbinding. Thisisafairly complex and expensive way to handle a simple
case. Because letrec is syntacticaly restricted to binding only lambda proceduresto its
variables, we can statically analyse this case, and simply assign in advance the procedure
type to all references to all letrec variables. The simplest place to insert this static
assgnment isin theinitial type cache 4o used in the Reflow iteration:

bo=\ <[[r:v]], ?)> binderv € CALL — type/proc (letrec)
binderv € LAM — L (lambda).

This performs the type analysis of the 1etrec variablesin one step, leaving the rest of the
Reflow semantics free to concentrate on the variables bound by lambdas.

9.5 Implementation

| have written a prototype of the type recovery algorithm in T. This implementation uses
the same general framework as the 1CFA implementation discussed in section 5.4. The
type-recovery code is about 900 lines of heavily commented Scheme. The type lattice
includes the symbol, pair, false, procedure, fixnum, bignum, flonum, vector, list, integer,
and number types. Theimplementationisfor themost part astraightforward transcription of
the approximate type recovery semantics, using the single-threaded time-stamp techniques
for the variable environment, store, and quantity environment.

Like the basic 1CFA implementation, | have made little effort to optimise or even
compile the implementation — response time in the interpreter is sufficiently quick for
small test cases. At this point in my experimentation, there is no reason to believe that
efficiency of the analysis will be an overriding issue in practical application of the type
recovery algorithm.

A reflow-based analysis is, however, quite a bit dower than a smple 1CFA-based
analysis. | have applied the type recovery to the little puzzle example from section 9.4.2,
and the delq and fact procedures of figure 9.1. Running interpreted T on a DECstation
3100 PMAX produced the following times:
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puzzle | 5.1 sec
fact | 7.8sec
delq |53sec

As an example of the algorithm’s power, it is able to completely recover the types of
all variable references in the delq and fact procedures given in section 9.1. The types
recovered for the puzzle and fact examples are shown in detail in appendix B.

The alure of type recovery, of course, istype-safe Scheme implementations with little
run-time overhead. It remains to be seen whether there is enough recoverable type infor-
mation in typical code to alow extensive optimisation. The algorithm has not been tested
extensively on alarge body of real code. However, these early results are encouraging.

9.6 Discussion and Speculation

This section is a collection of small discussions and speculations on various aspects of
Scheme type recovery.

9.6.1 Limitsof the Type System

From the optimising compiler’s point of view, the biggest piece of bad news in the Scheme
type system is the presence of arbitrary-precision integers, or “bignums.” Scheme's
bignums, an elegant convenience from the programmer’s perspective, radically interfere
with the ability of type recovery to assign small integer “fixnum” types to variable refer-
ences. The unfortunate fact is that two’'s complement fixnums are not closed under any
of the common arithmetic operations. Clearly adding, subtracting, and multiplying two
fixnums can overflow into a bignum. Less obvious is that smple negation can overflow:
the most negative fixnum overflows when negated. Because of this, not even fixnum di-
vison is safe: dividing the most negative fixnum by —1 negates it, causing overflow into
bignums. Thus, the basic fixnum arithmetic operations cannot be safely implemented with
their corresponding simple machine operations. This means that most integer quantities
cannot be inferred to be fixnums. So, even though type recovery can guarantee that all the
generic arithmetic operations in figure 9.1's factorial function are integer operations, this
does not buy us agreat deal.

Not being ableto efficiently implement saf e arithmetic operations on fixnumsisterrible
news for loops, because many loops iterate over integers, particularly array-processing
loops. Taking five instructions just to increment a loop counter can drastically affect the
execution time of atight inner loop.

There are afew approachesto this problem:

¢ Rangeanalyss
Range analysis is a data-flow analysis technique that bounds the values of numeric
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variables [Harrison 77]. For example, range analysis can tell us that in the body of
the following C loop, the value of i must alwaysliein therange [0, 10):

for(i=9; i>=0; i--) printf("4d ", alil);

Range analysis can probably be applied to most integer loop counters. Consider the
strindex procedure below:

(define (strindex c str)
(let ((len (string-length str)))
(letrec ((1p (lambda (i)
(cond ((»= 1 len) -1) ; lose
((char= ¢ (string-ref str i)) i) ; win
(else (loop (+ 1 1))))))) ; loop
(Ip 0))))

Typerecovery can guaranteethat 1en, being theresult of the string-1length primop,
is afixnum. Range analysis can show that i is bounded by 0 and a fixnum; thisis
enough information to guarantee that i is a fixnum. Range analysisis useful in its
own right as well — in this example, it allows us to safely open-code the character
access (string-ref str i) with no bounds check.

e Abstract safe usage patterns
The poor man’s aternative to range analysis is to take the usage patterns that are
guaranteed to be fixnum specific, and package them up for the user as syntactic or
procedural abstractions. These abstractionscan becarefully decoratedwithproclaim
declarations to force fixnum arithmetic. For example, a loop macro which has a
(for c in-string str) clause can safely declare the string’s index variable as a
fixnum. This approach can certainly pick up string and array index variables.

e Disablebignums
Another cheap aternative to range analysis is to live dangerously and provide a
compiler switch or declaration which alowsthe compiler to forget about bignumsand
assume all integersare fixnums. Throwing out bignums allows ssmple type recovery
to proceed famoudly, and programs can be successfully optimised (successfully, that
is, until some hapless user’s program overflows a fixnum. . .).

e Hardware support
Specia tag-checking hardware, such as is provided on the SPARC, Spur and Lisp
Machine architectures [Garner™ 88, Hill* 86, Moon 85], or fine-grained parallelism,
such as is provided by VLIW architectures [Ellis 86, Fisher™ 84], alow fixnum
arithmetic to be performed in parallel with the bignum/fixnum tag checking. In this
case, the limitations of simpletype recovery are ameliorated by hardware assistance.

VLIW’s could be ideal target machines for languages that require run-time type-
checking. For example, when compiling the code for a safe car application, the
compiler can pick the trace through the type test that assumes the car’s argument
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is alegitimate pair. This will almost always be correct, the sort of frequency skew
that alows trace scheduling to pay off in VLIW’s. The actual type check operation
can percolate down in the main trace to a convenient point where ALU and branch
resources are available; the error-handling code is off the main trace.

Common cases for generic arithmetic operations are similarly amenable to trace
picking. The compiler can compile a main fixnum trace (or flonum trace, as the
common case may be), handling less frequent cases off-trace. The overhead for
bignum, rational, and complex arithmetic ops will dominate the off-trace time in
any event, whereas the lightweight fixnum or flonum case will be inlined. Thisidea
can also be extended to other sorts of lightweight traps that higher-order languages
typically require, such as bounds checking for inlined heap allocation.

The VLIW trace-scheduling approach to run-time type safety has an interesting
comparison to the automatic tag checking performed by Lisp Machines. Essentidly,
we have taken the tag-checking ALU and branch/trap logic, promoted it to general-
purpose status, and exposed it to the compiler. These hardware resources can now be
used for non-typechecking purposes when they would otherwise lay idle, providing
opportunitiesfor increased fine-grained parallelism.

The Lisp Machine approach isthe smart hardware/fast compiler approach; the VLIW
approach is the other way ' round.

9.6.2 Declarations

The dangerous proclaim declaration is problematic. A purist who wants to provide a
guaranteed safe Scheme implementation might wish to ban proclaim on the grounds that
it allows the user to write dangerous code. A single address-space, personal computer
implementation of Scheme, for example, might rely on run-time safety to prevent threads
from damaging each other’s data. Including proclaim would allow the compilation of
code that could silently trash the system, or access and modify another thread's data.

On the other hand, safe declarations like enforce have limits. Some useful datatypes
cannot be checked at runtime. For example, whileitispossibleto test at runtimeif adatum
isaprocedure, it isnot possible, in genera, to test at run timeif adatum is a procedure that
maps floating-point numbers to floating-point numbers. Allowing the user to make such
a declaration can speed up some critical inner loops. Consider the floating-point numeric
integrator below:

(define (integ f x0 x1 n)
(enforce procedure? f) (enforce fixnum? n)
(enforce flonum? x0) (enforce flonum? x1)
(let ((delta (/ (- x1 x0) n)))
(do (4 n (-1 1))
(x x0 (+ x delta))
(sum 0.0 (+ sum (f x))))
((= 1 0) (% sum delta)))))
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In some cases, an analysis might be able to find al applications of the integrator, and thus
discover that £ is always bound to a floating-point function. However, if the integrator
is a top level procedure in an open system, we can't guarantee at compile time that £
is a floating-point function, and we can’'t check it at run time. This means that the sum
operation must check the return value of £ each time through the loop to ensure it is a
legitimate floating-point value.

While the proclaim declaration does allow the user to write dangerous code, it is at
least a reasonably principled loophole. Proclaim red-flags dangerous assumptions. If the
user can be guaranteed that only code marked with proclaim declarations can behave in
undefined ways, debugging broken programs becomes much easier.

Finally, it might be worth considering a third declaration, probably. The declaration
(probably flonum? x) isahinttothecompilerthat x ismost likely afloating-pointvalue,
but could in fact be any type. Having a probably declaration can allow trace-scheduling
compilersto pick good traces or optimistically open-code common cases.

9.6.3 Test Hoisting

Having one branch of aconditional test be the undefined effect $ or error primop opensup
interesting code motion possibilities. Let us call tests with an (error) arm “error tests,”
and tests with a ($) arm “$-tests.” These tests can be hoisted to earlier pointsin the code
that are guaranteed to lead to the test. For example,

(block (print (+ x 3))
(1f (fixnum? x) (g x) ($)))

can be legitimately transformed to

(if (fixnum? x) (block (print (+ x 3)) (g x))
($))

because the compiler can choose any effect it likes for the undefined effect operator,
including the effect of (print (+ x 3)). Thiscan be useful, because hoisting type tests
increases their coverage. In the example above, hoisting the fixnum? test allows the
compiler to assume that x isafixnuminthe (+ x 3) code.

Further, error and $-tests can be hoisted above code splitsif the test is applied in both
arms. For example, the type testsin

(if > x 0)
(if (pair? y) (bar) ($))
(if (pair? y) (baz) ($)))

can be hoisted to asingle type test:

(if (pair? y)
(if (> x 0) (bar) (baz))
($))
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Real savings accrue if loop invariant type tests get hoisted out of loops. For example,
in anaive, declaration-free dot-product subroutine,

(define (dot-prod v w len)
(do ((1 (- len 1) (-1 1))
(sum 0.0 (+ sum (* (vector-ref v i) (vector-ref w i)))))

((< 1 0) sum)))

each time through the inner loop we must check that v and w have type vector. Since v
and w are loop invariants, we could hoist the run-time type checks out of the loop, which
would speed it up considerably. (In this particular example, we would have to duplicate
theterminationtest (< i 0), so that loop invariant code pulled out of the loop would only
execute if the loop was guaranteed at least one iteration. This is a standard optimising
compiler technique.)

Hoisting error tests requires us to broaden our semantics to allow for early detection
of run-time errors. If execution from a particular control point is guaranteed to lead to a
subsequent error test, it must be allowed to performthe error test at the control point instead.

