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Abstract

Standard techniques for analysing sequential programs are severely constrained when
applied to a concurrent program because they cannot take full advantage of the con-
current structure of the program. In this work, we overcome this limitation using a
novel approach which “lifts” a sequential dataflow analysis to a concurrent analysis.
First, we introduce concurrency primitives which abstract away from the details of
how concurrency features are implemented in real programming languages. Using
these primitives, we describe how sequential analyses can be made applicable to con-
current programs. Under some circumstances, there is no penalty for concurrency:
our method produces results which are as precise as the sequential analysis. Our
lifting is straightforward, and we illustrate it on some standard analyses — available
expressions, live variables and generalized constant propagation. Finally, we describe
how concurrency features of real languages can be expressed using our abstract con-
currency primitives, and present analyses for finding our concurrency primitives in

real programs.
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Résumé

Les méthodes généralement utilisées pour analyser les programmes sequentiels sont
tres limitées lorsqu’appliquées aux programmes construits avec des processus indép-
endents: elles ne peuvent se servir pleinement de la structure partiellement ordonnée
des élements du programme. Nous proposons ici une approche originale qui dépasse
ces limites en permettant d’appliquer des méthodes d’analyses standards aux pro-
grammes paralleles. Nous commencons par introduire des primitives qui nous per-
mettent de faire abstraction des différentes implantations de synchronizations et de
démarrage de processus indépendants. Graces a ces primitives nous décrivons com-
ment des analyses séquentielles peuvent étre appliquées aux programmes simultanés.
Nous démontrons que, dans certains cas, les résultats de ces analyses sont aussi précis
que ceux d’analyses classiques. Notre méthode de généralisation d’analyse est sim-
ple. Nous en donnons quelques exemples: <available expressions»>, «live variables> et
<generalized constant propagation>. Finalement, nous décrivons comment les primi-
tives de quelques langages de programmation correspondent aux primitives que nous

avons présentés, et proposons des algorithmes pour décerner ces dernieres.
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Chapter 1

Introduction

Concurrent programs exist, and in increasing numbers. Compiler techniques have
traditionally focussed on improving sequential programs. In this work, we provide a
general method for making analyses of sequential programs applicable to concurrent
programs. Our method is general in the sense that it is applicable to a large num-
ber of sequential analyses; furthermore, our examples will show that our method is
quite simple to apply. Using our techniques, compilers will also be able to improve

concurrent programs.

Two recent trends have accelerated the development of concurrent programs. Sym-
metric multi-processor (SMP) computers are becoming increasingly available; writers
of concurrent programs hope that parallelism will make their programs execute more
quickly. At the same time, concurrency primitives are appearing in mainstream pro-
gramming languages such as Java; they have long been present in Ada and CML. Pro-
grammers may use concurrency hoping for improved performance from parallelism,
or alternately because it is the best way to solve a problem at hand. The latter
phenomenon occurs when programming window systems, for example; each window
corresponds readily to a separate thread. In any case, compiler writers must account

for the effects of concurrency to correctly translate, and optimize, these programs.

In this work, we will deal with concurrent programs. There is a large body of work

examining how to extract parallelism from ordinary sequential programs, in order to



speed them up. Our study is orthogonal to this body of work. In our case, we have

a program explicitly containing concurrency primitives, and we wish to analyse it.

The key difference between sequential programs and concurrent programs is that
sequential programs have a single thread of execution and a total ordering between
statements, while concurrent programs have many threads of execution and a partial
ordering between statements. On appropriate hardware, threads may actually execute

in parallel; in any case, execution of the various threads is certainly interleaved.

Compilers usually analyse programs in order to deduce aspects of their run-time
behaviour. This allows a compiler to produce target code which run more quickly, or
take up less space, than the naive translation. This process is known as optimization.
There is a vast body of work concerning optimizations for sequential programs; there
is relatively little work on optimizing concurrent programs. This thesis presents a

general method for lifting sequential analyses to concurrent programs.

Many program analyses are flow-sensitive; that is, they use the execution ordering
of instructions in programs to deduce facts about these programs. In order to apply
flow-sensitive analyses to multithreaded programs, we must use the partial ordering
between instructions. At our disposal, we have information about inter-thread com-
munication, in terms of primitives scattered through the program. These primitives —

fork, join, and synchronization — affect the order in which instructions are executed.

To carry out flow-sensitive analyses, we must estimate the flow of control. For
sequential programs, the major source of imprecision in this estimate is due to deter-
ministic choice. In general, we do not estimate which choices will be taken at runtime;
instead, we conservatively assume that each branch is possible. In a concurrent pro-
gram, the interleaving of instructions introduces another sort of imprecision into the

estimate of the flow of control.



1.1 Thesis Contributions

Traditional compiler frameworks are generally ineffective for optimizing concurrent
programs because they must make much too conservative assumptions about the ef-
fects of concurrency. The main contribution of this thesis is to provide a compiler
framework which overcomes these limitations and allows the optimization of concur-
rent programs. This is achieved by proposing a general lifting for sequential dataflow
analyses: given a sequential analysis, we describe how an equivalent, “lifted”, analysis
for concurrent programs may be carried out. For many dataflow analyses, this lifting

is the best possible one.

Our lifting is described using a set of abstract concurrency primitives, so that
many languages can be analysed. We present analyses to detect these primitives for

several programming languages, like Java and Ada.