Inthegeneral case, error and $-test hoisting isavariant of very-busy expression analysis
[Aho* 86]. Notethat hoisting $-testsgivesasimilar effect to thebackwardstypeinferencing
of Kaplan and Ullman [Kaplant 80]. Finding algorithmsto performthishoistingisan open
research problem.

Note that the sort of “dangerous’ compilation permitted by the undefined effect, and its
formal description viathe ($) operator is of dubious semantic merit. However, implemen-
tors persist in making dangerous implementations, so program analyses need to support
them.

9.6.4 Other Applications

The general approach to solving quantity-based analyses presented in this chapter can be
appliedto other data-flow problemsin higher-order languages. Therangeanaysisdiscussed
in subsection 9.6.1 is a possible candidate for thistype of analysis.

One analysis very similar to type recovery is future analysis. Some parallel dialects
of Scheme [Kranzt 89] provide futures, a mechanism for introducing parallelism into a
program. When theform (future <exp>) isevaluated, atask is spawned to evaluate the
expression <exp>. The future form itself immediately returns a special value, called a
future. This future can be passed around the program, and stored into and retrieved from
datastructuresuntil itsactual valueisfinally required by a“strict” operator such as+ or car.
If the future’s task has completed before the value is needed, the strict operation proceeds
without delay; if not, the strict operator must wait for the future'stask to run to completion
and return avalue.

Futures have a heavy implementation expense on conventional hardware, because all
strict operators must check their operands. Future checking can add a 100% overhead to
the serial run time of an algorithm on conventional hardware.
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“Future analysis’ issimply realising that after a variable has been used as an argument
to a strict operator, it's value is guaranteed to be a non-future. So following references to
the variable don’'t have to perform the future check. Thus, in the lambda

(A (x) (print (car x)) ... (£ (cdr %)) ...)

the (cdr x) operation can be compiled without future checking. Clearly, thisisidentical
to the type-recovery analysis presented in this chapter, and the same techniques apply.

9.7 Reated Work

Steenkiste’ sdissertation [ Steenkiste 87] gives someideaof the potential gainstyperecovery
can provide. For histhesis, Steenkiste ported the PSL Lisp compiler to the Stanford MIPS-X
processor. He implemented two backends for the compiler. The “careful” backend did full
run-timetypechecking onall primitiveoperations, including car’s, cdr’s, vector references,
and arithmetic operations. The “reckless’ backend did no run-time type checking at all.
Steenkiste compiled about 11,500 lines of Lisp code with the two backends, and compared
the run times of the resulting executables. Full type checking added about 25% to the
execution time of the program.

Clearly, the code produced by a careful backend optimised with type-recovery analysis
will run somewhere between the two extremes measured by Steenkiste. Thisindicates that
the payoff of compile-time optimisation is bounded by the 25% that Steenkiste measured.
Steenkiste’'sdata, however, must betaken only asaroughindicator. InLispsystems, thetiny
details of processor architecture, compiler technology, data representations and program
application all interact in strong ways to affect final measurements. Some examples of the
particulars affecting his measurements are: his LisP system used high bits for type tags;
the MIPS-X did not allow car and cdr operations to use aligned-address exceptions to
detect type errors; his 25% measurement did not include time spent in the type dispatch
of generic arithmetic operations; his generic arithmetic was tuned for the small integer
case; none of his benchmarks were floating-point intensive applications; his measurements
assumed interprocedural register allocation, a powerful compiler technology still not yet in
common practice in Li1sp and Scheme implementations; and LISP requires procedural data
to be called with the funcall primop, so smple calls can be checked at link timeto ensure
they are to legitimate procedures.

These particularsof language, hardware architecture, implementation, and program can
bias Steenkiste's 25% in both directions. Steenkiste gives a careful description of most of
these issues. However, even taken as a rough measurement, Steenkiste’s data do indicate
that unoptimised type-checking is a significant component of program execution time, and
that there is room for compile-time optimisation to provide real speed-up.

The idea of type recovery for Scheme is not new. Vegdahl and Pleban [Vegdahlt 89]
discuss the possibility of “tracking” types through conditionals, although this was never
pursued. The ORBIT compiler is able to track the information determined by conditional
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branches, thus eliminating redundant tests. ORBIT, however, can only recover this infor-
mation over trees of conditional tests; more complex control and environment structures,
such as loops, recursions, and joins block the analysis.

Curtis discusses a framework for performing static type inference in a Scheme vari-
ant [Curtis90], along the lines of that done for statically typed polymorphic languages
such as ML [Milner 85] or LEAP [Pfenning™ 90]. However, his work assumes that most
“reasonable’” Scheme programs use variablesin away that is consistent with a static typing
discipline. In essence, Curtis technigue types variables, whereas the analysis devel oped
in this chapter types variable references, an important distinction for Scheme. Note that
without introducing type-conditional primitivesthat bind variables, and (perhaps automat-
ically) rewriting Scheme code to employ these primitives, this approach cannot recover the
information determined by conditional branches on type tests, an important source of type
information.

Traditional data-flow analysis techniques have also been used to perform type re-
covery for latently-typed variants of traditional imperative languages [Tenenbaum 74,
Kaplant 80][Aho™ 86, chapter 10]. These approaches differ from the technique devel-
oped in this chapter in the following ways:

o First, they focus on side-effects as the principal way values are associated with
variables. In Scheme, variable binding isthe predominant mechanism for associating
values with variables, so the Scheme type recovery analysis must focus on variable
binding.

e Second, they assume a fixed control-flow graph. Higher-order languages require the
control-flow analysis technology developed in this dissertation.

e Third, they assumeasingle, flat environment. Schemeforcesoneto consider multiple
bindings of the same variable. The reflow semantics of section 9.4 correctly handles
this complexity.

e Finally, they are not semantically based. The type recovery analysis in this chapter
is based on the method of non-standard abstract semantic interpretations. This
establishesaformal connection between the analysisand the base language semantics.
Grounding the analysis in denotational semantics allows the possibility of proving
various useful properties of the analysis.

These differences are all connected by the centrality of lambdain Scheme. The prevalence
of lambda is what causes the high frequency of variable binding. Lambda alows the
construction of procedural data, which in turn prevent the straightforward construction of a
compile-time control-flow graph. Lambda allows closures to be constructed, which in turn
providefor multipleextant bindings of the samevariable. And, of course, the mathematical
smplicity and power of lambda makes it much easier to construct semantically-based
program analyses.
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If our behavior is strict, we do not need fun!
— Zippy the Pinhead,
on normal -order optimisations.

10.1 Copy Propagation

Copy propagation is a standard code improvement technique based on data-flow analysis
[Aho™ 86, chapter 10]. Copy propagation essentialy involves removing variables that
are redundant copies of other variables. That is, if the only definitions of x reaching the
expression x+3 are of theformx := y, then we can substitute y for its copy x: y+3. If we
can do this with all the references to x, then we can remove the assignment to x as well,
completely eliminating the variable from the program.

In Scheme, copy propagation is handled in some cases by smple 3-substitution. We
can substitute y for x in:

(let ((x y))

(foo %)) = (foo y)

However, 3-substitution does not handle cases involving circular or join dependencies. For
example, consider the loop which multiplies each element in vec by x:

(letrec ((1p (A (y 1)
(cond ((>= 1 0)
(set (vref vec i) (* (vref vec 1) y))
(lpy (-1 DN
(1p x 20))

Clearly, referencesto y can be replaced by x, although simple 3-substitution will not pick
thisup.

135
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Note that this sort of copy propagation can frequently and usefully be applied to the
continuation variable in the CPS expansions of loops. An example is the summation loop
from the end of chapter 3. Partially CPS-converted, that loop looks like this:

(A (n k)
(letrec ((1p (A (i sum c)
(if (zero? i) (c sum)
(1Ip (- i 1) (+ sum i) ¢)))))
(1p n 0 k)))

The loop’s continuation c is aways bound to the procedure’s continuation k, and is re-
dundantly passed around the loop until it is invoked on loop termination. Applying copy
propagation (and one round of usel ess-variable elimination to clean up afterwards) removes
theiteration variable c entirely:

(A (n k)
(letrec ((1p (A (i sum)
(if (zero? i) (k sum)
(Ip (-1 1) (+ sum 1))))))
(1Ip n 0)))

This sort of situation crops up frequently in CPS-expanded loops.
The general form of Scheme copy propagation, then, is:

For agivenvariablev, find all lexically inferior variablesthat are always bound
to the value of v, and replace their references with referencesto .

A variable is lexically inferior to v if its binding lambda occurs within the scope of v’s
binding lambda. With this definition, Scheme copy propagation acts as a sort of “ super-3”
substitution rule. (If we allow side-effects to variables, this can disalow some possible
substitutions. If, on the other hand, we use an intermediate representation that has no
variable side-effects, we can substitute at will. This is one of the attractions of removing
variableassignments from theintermediate representati on with assignment conversion. ML
elegantly avoids the issue by disallowing assignments to variables altogether.)

Notethat theenvironment problemrearsitshead here. For example, we cannot substitute
x for y in the following code:

(let ((f (A (x h) (if (null? h) (A O x)
(let ((y (R))) ...y ..00)))
(f 3 (£ 5 nil)))

Even though y is certainly bound to x (becauseh isboundto (A () x) at that point), it's
the wrong binding of x — we need the one that isin the y reference’s context. We have
multiplebindings of the same variable around at the same time, and so we haveto be careful
when we are doing copy propagation to keep these multiple environments separate.
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10.1.1 Copy Propagation and Reflow Analysis

We can use reflow analysis to handle the environment problem raised by copy propagation.

Suppose we have some lambda /¢ = (A (x y z) ...), and we wish to perform copy
propagation on x. That is, we want to find the lexically inferior variables that are always
bound to the (Iexically apparent) value of x so we can replace them with x. We do areflow,
starting with each entry to /. Aswe enter ¢, we create a special contour for ¢’s variables.
All the lexically inferior lambdas in this scope will be closed over ¢’s specia contour, and
so won't get their references to x confused with other bindings of x.

In order to perform the analysis, we need an abstract value domain of two values. a
value to represent whatever is bound to the binding of x that we're tracking, and avalueto
represent everything else in the system. Call x’svalue 0 and the other value 1. The initia
system state when we begin areflow by entering ¢ is that

¢ the current binding of x hasvalue 0

e al other bindings in the environment — including the current bindings of y and z
and other extant bindings of x — and all valuesin the abstract store have value 1.

As we proceed through the abstract interpretation, whenever we enter a lambda ¢’ that
is lexically inferior to ¢, we check to see if ¢’ is closed over the special ¢ contour we're
tracking. If itis, we save away the value sets passed in as argumentsto the variables of ¢'.

After we've reflowed ¢ from all of its cal sites, we examine each lexically inferior
variable. Consider the value set accumulated for variable v. If itis (), then v’slambdawas
never caled — it's dead code. If itis {0}, then it isaways bound to the value of x in its
lexical context, and so is a candidate for copy propagation — we can legitimately replace
all referencesto v with x. If itis {0,1} or {1}, then it can potentially be bound to another
value, and so is not a candidate for copy propagation.

Notice the conservative nature of the analysis. the presence of 1 in avalue set marks
a variable as a non-copy. This is because after setting up the initial special contour, all
the other variable bindings to value sets happen in approximate contours. This means that
different bindings can get mapped together. If our analysis arranges for this to affect the
analysisin the safe direction, thisidentification is OK. Ruling out apossible copy iserring
onthe safe side, and that isthe effect we get by unioning together the value sets and looking
for 1's.

10.2 Lambda Propagation

Inthe CPS Schemeintermediaterepresentation, acall argument can beavariable, aconstant,
or alambda. Constant propagation (from section 7.3) and copy propagation are essentially
just finding out when a variable is bound to a known variable or constant, and doing the
appropriate substitution. Clearly there’s one important case left to be done: binding a
variable to a known lambda, which we can call “lambda propagation.”
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With lambda propagation, the environment problem returnsin force. Like variables,
lambda expressions are not context-independent. A procedure is a lambda plus its envi-
ronment. When we move a lambda from one control point to another, in order for it to
evaluate to the same procedure we must be sure that environment contexts at both pointsare
equivalent. This is reflected by the “environment consonance”’ condition in the following
statement of lambda propagation:

For agiven lambda /, find all the placesit is used in contexts that are environ-
mentally consonant with its point of closure.

By “environmentally consonant,” | mean that all the lambda’s free variables are lexically
apparent at the point of use, and are a so bound to the same values asthey are at thelambda's
point of closure. That is, if we determine that lambda ¢ = (A (x) (+ x y)) iscaled
fromcall ¢ = (g z), wemust also determine that ¢ appearsin the scope of y, and further,
that it is the same binding of y that pertained when we closed 7. In this sense, the more
free variables a lambda has, the more constraints there are on it being “environmentally
consonant” with other control points. At one extreme, combinators — lambdas with no
free variables — are environmentally consonant with any call site in the program, and can
be substituted at any point, completely unconstrained by the lexical context.

10.2.1 Simplifying the Consonance Constraint

Suppose we want to find all the places in a program we can substitute lambda expression
GO ooy ez W)

The lambda expression ¢ is closed over three free variables: y, z, and w. Let us suppose
that y istheinnermost free variable, that is, ’slexical context looks something like this:

(A (w)
A (=)
A
(A (a)
GO (x) ooy sz W)
c)
cel)
ce)
o)
We can substitute ¢ only within the scope of y. (Notice that since a is not free in /,
occurrences of ¢ can migrate outside of its scope.) The key to ensuring environment

consonanceisto realisethat if we ensurethat ¢ isconsonant with itsinnermost free variable
— y — then it is consonant with the rest of its free variables. For example, if we call ¢
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from a call context that binds y in the same run-time contour as ¢ is closed over, then we
can be sure the same goesfor z and w.

Given thisobservation, we can see that alambda propagation analysisreally only needs
to be careful about a single contour: the one over the innermost free variable’'s lambda. In
areflow-based analysis procedure, this means we need to track only one special contour at
atime.

10.2.2 Lambda Propagation and Reflow Analysis

Givenalambda ., wewill dolambdapropagationfor all inferior lambdas/ whose innermost
freevariableisbound by ;.. We performareflow fromall callsto an abstract closure over .
Aswe enter 1 beginning the reflow, we alocate a special contour for x’s variables. Aswe
proceed through the abstract interpretation, we will make closures, some over the specia
contour that we' retracking. Just asin copy propagation, when we enter alambda i’ that is
lexically inferior to 1, we check to seeif 1’ isclosed over the specia  contour. If itis, we
save away the value sets passed in as arguments to the variables of '.

When we' re done with our reflows, we examine each variable v that islexically inferior
to . Consider the value set accumulated for v. If (1) it consists entirely of closures over
asingle lambda ¢, (2) ¢ islexically inferior to y, (3) ¢'sinnermost free variable is bound
by 1, and (4) each closure over ¢ has the special contour for x's scope, then we succeed:
¢ can be substituted for any reference r:v to v — the reference is guaranteed to evaluate
to aclosure over ¢ and the environment that pertains at r:v is consonant with the one over
which 7 is closed.

10.2.3 Constraints on Lambda Substitution

Once we've found the variables for which we can substitute a given lambda, we must
decide which cases are appropriate. If alambda can be substituted at multiple pointsin a
program, performing all the substitutions can lead to code blow-up. We might wish to limit
our substitutions to cases where there is only one possible target, or the lambda is below
a certain size. We might choose some subset of the references to subgtitute for, where
the compiler thinks there is payoff in expanding out the lambda, leaving other references
unchanged.

If our language definition requiresmultipleclosuresover identical lambdasto benon-eqg,
then we have to be careful when substituting a lambda for multiple variable references. If
morethan one of the referencesisacall argument (instead of acall procedure), substitution
will break the egness of procedures. With such a language definition, we could not, for
example, substitute for x in

(Iet ((x (A O #£))) (eq? x x))

Duplicating the lambda would cause the eq? test to return false. ML avoids this problem
by disallowing eq tests on procedures; the Scheme report isless clear on thisissue.
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One case definitely worth treating with caution is when a lambda is used in its own
body, e.g.:

(letrec ((fact () (n)
(if (=n0) 1
(* n (fact (- n 1)))))))
(fact m))

Lambda propagation tells us we can legitimately substitute the lambda definition of fact
for the variable reference fact initsown body, giving us (after one round of substitution):

(letrec ((fact () (n)
(if (=n0) 1
Gcn (A () (if (=n 0) 1
(* n (fact (- n 1)))))
(=n DN
(fact m))

Clearly, blindly performing this substitution can get usinto an infinite regress. This sort of
Situation can happen without letrec, in casesinvolving self-application

(et ((1p0 (A (1p1) (Ipt 1p1)))) (1p0 1p0))
or indirection through the store:

(let* ((pair (cons #f #f))
(Ip (A OO ((car pair)))))
(set-car! pair 1lp)

(1p))

Substituting alambdafor avariable inside the lambda’s body is not necessarily a bad thing
todo. Itisageneraisation of loop unrolling, which can be desirable in some contexts. But
the code optimiser must be aware of this case, and avoid it when it is undesirable.

Most of these substitution constraints also pertain to code improvers that use smple
B-substitution; detailed discussions are found in the Rabbit, Orbit and Transformational
Compiler theses [Steele 78, Kranzt 86, Kelsey 89]. Note that with the exception of proce-
dural egness, these caveats are all issues of implementation, not semantics (code blow-upis
not, for example, a semantic concern). This casts some suspicion on the procedural egness
requirement.

A final note on lambda propagation. As we've just seen, there are many constraints
determining when we can substitute alambdafor avariable known to be bound to a closure
over that lambda: the variabl€e's reference context must be environmentally consonant with
the lambda's point of closure; the variable must be referenced only once (to avoid code
blow-up); and so forth. However, even when these constraints are not satisfied, it is useful
to know that a variable reference must evaluate to a closure over a particular lambda. The
compiler can compile a procedure call as a ssmple branch to a known location instead of a
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jump to a run-time value which must be loaded into aregister. If all calsto alambdaare
known calls, the compiler can factor the lambda out of the run-time representation of the
closure, alowing for smaller, more efficient representations. This is exactly what Orbit’'s
strategy analysis does, for the ssimple cases it can spot.

10.3 Cleaning Up

When we substitute an expression — avariable, aconstant or alambda— for all references
to some variable v, then v becomes a useless variable. It is therefore a candidate for
being removed from its lambda’'s parameter list. This transformation is the one used by
the second phase of useless-variable elimination (section 7.2). The following sequence of
transformations shows the role of UVE in post-substitution cleanup.

;53 Original loop
(letrec ((1p (A (sum n <)
(if (= 0 n) (c sum)
(1Ip (+ sum n) (- n 1) ¢)))))
(1p 0 m k))

;53 After copy propagation
(letrec ((1p (A (sum n <)
(if (= n 0) (k sum)
(lp (# sum n) (- n 1) k)))))
(1p 0 m k))

;53 After UVE
(letrec ((1p (A (sum n)
(if (= n 0) (k sum)
(Ip (+ sum n) (- n 1))))))
(1p 0 m))

10.4 A Unified View

Copy and constant propagationareclassical codeimprovementsbased ondata-flow analysis.
Standard imperative languages typically use side-effects to associate variables with values,
and thisis what the standard formulations of copy and constant propagation focus on. In
Scheme, however, variables are typicaly associated with values by binding them. With
this change of emphasis, copy and constant propagation become ssimply special cases of
an interesting generalisation of the A-calculus 5-substitution rule. Thisis particularly true
in the CPS Scheme internal representation, where side-effects are not allowed to interfere
with the substitution rules. This *super-3” model of code improvement gives us one more
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alternativeto copy and constant propagation: “lambda propagation” — substituting lambda
expressions for variable references.

At this point, we can see that constant, copy and lambda propagation are actually three
facets of the same basic problem: substituting known expressions for the variables bound
to them in the CPS intermediate representation.

In the case of copy and lambda propagation, the context-dependence of variable ref-
erences and lambda expressions requires our analysis to be sensitive to the environment
that exists at the source and target points of the expression being substituted. Thisis the
environment problem introduced in chapter 8; its solution is based on the general technique
of reflow analysis.



Chapter 11

Future Work

Dissertations are not finished;
they are abandoned.
— H. Q. Bovik

Theresearch I’ vereported on in this dissertation opens up many possible avenuesfor future
work. In this chapter, | will sketch what | think are some of the more interesting ones.

11.1 Theory

Classical researchin optimising compilershas had little use for formal semantics. The great
allureof non-standard abstract semanticinterpretationisthat it can bridgethesetwo areas. It
providesaframework for compile-timeanalysisthat is grounded in denotational semantics.
This raises the possibility of proving that the optimising transformations implemented by
a compiler are denotationally invariant: mathematically showing they leave the meaning
of a program unchanged. Anyone who has ever been tripped up by a buggy optimising
compiler will recognise the attraction of aformally verified optimiser.

Pleban’s dissertation [Pleban 81] clearly sets forth the NSAS manifesto: to unify the
fields of language semantics and compile-time program analysis under the formalisms
of denotational semantics. Although concerned specifically with the problem of storage
analysis (“compile-time garbage collection™), Pleban calls for a comprehensive program
to express the corpus of traditional compiler optimisation techniques in terms of language
semantics. His dissertation does not, however, deliver on thisvision.

Neither does mine. The mathematics in this dissertation is concerned mainly with
the foundations of control-flow analysis. | have not done any theoretical work on the
optimisations that are based on control-flow analysis. It is still an open problem to show,
for example, that the induction-variable elimination analysis and transformation of chapter
7 preserves the meaning of the program. In the applications chapters (7, 9, and 10), | have
relied on the reader’s intuition and informal arguments of correctness.
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| suspect that this sort of work needs tools easier to manipulate than Scott-Strachey
denotational semantics. The classical framework is unwieldy to use as a compiler tool, a
shortcoming that has been noticed by other researchers [Lee 89]. An approach based on
higher-level, modul ar semantics might be better for thiskind of “ denotational engineering.”
Oftentimes we wish to manipulate structures much simpler than the ones defined in my
semantics. Modular approaches to semantic description [Mosses™ 86] might provide a
way to abstract away from the complexity inherent in denotational models. Still, the firm
mathematical underpinnings provided by denotational semantics are likely to be important
in any future approac to reasoning about optimising compilers.

Another theoretical lacunain this dissertation concerns reflow analysis. A careful, rig-
orous development of reflow analysis, complete with preci se statements about its properties
and supported by proven theorems is beyond the scope of this dissertation. Although it’'s
not essential to my thesis, which centers on control-flow analysis in a CPS representation, |
felt that the basic idea of reflow analysis and the class of optimisationsit enables warranted
inclusioninthisdissertation. Ina A-calculus setting, reflow analysisisthe natural extension
of control-flow analysis to handle environment information. A full exploration of reflow
analysis and its capabilities, however, lies ahead.

Finally, a complexity analysis of the control-flow algorithms should be done. Since
the complexity of the algorithms depends on which abstraction is chosen, thisis probably
best deferred until more experience is gained in which abstractions are best. A complexity
analysisisnot necessary to establish my thesis, whichisthat control-flow analysisisfeasible
and useful for higher-order languages. Empirical tests show that the analyses are acceptably
quick for small procedures. | have no reason to believe that the analyses will not scale
reasonably. Even if this turned out not to be the case, these analyses are not essential for
compilation — they are for optimisation. During development, when a program is being
frequently recompiled, the programmer can compile with optimisation switched off (or,
better still for purposes of source-level debugging and rapid turnaround, avoid the compiler
entirely, and run in the interpreter). When the code has been debugged and is ready for
release, then it can be recompiled once with the optimisations enabled. So even if control-
flow analysisturnsout to be computationally expensivein production compilers, it will still
be useful.

11.2 Other Optimisations

More of the classical data-flow optimisations should be mapped over to the CPS/INSAS
framework. The handful of optimisations developed in this dissertation do not even begin
to exhaust the possibilities for optimisation applications. The entire corpus of data-flow
optimisationsis available for consideration. With the basic control-flow structure in hand,
the challenge isto try and bring over the entire list of optimisations from figure 1.1.

| believe that a good high-level goa for compiler research in higher-order languages
is achieving parity with good FORTRAN and C compilers in compiling scientific code.
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Scientific code is agood target because it requiresthe full array of data-flow optimisations
and because it is a compute-intensive domain that requires extensive optimisation.

| also believe that higher-order languages are well suited to scientific code. Sussman
and his research group at MIT have done work exploring the advantages of Scheme for
programming numerically-intensive codes [Halfant* 88]. Berlin has demonstrated the
feasibility of compiling a restricted class of scientific applications written in Scheme to a
horizontal architecture [Berlin 89]. General applicability, however, remains open.

11.2.1 Representation Analysis

One penalty paid by higher-order languages is the cost incurred by uniform data represen-
tations. Many higher-order languages allow polymorphic procedures. For example, both
Scheme's latent type system and ML's static type system alow polymorphic procedures.
This means that values bound to polymorphic variables must have a representation of uni-
form size. If we don’t know whether a value will be a character or a double-precision
floating-point value, for example, we don’t know whether we should allocate one or two
32-hit registers to contain it, or how many bytes in a vector to reserve for its storage. The
solution invariably taken on standard 32-bit architectures is to mandate that all values be
represented with exactly 32 bits. Data types that need less space (e.g., characters) are
padded; data types requiring more space (e.g., double-precision floating point numbers or
cons cells) are represented by a 32-bit pointer to ablock of storage in the heap containing
the actual value. The 32-bit datum can bereliably passed around in asingle register, stored
into 4 bytes of memory, and so forth.

Uniformrepresentationsincur significant spaceandtimeoverhead. They areparticularly
disastrous for floating-point numbers, since the uniform “boxed” representation requires a
memory load for every operation on a number, and a heap allocation and store for every
number produced by an arithmetic operation. So, instead of floating-point addition taking
asingle instruction, it requires two loads, an addition, a heap allocation, and a store. This
is unacceptable for scientific code.

Analysis to determine when specialised, efficient representations can be used is called
“representation analysis.” The ORBIT Scheme compiler performed very simple represen-
tation analysis in cases where the user allowed it to make “dangerous’ assumptions (i.e.,
disabling the normal run-time type checks). Leroy has also done work layering represen-
tation analysis on the ML type system [Leroy 89]. Better information should be produced,
however, by an approach that uses data-flow analysis of the sort that this dissertation makes
possible.

11.2.2 Register Allocation

Control-flow analysis could be used to implement an extension of the trace-scheduling
on-the-fly register allocator used in ORBIT. In rough terms, this allocator moves values
between registers and memory as the compiler processes code along an execution trace
in much the same way that virtual-memory systems move pages of data between primary
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memory and disk. However, the compiler’s register allocator has an advantage over the
operating system’s VM pager: it can “look into thefuture” by scanning forward through the
control-flow graph. This means we can use the optimal MIN algorithm for doing register
spills: when we have to spill aregister, we can spill the one whose value will be used the
furthest away in time. ORBIT's register allocator does not fully exploit this model, and in
any event does not have the detailed control-flow information for the MIN |ookahead that
control-flow analysis provides.

Other global register alocators, such asthe various techniques based on graph-coloring
[Chaitin 82, Chaitin™ 81, Chow™ 84], can also be considered for CPS-based compilersnow
that control-flow information is available.

11.2.3 Compiling for VLIW Architectures

Another interesting application for control-flow analysis is trace-scheduling compilation
for superscalar and VLIW architectures [Ellis 86]. This again depends entirely on having
detailed control-flow information. For reasons | outline in section 9.6, latently-typed
languages with generic arithmetic operators, like Scheme, are prime candidates for trace-
scheduling compilation and VLIW execution.

11.3 Extensions

The basic control-flow analysis could be extended in several interesting ways.

11.3.1 Better Store Models

The analyses | have developed in this dissertation use a minimal store abstraction. In-
vestigating more detailed side-effects models in this framework is an open area. Many
vectorising supercomputer compilers, for example, expend a tremendous amount of effort
to disambiguate vector and pointer references, removing spurious data dependencies and
so allowing loopsto be parallelised [Ellis 86, chapter 5]. This sort of effects or dependency
analysisis an aternative to schemes that move the effects analysis into the type system, a
technique introduced by Reynolds [Reynolds 78] and explored further by Lucassen, Gif-
ford and other designers of the FX language [Lucassen™ 88]. Effectsanalysis can be useful
where atype system breaks down (such as between multiple referencesto a single vector),
or if the notational load of an effects-based type system is cumbersome.

A second alternative to compiler analysis for disambiguating vector references is a
linguistic approach: to design alanguagewith high-level vector operations(such asBlelloch
and Sabot’s scan-vector model [Blelloch™ 90, Blelloch 90]) that eliminate the loop and the
references to the individual elements entirely. This sort of high-level notation is better
for both the programmer and the compiler. The programmer can express himself more
succinctly and is freed of the error-prone burden of spelling out the details of the iteration.
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The compiler is saved the trouble of inferring the aggregate, parallel operation from the
serial iteration over the individual elements.

If you are considering applying control-flow analysis to effects analysis, you should
first consider the alternative schemes of an effects-based type system or a primitive vector
algebra. Research in higher-order languages does not suffer the “dusty deck” constraints
of FORTRAN compiler research — there is much less investment in code written in Scheme
or ML than in FORTRAN. S0 it’s much more feasible to consider approaches that alter the
actual language itself.

There are other areas where a detailed store analysis could prove fruitful. Many
analyses have been developed that attempt to determine when run-time data structures can
be allocated on the stack instead of the heap, or can be explicitly freed at certain pointsin
the code [Hudak 86b, Deutsch 90]. A compiler that uses a CPS intermediate representation
might want to adapt these analyses to the framework I’ ve developed in this dissertation.

11.3.2 Modular Analysis

For reasons of computational expense and separate compilation, it is worth considering
how to break up the analysis of alarge program into separate blocks, where a block might
be the collection of procedures that comprises a single module or library of a program, or,
at finer granularity, an individual top-level procedure. Thisgivesusahierarchica analysis:
analysing a block in detail produces summary information on the behavior of the block,
which is then used when analysing the other blocks that are clients of the first block.

For example, the summary information describing the control flow of a particular top-
level lambda (A (x y k) ...) might be that its continuation argument k never escapes,
but is always called; or that its first argument x escapes into the store; or that when control
is passed to the lambda, it subsequently branchesto the external lambda. These are the sort
of actions that affect the control flow of thislambda's clients, so they must be represented
in the summary description of the lambda.

A summary of the control-flow behavior of a program module or shared library could
vastly improve the quality of the analysis of that modul€e's clients. Thisis worth pursuing
for a serious implementation of control-flow analysisin a production compiler.

11.3.3 Tuning the Contour Abstraction

The choice of contour abstraction determinesthe accuracy and expense of the corresponding
control-flow analysis. Choosing a good abstraction that usefully distinguishes classes of
exact contours with minimal cost is an engineering issue that needs to be investigated.
It's quite possible to have a mixed abstraction, where features of the program determine
whether aprecise, expensive abstraction will be used for agiven contour, or an approximate,
cheap one will be used instead. In fact, we could employ a kind of “iterative deepening”
strategy, where the results of a very cheap, very approximate analysis would determine the
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abstractions used at different pointsin a second pass, providing precise abstractionsonly at
the places they are required.

One source of useful abstractions to consider is Deutsch’s work on abstract semantics
for A-calculus semantic descriptions [Deutsch 90]. See also the generalisations of 1CFA
discussed on page 55.

11.3.4 Basic Blocks

A basic block is a block of code such that control can only enter at the top of the block,
and can only exit at the bottom — there are no jumps into or out from the middle of the
block. Traditional flow-analysisalgorithms consider basic blocks as single verticesin their
control-flow graphs, which saves alot of time when flowing information around the graph.

In Scheme, a piece of code like

(let* ((desc-root (sqrt (- (* b b) (x 4 a c))))
(denom (x 2 a))
(neg-b (- b))
(solnl (/ (+ neg-b desc-root) denom))
(soln2 (/ (- neg-b desc-root) denom)))
(cons solnl soln2))

is straight-line code, and for efficiency purposes, could be considered a basic block in
flow-analysiscode. The analysis|’ ve presented in this dissertation, however, separates this
block of code into its separate primitive operations, and then serially flows information
through the block.

A simple definition of abasic block in CPSis achain of lambda expressions, such that
each lambda’s interna call isto a (non-conditional) primop, and the continuation given to
the primop isthe next lambdain the chain, e.g.:

A& (+ab A6 Cxy QA *sdk))))))

It should be fairly straightforward to collapse these chains of lambdas into single nodes for
the purposes of flow analysis. This should speed the analysis up considerably.

In this approach, the contoursallocated for the internal lambdasin abasic block will be,
in effect, dependent values on the contour allocated for the initial lambda of the block. By
eliminating the need to generate all these intermediate contours, we can use more expensive
contour abstractions for the ones that remain.

This kind of optimisation eliminates time spent on trivial control-flow paths, but still
retains the semantic, A-calculus foundation of the CPS-based analysis. In effect, what we
are doing hereis applying avery cheap control-flow analysis as a pre-pass to eliminate the
trivial cases before applying the fully general analysis.
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11.3.5 Identifying Equivalent Procedures

Consider two different abstract closures <£, Bl> and <£, Bz> over asingle lambda, where

31: [€17'—>3, gz!—) :I.7 ggl—>33]
By = [l17+ 3, (=5, (g — 33].

These two contour environments differ only in the contour assigned to /5. If ¢ contains no
references to variables from /5, this difference is irrelevant, and the two closures can be
considered equivalent. Asalimit case, all closures over acombinator — alambda with no
references to free variables — are equivalent. Identifying these closures together leads to
faster convergence of the control-flow analysis, giving an improvement in speed.

11.4 Implementation

The implementation | have used to support my thesisis very much atoy implementation.
It has been applied to, at most, afew hundred lines of code. It has not been interfaced to a
back-end that produces machine code.

An obvious next step is to scale up the implementation and try the analyses and opti-
misations on a large body of code. If the system were interfaced to a compiler back-end,
the optimised code could be timed, which would give a way to measure the effectiveness
of the optimisations.

Scaling the system will require some work to write an efficient implementation of the
analysis algorithms. My current, research implementation uses very simple data structures
and algorithms. For example, sets are represented with linked lists instead of bit vectors,
which sows down membership tests and set operations. Contour environments are also
represented with linked lists instead of byte vectors, which slows down contour |ookups.
Comparing two contour environments could be sped up aswell by storing a hash value with
the environment. Similarly, the variable environment is not tuned for lookups. Besides
these sorts of efficiency considerations, one might also want to incorporate some of the
extensions discussed in the previous section.
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Chapter 12
Related Work

Thefields of abstract semantic interpretation, higher-order language optimisation, and data-
flow analysis are far too large to cover comprehensively. In this chapter | will cover work
by others that is either fundamental or directly relevant to my research. | will focus on
NSAS-based analyses. Discussions of work that is relevant to the particular optimisations
I’ ve presented in this dissertation are found in the associated chapters.

12.1 Early Abstract Interpretation: the Cousots and
Mycr oft

The seminal work on non-standard abstract interpretation is by the Cousots [Cousot 77,
Cousot 79]. Starting with a standard semantics that maps process states to process states,
they introduce a “static semantics’ (what Mycroft calls a “collecting semantics’) that
collects all possible states the process evolves through during execution of the program.
Any compile-timeanalysisisthen an abstraction of this static semantics. These abstractions
are defined by an abstraction function (and its related inverse, called a “concretisation
function”). The Cousots define necessary conditions for abstraction functions to obey
typical compile-time properties (e.g., safely approximating the static semantics). The set
of suitable abstractions is shown to have alattice structure.

The Cousots work, however, is al in terms of imperative, non-functional languages,
developed using a flowchart-based intermediate representation. Mycroft’'s dissertation
[Mycroft 81] extends the idea of abstract semantics to a functional language. His main
intended application is strictness analysis for normal-order |anguages — spotting opportu-
nities to evaluate function arguments with call-by-value rules instead of call-by-need rules
without changing the result of the program. Mycroft’s semantics uses a complex semantic
structure called a powerdomain. His analyses are also developed for first-order, normal-
order functional languages. My thesis is concerned with higher-order, applicative-order
languages that allow side-effects.

A useful collection of work on abstract semantic interpretationis Abstract I nterpretation
of Declarative Languages [Abramsky 87].
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12.2 Hudak

Closer to my thesis, and in fact a direct influence on my work, is the work of Hudak
and his students. Hudak’s paper, “Collecting Interpretations of Expressions’ [Hudak 86],
defines the problem of a collecting semantics for several variants of functional language —
including the higher-order case. Hudak states the critical question of abstract analysisin a
functional setting: “what are all possible valuesto which the expression exp might evaluate
during program execution?’ To answer this question, Hudak introduces the idea of a cache
function that collects this information. This is related to the cache function ~ that my
control-flow semantics computes, with two distinctions. First, my semantics only collects
procedural values, ignoring other data. This distinction is merely one of focus; it istrivial
to modify my semantics to collect abstractions of other datatypes, as well (as in the case
of performing constant propagation — see section 7.3). Secondly, my cache functions are
finer-grained than Hudak’s because they don’t lump all evaluations of a single expression
together. That is, where Hudak’s caches have functionality Exp — Val, my caches have
functionality Exp x Env — Val.

Hudak abandons Mycroft's powerdomainsfor asimpler powerset construction, which |
have also used in my semantics. Hudak’s constructions are distinguished from the Cousots
in that his semantics are not presented as the closure of a state— state function. Instead,
his semantics functions directly compute the cache produced by evaluating an expression.
Interestingly, in the CPS representation | use, these two approaches converge. Although
the structure and intent is similar to Hudak’s, the CPS representation forces a kind of linear
state-to-state transition as evaluation proceeds. Thisisreflected in the names of the FState
and CState sets, implying that they represent the process states that the interpreter evolves
through during program execution. | find thisdua view to be one of the attractions of the
CPSrepresentation: it providesthefunctional el egance and power of arepresentation based
on the A-calculus, while simultaneously allowing for a low-level, serialised, operational
interpretation.

While Hudak does not provide for computable abstractions for the higher-order case,
“Collecting Interpretation of Expressions’ providesthe general framework for the research
that I’ ve done to support my thesis.

Other Hudak papers apply his framework to particular analyses. For example, Hudak
and Young have developed a strictness analysis for higher-order languages [Hudak™ 86h].
Hudak has also designed an analysis for determining when functional array updates can
be done destructively [Hudak 86b]. However, the higher-order strictness analysis is not
guaranteed to terminate, and the update analysisis restricted to first-order languages.

In general, Hudak’s work has focussed on purely functional, side-effectless, normal-
order languages. The languages | am interested in — Scheme and ML — are applicative
and allow side-effects. Further, the set of optimisations | have considered for applications
are the classical data-flow analysis optimisations. These optimisations have largely been
ignored by the functional-language community. (Thisis not to say that these optimisations
could not be adapted to functional, normal-order languages. But compiler technology for
these sorts of languages has not yet progressed to the stage where thisis a pressing need.)
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12.3 Higher-Order Analyses. Deutsch and Harrison

Asl have mentioned above, most work on abstract semantic interpretation has not dealt with
the full set of features that languages like Scheme or ML provide. Higher-order languages
are rarely treated, and when they are, side-effects are ignored. Two other recent research
efforts carried out independently and simultaneously with my own, however, address all of
these issues, and so deserve special mention.

Deutsch hasdevel oped an analysisfor determiningthelifetimesof dynamically allocated
data at compiletime [Deutsch 90]. This allows explicit deallocation of data structures that
would otherwise have to be garbage collected, and the functional updating of aggregate data
structures by destructively modifying them. Deutsch’s intended application is optimising
semantic specifications of programming languages. Since he deals with a higher-order
language that allows side-effects, however, his techniques apply to Scheme and ML as
well.

Deutsch’sanalysisisdefined intermsof an intermediate representation that is somewhat
like assembler for a stack machine or Landin’s SECD machine [Landin 64]. | believe
this representation is not well suited for program transformation and optimisation. An
intermediate representation based on a stack machine isn’t a high-level representation that
permitsinteresting source-to-sourcetransformations; neither isit alow-level representation
that exposes interesting properties of the program in terms of the actual target architecture.
In contrast, CPS has the ability to span both ends of this representation spectrum simply
by choosing an appropriate set of primops. Steele made this claim for CPS as a general
framework for expressing different level s of representation [ Steele 78]; Kelsey exploitsthis
property in histransformational compiler [Kelsey 89]. Further, since Deutsch’s semanticsis
adirect, stack-oriented semantics, it requires separate domainsand equationsfor procedures
and continuations, whereas a CPS-based representation is much smplified by unifying all
control structures as procedures.

One of the most interesting technical aspects of Deutsch’'s work is the “structured
abstraction” approach he takes to developing his abstract semantics. The ideaisto define
abstractions for composite domains in terms of the domain’s structure and abstractions for
its component subdomains. For example, if we have a cross-product domain A x B, then
we can develop a“generic” abstraction function a for cross-products, expressed in terms
of abstraction functions o4 and « g for the A and B components of the domain.

The advantage of this approach is twofold. First, we can develop a “toolbox” of ab-
stractionsfor the basic mathematical constructs, such as sets, vectors, series, and functions.
After proving that these abstractions satisfy some basic properties in isolation, we can
easily verify the correctness of abstractions built with these building blocks. Factoring the
correctness proofsin this way ssmplifies the math in an elegant way.

Further, if we have severa abstractions for, say, cross-products, then we can swap
between these abstractions in a given application. While the different cross-product ab-
stractions will have different cost/precision properties, they will be interchangeable with
respect to correctness considerations. This sort of modularity allows for easy experimenta-
tion with different abstractions for a given analysis.
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Structure abstractions are first mentioned in a paper by the Cousots [Cousot 79].
Deutsch’s work, however, gives a strong example of this technique in application.t

Harrison has al so devel oped semantically-based analyses for Scheme, with the intention
of parallelisng Scheme programs [Harrison 89]. For example, he performs analysis to
disambiguatestructurealiasing inorder to eliminate spuriousedgesinthegraph of read/write
dependencies that limits available parallelism.

Harrison handles full Scheme. His intermediate abstraction, again, is an imperative,
non-CPS intermediate representation. Harrison's work takes a coarse-grained view of
procedures. His semantics is tuned to handle procedures that have roughly the same
size and functionality of FORTRAN or C procedures. His intermediate representation does
not use lambdas for “intraprocedural” control structures. goto's, conditional branches,
loops and so forth. Instead, there are special, assembler-like syntactic constructs for each
of these structures. This increases the complexity of his semantics. Like Deutsch, his
non-CPS semantics requires a separate (and complex) domain for continuations, and his
semantics equationsmust have separate casesto handlecall/cc, procedurecall, return, and
continuation invocation, which greatly increases the size and complexity of his semantics.

Harrison's semantics is also non-tail-recursive, which fits together with his focus on
procedures-as-subroutines. His semantics has the general structure of the Cousot-style
state-to-state functions, as opposed to the Hudak-style direct semantics.

An interesting technical aspect of Harrison’s work is his contour abstraction, which
is based on finite regular expressions over relative procedure call/return sequences. This
is an abstraction that is well matched to his focus on subroutine boundaries. Note that
this abstraction could be adapted to my framework. Suitably modified to account for tail-
recursive procedure calls, Harrison's abstraction might work well for the coarse-grained
procedural boundaries for which it was designed. (Whereas other abstractions could be
used for the finer-grained lambdas, giving a sort of hybrid abstraction. See section 11.3.3.)

In contrast to Harrison’'s, my work takes a fine-grained view of procedures. My in-
termediate representation represents all transfers of control with atail-recursive procedure
call. This provides a uniform representation for control flow that smplifies the analysis
machinery. While Harrison focusses on inter-procedural control and data flow, | am more
interested in intra-procedural applications — the classical data-flow optimisations, in a
functional, higher-order setting.

Harrison's work does not delve into as much detail on his analysis as | have in this
dissertation. Harrison skips many of the moretedious correctness proofsthat I’ ve presented
in chapter 4. He also doesn’t present details of his algorithms or prove their correctness.
Thisisamost certainly due to time and space restrictions. Harrison's semantic analysisis
only one part of his research on interprocedural analysis and parallelisation.

Finally, neither Harrison, Deutsch, nor any of the other researchers I’ ve discussed in
this chapter have dealt with the environment problem. The solution | present in chapter 8
is a unique contribution, to the best of my knowledge.

IDeutsch’s research report describes more of the structured abstractions than the conference publication.
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Conclusions

My research makes the following contributions:

¢ A solution to the control-flow problem for higher-order languages, wherethe allowed
language features includes side-effects and call/cc.

A theoretical foundation for thisanalysis, complete with correctness proofs.

Algorithmsto compute the analysis, again, complete with correctness proofs.

Example applications using the analysis.

Reflow analysis: apowerful extension for solving the environment problem.

Example applications using this extension.

This all adds up to agenera framework for performing data-flow analysis for higher-order
languages.

As| stated at the beginning of this dissertation, my thesis is that control-flow analysis
is feasible and useful for higher-order languages. The analyss, agorithms, and associ-
ated correctness proofs should establish its feasibility. The example optimisations should
establish its utility.

A secondary thesis of this work might be caled the “CPS representation thesis.” |
hope | have strengthened the case for CPS-based compiler intermediate representations —
their smplicity, theoretical underpinnings, and power support thetransition of compilersfor
higher-order |anguagesinto the highly-optimising niche. With CPS, wearriveat anew view
of traditional data-flow optimisationsin afunctional, higher-order setting: one that empha-
sises variable binding over variable assignment, and where the basic control/environment
construct is lambda/procedure-call.

A closing thought: As we' ve seen, control-flow analysis in higher-order languages is
really data-flow analysis in the higher-order procedure case. As procedural data flows to
points in the control-flow graph, new paths become possible, opening up new routes for
data flow, and so the loop is closed. Thus the title of this dissertation is perhaps a bit
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misleading. In order to solve the control-flow problem, we must also solve the data-flow
problem, and our analysis must further involve considerations of environment structure.

Thisisafundamental property of having the lambda operator in our language. Lambda
is an operator that simultaneoudly establishes data, control, and environment structure:

¢ Evaluating alambda creates a closure, which is afirst-class data structure.

¢ A lambdaisacontrol point to which control can be transferred by procedure call; in
a CPS representation, lambda is the fundamental control structure.

e Entering a lambda causes environment structure to be established by the binding
of the lambda’s parameters; again, in higher-order languages lambda binding is the
fundamental environment structure.

In the lambda operator, all three fundamental program structures — data, control, and
environment — meet and intertwine. Thus, any analysis technique for a higher-order
language must be prepared to handle the three facets of lambda. 1n essence, the work in
this dissertation has been the application of classical data-flow analysis in the presence of
lambda.



Appendix A

1CFA Code Listing

Dear Mr. Shivers,
Your code horrified me ... patchesto failures
...not principled

— mob 9/22/90

...the techniques described in your ...lisp
posting are quite frankly horrid . ..isn't even

legal ...it breaksenormoudly ... ??? bogus!!
— ted 9/22/90

This appendix contains a code listing for my 1CFA implementation. Before running this
anaysis, a modified copy of the ORBIT compiler’s front end is used to CPS-convert the
code and produce a syntax tree. Thistreeistheinput to the 1CFA analysislisted here.

A.1 Prdiminaries

A.1.1 Detailsof the dialect

The program is written in T, a dialect of Scheme with additional extensions from several
macro packages. Hereis abrief description of the various macro packages that are used in
this code.

The UCI Lisp for macro is syntactic sugar for map-type loops. The expression

(for (x in <list1>)
(y in <1ist2>)
(save (f (- y x))))

expands into
(map (A (x y) (£ (- y x))) <Llistl> <1list2>)
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If the do keyword is used instead of the save keyword, then the macro expands into a
for-each (inT, awalk) instead of amap.

A more powerful iteration construct isthe Yale 1loop macro. Without giving a detailed
description of the entire macro, the following example should give the general structure:

(loop (initial (m 0 (max m x)))
(for x in 1)
(incr i .in 0 to (vector-length v))
(do (set (vref v i) x))
(result m))

This expression iterates over alist 1 and a vector v, storing the elements of 1 into v. The
loop terminateswhen it runs off the end of either 1 or v. The . in keyword meansthe range
of the i variable includes 0 but not (vector-length v) (in. isthe other way around,
.in. includes both endpoints; in includes neither). The variablem isinitialised to 0; each
timethrough the loop, it isupdated to be the largest element scanned. This maximum value
isreturned as the result of the loop.

The def-struct macroismacro support for T'srecord structures. The structure

(def-struct ship
X

y
(size 1000))

definesaship record withthreefields. Thesize fieldisinitialised by defaultto 1000. This
instance of def-struct definesthreeaccessor functions: ship:x, ship:yandship:size.
These dots can be assigned with the T set form:

(set (ship:x shipa) 100)

There is also a predicate ship? that returns true only when applied to ship structures.
Finally, the constructor macro ship:new isused to create new structures, with record dots
optionally specified by name. For example,

(ship:new x 7 size 4)

creates a new ship structure, with the x field initialised to 7, the size field initialised to 4,
and the y field unspecified.
| use 7 asan abbreviationfor cond. The T cond form has auseful extension. If aclause
is of theform
(test => fn)
then if test istrue, fn is applied to the value it produces. T aso defines the else constant
to be atrue value. So the expression

(7 ((assq var alist) => cdr)
(else (error "unbound variable ~“s" var)))
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looks up avariable binding in an alist, signalling an error if the variable is unbound.

Finally, this code uses a small package for manipulating lists as sets. The function
set :new isidentical to the 1ist function, so (set:new 2 3 5) constructs a set (list) of
the first three primes. The procedure

(union elt= seta setb)

returns the union of seta and setb, where the elements of the list are compared with the
elt= function. The macro

(difference-and-union elt= si1 s2 (d u) . body)

computes the difference and union of setss1 and s2. The body formsare then executed in
an environment with d bound to the difference and u bound to the union.

A.1.2 Thesyntaxtree

The syntax tree produced by the ORBIT front end is built with the nodes shown in figure
A.1. I'll only describe herethe parts of the node data structures that are useful to the 1CFA
analysis. The node data structures are not defined by the def-struct macro, and the field
syntax is different. The procedure that accesses the field component of node type node is
named node-field, not node:field. For example, reference node r's variable field is
accessed with (reference-variable r).

Reference A variable reference node has asingle field, the variable node it references.

Primop Every occurence of aprimop in the code treeis adistinct primop node. A primop
node has onefield, itsvalue. Thisisa separate primop def-struct, defined as.

(def-struct primop

id ; Name of this primop
ic ; Single ic or a vector of ic’s
lcfa-propagator) ; Defines action of F

(Infact, there are afew other fields in the primop def-struct, but they are not used by
the 1CFA analysis.) The primop:ic field holds either a single call node (for smple
primops), or atwo-element vector of call nodes (for conditional primops). These call
nodes arethe :c markersfor the primop. Notethat all occurrencesof aprimop sharea
single primop def-struct, so they all share the same ¢ nodes. Thisisacceptableinthe
1CFA abstraction, since the continuation calls from the different occurrences of the
primop will be distinguished in the call cache by the the contour environment part of
the <ic, B> call context. Theprimop: 1cfa-propagator field holdsaprocedurethat

defines F for this primop — see the functionalise procedurein the code listing.

Literal A literal node has no fieldsthat are useful for control-flow analysis.



160 Appendix A. 1CFA Code Listing

reference
variable

primop
value

literal
value

lambda
body ; call or labels node
variables ; bound variables

call
proctargs ; list of subforms

labels
variables ; bound variables
lambdas ; label functions
body ; call or labels node

variable
binder ; call or labels node

Figure A.1: Code tree data structures

Lambda A lambda node hastwo fields: one for the lambda' s body (a call or labels node),
and one for the lambda's variables list (a list of variable nodes). The predicate
body-node? isdefined to return true on both call and labels nodes.

Call A call node hasasinglefield, the list of its subexpressions: proc+args.

Labels Labelsisanold namefor letrec; alabelsnodeisaletrecform. Thevariables
field isalist of the variable nodes bound by the labels node. The 1ambdas fieldisa
list of the lambdas evaluated by the labels node and bound to itsvariables. The body
field is the body of the labels node, and isacall or labels node.

Variable A variable has abinder field that is the lambda or |abels node that bindsit. A
variable node has other fields as well, such as the list of al its reference nodes, its
name, and so forth, but these are not used by the 1CFA analysis.

Continuations comefirst in a call node’'s argument list and alambda node’'s bound-variable
list.
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(herald 1cfa (env t (tutil for)

(tutil loop)

(tutil def-struct)

(tutil hacks)))
(require def-struct (tutil def-struct))
; (import t-implementation-env hash)

;;; This file contains code for doing 1st-order control flow analysis
;33 with 1st-order functional results.

(define (i1clo-analyse node)
(clear-store)
(clear-venv)
(clear-xconts)
(clear-ans-cache)
(clear-call-memos)
(xfun-fun (list (set:new xcont) (A node (empty-benv))) xcall))

;33 lst-order closure def

;35 A "1st-order closure" (1clo) is a <code,env> pair, where the env is a
;35 lst-order env. A "ist-order function" (i1fun) is a 1clo or a primop.

(define-constant make-1clo cons) ; 1clo = (lambda . benv)
(define-constant i1clo:lam car)

(define-constant 1clo:benv cdr)

(define (1clo? x) (and (pair? x) (lambda-node? (car x)))) ; Not precise

(define (1fun= a b)
(if (primop? a) (eq? a b)
(and (1clo? b)
(eq? (i1clo:lam a) (iclo:lam b))
(benv= (1clo:benv a) (iclo:benv b)))))

;33 Call contexts

;35 A call context is a <call,benv> pair.

(define-constant make-cctxt cons) ; call context = (call . benv)
(define-constant cctxt:call car)
(define-constant cctxt:benv cdr)
(define-constant cctxt? pair?)
(define-constant cctxt= (lambda (a b) (and (eq? (car a) (car b))
(benv= (cdr a) (cdr b)))))
(define (hash-cctxt cc)
(fixnum-logxor (descriptor-hash (car cc))
(benv-hash (cdr cc))))
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;33 Answer cache code

;33 Ans cache maps a call context (a <call,benv> pair) to a set of 1funs
;33 that could have been called from CALL in context BENV.

(1lset *ans-cache* nil)
(define (clear—ans-cache)
(set *ans-cache* (make-hash-table cctxt? hash-cctxt cctxt= t ’ans—cache)))

;33 Record in the ans cache that we called FUNS from call context <CALL,BENV>
(define (record-call call benv funs)
(modify (table-entry *ans-cache* (make-cctxt call benv))
(lambda (entry) (union 1fun= entry funs))))

;33 Global variable environment code

;;; The VEnv maps a contour (a lambda or labels node) and a var to a
;35 set of 1clo’s. (but not primops)
(1set *venv* nil)
(1set *venv-stamp* O) ; When we alter the venv, bump this guy.
(define (clear-venv)
(set *venv* (make-hash-table pair?
(lambda (x)
(fixnum-logxor (descriptor-hash (car x))
(descriptor-hash (cdr x))))
(lambda (k1 k2)
(and (eq? (car k1) (car k2))
(eq? (cdr k1) (cdr k2))))
t
’venv-table))

(set *venv-stamp* 0))

(define (venv-lookup contour var)
(table-entry *venv* (cons contour var)))

(define (venv-augment contour vars arglis)
(for (v in vars)

(argset in arglis)

(do (let* ((index (coms contour v))
(entry (table-entry *venv* index)))

(difference-and-union 1fun= argset entry (d u)
(7 (a

(set (table-entry *venv* index) u)
(set *venv-stamp* (fx+ *venv-stamp* 1)))))))))
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;33 Contour env code

(define-integrable (empty-benv) ’())

(define (benv-lookup benv binder)
(? ((assq binder benv) => cdr)
(else (error "benv-lookup: couldn’t find “a in ~a'" binder benv))))

(define-integrable (benv-augment benv binder contour); benv[binder |-> contour]
(cons (cons binder contour) benv))

(define (benv= a b) ; Assumes the benv’s are over the same code, as it were.
(assert (every? (lambda (a b) (eq? (car a) (car b))) a b)) ; paranoia
(every? (lambda (a-entry b-entry) (eq? (cdr a-entry) (cdr b-entry)))

a b))

(define-constant (benv-hash benv)
(loop (for elt in benv)
(initial (val 42 (fixnum-logxor (descriptor-hash (cdr elt)) val)))
(result val)))
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;55 Call memoising

;3; For every C application, we remember the Benvs and (implicit args) Venv
;35 timestamp, store timestamp and xconts timestamp indexed by the call.
;5; This information is stored as a hash table mapping <call,benv> pairs
;35 to cmemo structs that track the time stamps for the venv, store, and
;35 xconts. Note that this hash table keys on <call,benv> pairs,

;35 just like the answer cache, so we can snarf the basic structure

;53 of the a.c. table for the call memo table.

(def-struct cmemo
(venv-ts 0)
(store-ts 0)
(xconts-ts 0))

;53 The *CALL-MEMOS* table maps call contexts to cmemo structs.
(lset *call-memos* nil)

(define (clear-call-memos)
(set *call-memos* (make-hash-table cctxt? hash-cctxt cctxt= t ’call-memos)))

(define (fetch-call-memo call benv)
(let ((key (make-cctxt call benv)))
(or (table-entry *call-memos* key)
(let ((entry (cmemo:new))) ; 1st time thru CALL
(set (table-entry *call-memos* key) entry)
entry))))

(define (call-memoised? call benv)
(let ((cm (fetch-call-memo call benv)))
(and (fx>= (cmemo:venv-ts cm) *venv-stamp#)
(fx>= (cmemo:store-ts cm) *store-stamp*)
(fx>= (cmemo:xconts—ts cm) *xconts—-stamp#*))))

(define (memoise-call call benv)
(let ((entry (fetch-call-memo call benv)))
(set (cmemo:venv-ts entry)  *venv-stamp#)
(set (cmemo:store-ts entry) *store-stamp*)
(set (cmemo:xconts-ts entry) *xconts-stamp*)))
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(define (A form benv)
(? ((reference-node? form)
(let ((var (reference-variable form)))

(venv-lookup (benv-lookup benv (variable-binder var)) var)))
((primop-node? form) (set:new (primop-value form)))
((literal-node? form) (empty-set))

((lambda-node? form) (set:new (make-iclo form benv)))
(else (error "type error"))))

(define (C form benv)
(assert (body-node? form))
(? ((not (call-memoised? form benv))
(memoise-call form benv)
(if (call-node? form) (C-call form benv)
(C-labels form benv)))))

(define (C-call call benv)
(assert (call-node? call))
(destructure (( (fun . args) (call-proc+args call) ))
(let ((funset (A fun benv))
(arglis (for (arg in args) (save (A arg benv)))))
(record-call call benv funset)
(for (f in funset)
(do ((functionalise f) arglis call))))))

(define (functionalise funspec)
(? ((primop? funspec) (P funspec))

((eq? funspec xfun) xfun-fun) ; Calling the external function
((eq? funspec xcont) xcont-fun) ; Calling the external continuation.
(else

(let* ((lam (iclo:lam funspec))
(body (lambda-body lam))
(formals (lambda-variables lam))
(nformals (length formals))
(benv (1clo:benv funspec)))

(lambda (arglis b)
(? ((fx= nformals (length arglis))

(venv-augment b formals arglis)
(C body (benv-augment benv lam b)))))))))

(define (C-labels lab benv)
(let ((benv (benv-augment benv lab lab)))
(venv-augment lab
(labels-variables lab)
(for (f in (labels-lambdas lab))
(save (A f benv))))
(C (labels-body lab) benv)))
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;35 Primop definitions

;35 Since primops aren’t 1st-class, we can statically check their
;3 argspectrum, so no need to check at runtime.

(define-integrable (P prim) (primop:lcfa-propagator prim))

(define-syntax (define-p prim fun)
(let ((name (concatenate-symbol ’p/ prim))
(syn-name (concatenate-symbol ’primop/ prim)))
‘(block (define ,name ,fun)
(set (primop:lcfa-propagator ,syn-name) ,name))))

(define-syntax (define-simple-p prim)
(let ((syn-name (concatenate-symbol ’primop/ prim)))
‘(define-p ,prim
(lambda (arglis contour)
(destructure (( (¢ a b) arglis ))
(let ((ic (primop:ic ,syn-name))

(benv (primop-env ,syn-name contour)))

;; record a call to the conts from ctxt <ic, [prim -> contour]>

(record-call ic benv c)

(for (£ in ¢)
(do ((functionalise f) <@ ic)))))))))

(define-simple-p +)
(define-simple-p *)
(define-simple-p -)

(define-p test
(lambda (arglis contour)
(destructure (( (c a p . v) arglis ))
(let* ((benv (primop-env primop/test contour))

(ic-vec (primop:ic primop/test))
(ic0 (vref ic-vec 0))
(ic1 (vref ic-vec 1)))

;; record a call to C conts from context <icOtest, [test —> contour]l>

(record-call icO benv c¢)

(for (f in c¢)
(do ((functionalise f) <> ic0)))

;; record a call to A conts from context <icltest [test —> contour]l>

(record-call icl benv a)

(for (f in a)
(do ((functionalise f) <> ic1)))))))

(define (primop-env primop contour)
(benv-augment (empty-benv) primop contour))

(define-constant <@ (list (empty-set))) ; arglis of 1 empty set.
(define-constant <> ’()) ; arglis of O length
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(1set #store* nil)
(1set #store-stamp* 0)

(define (clear-store)
(set *store* (set:new xfun)) ; initial store contains the xfun.
(set *store-stamp* 1)) ; Must use the xfun...

(define (update-store new)
(difference-and-union 1fun= new *store* (d u)
(7 (4
(set *storex u)
(set *store-stamp#* (fx+ *store-stamp* 1))))))
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;3; (DEFINE-STORE-P prim args stashers ic-call-argv)

;55 This is for defining primops that access or modify the store. This
;;; form defines a primop PRIM with arguments ARGS. The first element of
;;; ARGS is the continuation. STASHERS is a subset of the args. When this
;35 primop is invoked

;33 — A call from the primop’s i.c. site to the continuations is recorded.
;55 — The stasher arguments are placed in the store.

;55 — The primop’s continuations are called with the argument

;33  vector IC-CALL-ARGV, which is typically <@> or (LIST #*STORE*).

;53 For example,

;53 (DEFINE-STORE-P NEW (C V) (V) <@>)

;;; define the NEW primop, which takes two arguments: a continuation C
;;; and a value V. The values passed in for V should be put in the store.
;33 NEW produces no procedures, so the continuation should be applied

;5; to the empty set @ -- that is, the arg vector <@>.

(define-syntax (define-store-p prim args stashers ic-call-argv)
(let ((syn-name (concatenate-symbol ’primop/ prim)))
‘(define-p ,prim
(lambda (arglis contour)
(destructure (( ,args arglis ))
(let ((ic (primop:ic ,syn-name))

(benv (primop-env ,syn-name contour)))

;; record a call to the conts from ctxt <ic, [prim -> contour]>

(record-call ic benv c)

;; All stashed args —> store:

,@(for (s in stashers) (save ‘(update-store ,s)))

;; Do the ic call:

(for (f in ,(car args)) ; continuations
(do ((functionalise f) ,ic-call-argv ic)))))))))

(define-store-p new (c v) (v) <@>)
(define-store-p contents (c a) () (list *storex*))
(define-store-p set (c a v) (v) <@>)

;;; The simple-minded CPS-converter assumes all expressions evaluate

;;; to exactly one value (so their continuations have one formal parameter).
;;; However, SET is not defined to produce a value. We hack this by assuming
;33 SET returns a constant (e.g., #f). So the abstract arg vec for the

;33 continuation call is <@>, not <>.

(define-store-p cons (¢ a d) (a d) <@>)
(define-store-p car (c a) () (list *storex*))
(define-store-p cdr (c a) () (list *storex*))
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;33 XFUN and XCONT

EEE I

(define xlam (create-lambda-node ’(#f #f) ’#f))

(define xcall (create-call-node 3 1)) ;(proc cont arg) or something.
(define xret (create-call-node 2 0)) ;(cont arg) or something.

(define xfun (make-1iclo xlam (empty-benv)))

(define xcont-lam (create-lambda-node ’(#f) ’#t))

(define xcont (make-1iclo xcont-lam (empty-benv)))

;;; One benv will do; splitting it out based on where the xfun and xcont
;;; are called from doesn’t do any good, since we mix all the args together
;35 anyway.

(define x-benv (benv-augment (empty-benv) xlam ’#f)) ; Bogus contour
(define xfun-fun

(lambda (arglis contour)
(update-xconts (car arglis)) ; First arg is continuation.
(for (a in (cdr arglis)) (do (update-store a))) ; rest are non-conts
;3 This memo check does double duty for the xcall & the xret.
(? ((not (call-memoised? xcall x-benv))

(memoise-call xcall x-benv)

(bind-xarg-hackery (lambda () ; Reset the arglist hackery
;; Do the xret: (*kxconts* *store* *store*x ...)
(record-call xret x-benv *xconts*)
(for (f in *xconts*)
(do ((functionalise f) (xret-arglis-rep (arity f)) xret)))

;; Do the xcall: (*store* *xconts* *store* *store* ...)
(record-call xcall x-benv *storex)
(for (f in *storex*)

(do ((functionalise f) (xcall-arglis-rep (arity f)) xcall)))
2)))))

(define (arity fun)
(if (primop? fun)
(error "Why are you calling ARITY on a primop (~a)?" fun)
(length (lambda-variables (iclo:lam fun)))))
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;55 Almost identical to XFUN-FUN, except that all args are non-continuations.
(define xcont-fun
(lambda (arglis contour)
(for (a in arglis) (do (update-store a))) ; all args are non-conts
;3 This memo check does double duty for the xcall & the xret.
(? ((not (call-memoised? xcall x-benv))
(memoise-call xcall x-benv)

(bind-xarg-hackery (lambda () ; Reset the arglist hackery
;; Do the xret: (*kxconts* *store* *store*x ...)
(record-call xret x-benv *xconts*)
(for (f in *xconts*)
(do ((functionalise f) (xret-arglis-rep (arity f)) xret)))

;; Do the xcall: (*store* *xconts* *store* *store* ...)
(record-call xcall x-benv *storex)
(for (f in *storex*)

(do ((functionalise f) (xcall-arglis-rep (arity f)) xcall)))
2)))))

;33 XRV[i] is a i elt list, each elt of which is *STORE*.

(1set xcall-rep-vec nil)
(1set xret-rep-vec nil)
(1set #*xret-rep-index* 0) ; Max slot in xr-r-v we have lazily installed.
(1set #*xcall-rep-index* 0) ; Max slot in xc-r-v we have lazily installed.

(define rep-vec-pool
(make-pool ’rep-vec-pool (lambda () (vector-fill (make-vector 20) ’#f))
5 vector?))

(define-integrable (bind-xarg-hackery cont)

(bind ((xcall-rep-vec (obtain-from-pool rep-vec—-pool))
(xret-rep-vec (obtain-from-pool rep-vec—pool))
(*xret-rep-index* 0)

(*xcall-rep-index* 0))
(cont)
(return-to-pool rep-vec-pool xcall-rep-vec)
(return-to-pool rep-vec-pool xret-rep-vec)))
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;33 (kstore* *storex ...)
(define (xret-arglis-rep nargs)
(if (fx>= nargs 20) (error "arglis-rep: nargs too big ("a)'" nargs))
(if (fx<= nargs *xret-rep-index*)
(vref xret-rep-vec nargs)
(loop (initial (arglis (vref xret-rep-vec *xret-rep-index*)))
(incr i in. *xret-rep-index* to nargs)
(next (arglis (cons *storex arglis)))
(do (set (vref xret-rep-vec i) arglis))
(after (set *xret-rep-index* nargs))
(result arglis))))

;33 (*xconts* *store*x *store* ...)
(define (xcall-arglis-rep nargs)
(? ((£fx>= nargs 20)
(error "arglis-rep: nargs too big ("a)" nargs))
((fx<= nargs #xcall-rep-index*) ; Already computed?
(vref xcall-rep-vec nargs))
(else
(loop (initial (arglis (xret-arglis-rep (fx- nargs 1)) (cdr arglis)))
(decr i .in nargs to *xcall-rep-indexx*)
(do (set (vref xcall-rep-vec i)
(cons #*xconts* arglis)))
(after (set *xcall-rep-index* nargs))
(result (vref xcall-rep-vec nargs))))))

(1set #*xconts* nil)
(1set #*xconts-stamp* 0)

(define (clear-xconts)

(set *xconts* (set:new xcont)) ; initial xconts set contains the xcont.
(set *xconts-stamp* 1)) ; Must use the xcont...

(define (update-xconts new)
(difference-and-union 1fun= new *xconts* (d u)
(7 (a
(set *xconts* u)
(set *xconts-stamp* (fx+ *xconts-stamp* 1))))))
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Appendix B

Analysis Examples

B.1 Puzzleexample

The first example is the little environment puzzle from page 120. The program is shown
in figure B.1, both in Scheme and its CPS intermediate representation. In the CPS form,
lambda and call expressions are subscripted with numeric labels (the particular labels used
arejust those chosen by the T run-time system when printing out thisexample). Asaspecial
case, the CPS test primop requiresits first argument to be atype or comparison predicate
(eg., integer? or eq?). This syntactic extension, inherited from the ORBIT front end, is
equivalent to defining separate primops test-integer, test-eq?, and so forth.

CPS conversion introduces continuations into parameter lists and call expressions.
OrBIT's front-end and the analysis code listed in appendix A place these continuation
argumentsfirst in calls and parameter lists, e.g., (+ k 3 4). Thishas some programming
benefits, but makes the code unreadable. So, | have edited the CPS code shown in this
appendix to use the continuation-last convention, e.g., (+ 3 4 k).

Applying the 1CFA program of appendix A to the puzzle example takes .67 seconds of
CPU time, runninginterpreted T on aDECstation 3100 PMAX. Applying thetype-recovery
algorithm of chapter 9 takes 5.1 seconds under the same configuration.

The information produced by the type-recovery algorithm is given in table B.2. If
a variable is qualified with a call site, e.g. x(c51), then the type applies to the reference
occuringinthat call expression. Otherwise, thetypeappliestoall referencesto that variable.
So type recovery is ableto correctly distinguish the two bindings of x, and determine from
thetypetest (test fixnum? ...) and the control-flow information that the x closed over
in lambda 136 is afloating-point number.

The call cache produced by the 1CFA program is listed in figure B.3. It issimply a
dump of the *ans-cachex* table constructed by the program. The output has been lightly
edited to improve its legibility. Each entry in the table maps a call context cc to alist of
abstract procedures called from that call context:

cc -> (procy proc, ...)
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A O (et ((£ (A (x h)
(test (fixnum? x) () A O x)))))
(f 3 (f 2.7 "#£))))

Scheme

A &) (X (E) (£ 2.7 #f () (v) (f 3vk))))
34 a2 43 49 40
(3)‘9 (x h k1)
4(4test fixnum? x
(A O (h k1))
a7 50
A O (k1 O (k2) (k2 x))))))))
37 48 36 51

Annotated CPS

Figure B.1: Puzzle example

f,v,k, k1,k2 | proc
x(c44) fixnumifloat
x(c51) float

h false|proc

Table B.2: Recovered type information

An abstract closure is a list whose head is a lambda and whose tail is an abstract contour
environment. So
(147 (139 . c40) (134 . xcall))

is the closure over lambda 147 with contour environment [139 — c40, 134 — xcall].
This is the environment made in the 1CFA abstraction by entering lambda 134 from the
external call, and subsequently entering lambda 139 from call c40. Most of the binding
contours are given mnemonic names such as [top] or [if] that are listed in the initial
comment linesof thefigure. The special symbolsxcall, xret, x1am, xcont, ictest0, and
ictest1represent theexternal call, external return, external lambda, external continuation,
and internal call sitesfor the test primop, respectively.

Note that the
(xcall (xlam)) -> (136 [else] [f2] [topcalll)

edge in the call graph could be refined away by a post-type-recovery pass. In call context
([£2] [topcalll), x isknown to be bound to an integer, so the else branch is not taken.
Removing this control-flow arc would a so prune the extraarc

(cb1 (136 . xcall) [else] [f2] [topcall]) -> (xcont)
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555
555
555
555
555
555
555

0

[top] (134 . xcall)
[let] (142 . c41)
[£1] (139 . c43)
[f1-ret] (149 . c48)
[£2] (139 . c40)
[if] (test . c44)
[then] (147 . ictestO)
[else] (137 . ictestl)

(xret (xlam)) -> (xcont)
(xcall (xlam)) -> ((136 [else] [f2] [topcalll)

(c41
(c43
(c44

(134)

(xlam))
[topcalll) -> ((142 [topcalll))
[let] [topcalll) -> ((139 [topcalll))
[£f1] [topcalll]) -> (test)

(ictestO [if]) -> ((147 [£2] [topcalll)

(147 [£1] [topcalll))

(ictestl [if]) -> ((137 [£2] [topcalll)

(c48
(c40
(c44
(c50
(c51
(c48
(c51

(137 [£f1] [topcalll))
[else] [f1] [topcalll) -> ((149 [let] [topcalll))
[f1-ret] [let] [topcalll) -> ((139 [topcalll))
[£2] [topcalll]) -> (test)
[then] [£f2] [topcalll) -> ((136 [else] [f1] [topcalll))
(136 . c50) [else] [f1] [topcalll) -> (xcont)
[else] [f2] [topcall]) -> (xcont)
(136 . xcall) [else] [£2] [topcall]) -> (xcont)

Figure B.3: 1CFA call cache for puzzle example



176 Appendix B. Analysis Examples

B.2 Factorial example

The second example is an iterative factorial procedure, shown in figure B.4. Note the
initial type-check performed before entering the loop. Type recovery is able to deduce
from thistest that al variable references inside the loop are integers (table B.5). The type
table doesn't list an entry for fact. Asdiscussed in chapter 9, variablesbound by letrec
expressions are not typed by the analysis, since they are known to be have typeproc. The
1CFA analysistakes .59 seconds to compute and the type recovery takes 7.8 seconds, under
the same conditions as the puzzle measurements. The call cache produced by the 1CFA
analysisis shown in figure B.6.

(A (n) (Qletrec ((fac () (a m) (test (=0 m) a
(fac (* am) (-m 1))))))

(test (integer? n) (fac 1 n)
-1))) ; error value

Scheme

(3)\4 (n k)
(letrec ((fac () (a m ¢)
37 42
(test = 0 m
43
A O (ca))
a4 46
A O (xam () (v1)
50 51 54
(-m1 () (vO)
55 58
4(Sfac vl v0 ¢))))))))))
(test integer? n () O (k -1))
43 48 49
(A O (fac 1 n k)))))
40 41

Annotated CPS

FigureB.4: fact example

n(c36) top
v0,v1,m, a,n(c41) | int
k, ¢ proc

Table B.5: Recovered type information
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555
555
555
555
555
555
555
555
555
555
555
555
555

0

[letrec] (1ab37 . 1ab37)
[topcalll (134 . xcall)

[if1] (testl . c36)
[theni] (140 . icifo0)
[elsel] (148 . icifi1)
[if2] (test2 . c43)
[enter] (142 . c41)
[1oop] (142 . c45)
[then2] (144 . icifo0)
[else2] (150 . icifi1)
[ic*] (x . c51)
[ic-] (- . c55)
[*ret] (154 . c53)
[-ret] (158 . c57)

(xret (xlam)) -> (xcont)
(xcall (xlam)) -> ((134) (xlam))

(c36

[letrec] [topcall]) -> (testl)

(icifo [if1]) -> ((140 [letrec] [topcalll))

(c41
(c43

[thenl] [letrec] [topcalll) -> ((142 [letrec] [topcalll))
[enter] [letrec] [topcalll]) -> (testl)

(icifo [if2]) -> ((144 [loop] [letrec] [topcalll)

(c48

(144 [enter] [letrec] [topcalll))
[then2] [enter] [letrec] [topcall]) -> (xcont)

(icift [if1]) -> ((148 [letrec] [topcalll))

(c49

[elsel] [letrec] [topcalll) -> (xcont)

(icif1 [if2]) -> ((150 [loop] [letrec] [topcalll)

(c51
(c53

(c55
(c57

(c45

(c43
(c46
(c51
(c55
(c45

(150 [enter] [letrec] [topcalll))
[else2] [enter] [letrec] [topcalll) -> (x*)
[ic*]) -> ((154 [else2] [loop] [letrec] [topcalll)
(154 [else2] [enter] [letrec] [topcalll))
[*ret] [else2] [enter] [letrec] [topcalll) -> (-)
[ic-1) -> ((158 [*ret] [else2] [loop] [letrec] [topcalll)
(158 [*ret] [else2] [enter] [letrec] [topcalll))
[-ret] [*ret] [else2] [enter] [letrec] [topcalll) ->
((142 [letrec] [topcalll))
[loop] [letrec] [topcall]) -> (testl)
[then2] [loop] [letrec] [topcall]) -> (xcont)
[else2] [loop] [letrec] [topcalll) -> (*)
[*ret] [else2] [loop] [letrec] [topcalll) -> (-)
[-ret] [*ret] [else2] [loop] [letrec] [topcall]) ->
((142 [letrec] [topcalll))

Figure B.6: 1CFA call cache for fact example
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