To provide the new optimization framework, the thesis makes the following original

contributions:

e We introduce concurrency primitives which are more expressive than the simple
fork and join primitives considered in earlier work. In particular, they can
handle mutual exclusion and synchronization. Conservative assumptions were
used in previous work for these primitives; our lifting deals with them more

effectively in a sense that we will make precise.

e We provide techniques for the detection of statements which can happen in par-
allel, for Java programs with procedures, and inexact information about syn-
chronization. Previous work only considered the case of Java programs without

procedures and exact synchronization information.

e Using this infrastructure, the main contribution of this work is a general lifting
for sequential dataflow analyses. Given a sequential dataflow analysis, we will
provide the concurrent analogue. Under some conditions, we provide the best

possible analogue. This lifting behaves well in the presence of our expressive



concurrency primitives.

1.2 Thesis Organization

The remainder of this thesis is organized as follows. We first present classical material
about temporal ordering, program traces and standard sequential flow analysis in
Chapter 2. Next, we discuss traces of concurrent programs in Chapter 3; we describe
how causal relations between statements affects the set of traces, and we provide a
description of how some simple concurrency primitives map into our causal relations.
We briefly treat the effects of approximation, and we also provide an example showing
why traditional sequential techniques cannot be applied. The central part of our work
is in Chapter 4; we describe the lifting of sequential analyses to the concurrent setting
and prove that it has several desirable properties. Some examples of liftings are
described in Chapter 5; in particular, we lift the available expressions, live variables
and generalized constant propagation analyses. We return to the topic of traces in
Chapter 6, showing how our analyses are applicable to real Java and Ada programs.

Finally, we discuss related work in Chapter 7 and conclude in Chapter 8.



Chapter 2

Background

The background material splits into three parts. The first part is, by now, clas-
sical material from distributed systems and derives from the fundamental paper,
“Time, Clocks and the Ordering of Events in a Distributed System” by Leslie Lam-
port [Lam77]. Next, we introduce a notation for discussing program traces. Finally,
we present material from sequential data-flow analysis; it is included for completeness,

and also to adapt the terminology to our concurrent setting.

2.1 Causal and temporal ordering

In any computational (or physical) system the fundamental unit of activity is the
event. In a simple system all events are totally ordered and the ordering is temporal
precedence. This order is unambiguous because the effect of an event is instantaneous.
In a distributed system we have the notion of location as a site of activity. The effect
of an event at one location does not propagate instantly to other locations. Thus the
notion of temporal precedence between events loses its absolute significance; what

survives as an absolute notion is causal precedence.

In order to set up a general theory of concurrent systems we have to work with the

causality relation. An essential part of concurrency is that one deals with autonomous



computing agents or, what amounts to the same thing, different loci of activity. It is
not just that there are multiple threads of control, there is a delay in the interaction

between threads.

This clean picture was enunciated by Lamport using a close analogy with the
notion of causal structure in relativity [Wal84]. In our case, however, there is a
further complication. Threads — unlike processes communicating via messages — may
share state. Thus the separation into local and global is less clear cut. Some effects are
felt instantly and some are felt through the mediation of synchronization mechanisms

and are delayed.

We define a causal relation between events that reflects the effects of interaction
through synchronization mechanisms and ignores the effects of shared state. This still
determines a sensible partial ordering on events but the name “causal order” is now
less apt; the phrase “happens before” popularized by Lamport is more appropriate.
Nevertheless this partial order that we define is still the determinant of temporal
precedence. The possible temporal orders are captured as the set of all linearizations
of the partial order. The effect of immediate interaction through the shared state will

manifest itself through the equations for computing flow information.

2.1.1 The happens-before relation

Let us assume that events can be unambiguously associated with threads. An execu-
tion of a multithreaded program consists of a vector of sequences of events indexed
by the threads. Thus, for each thread we have a sequence of events; this reflects the
idea that at a single locus of activity the events are totally ordered. If there were
no synchronization mechanism and no interaction between threads this would be the
complete temporal structure. Suppose that we have a synchronization mechanism
that enforces a temporal precedence between an event z in one thread and an event
y in another thread. This could take the form of a wait-notify pair in Java, a ren-
dezvous in Ada, or a send-receive pair in any message-passing formalism. Whatever

the mechanism, we posit a primitive binary relation denoted —. This relation is

6



called “happens immediately before”.

Restricted to a thread, — is just the immediate temporal precedence order. It is

irreflexive.

In a language like CML or Occam where communication is synchronous one can
have x — y and y — z but in languages with asynchronous communication this will

never happen.

Definition 2.1.1 We define the happens-before relation, written x — vy, as the

reflerive transitive closure of —».

Because we could have a situation where x — y and y — x it will not be true, in
general, that — is a partial order. We say that a cycle in — is trivial if it is also a
cycle of — and involves just two events. We say that an execution is causal if there

are no nontrivial cycles in —.
We assume henceforth (until chapter 6) that no cycles occur.

We point out that neither z — y nor x — y guarantee that if x executes, then y
executes. Nor does it guarantee that if y occurs than z occurred before. If both x

and y occur, then x occurs before y.

If x — y then we specifically do not require any temporal relation between the

successors of x and anything in y’s thread.

Definition 2.1.2 A trace of a program execution is a sequence of all the events from

an ezecution of the program, ordered in such a way as to extend —.

Recall that in any trace of the program execution with both x and y, z — y means

that x occurs before y in any trace.

Definition 2.1.3 If x /A y and y /4 x, then we say that x and y are independent

(x 1ly)-



This means that x does not necessarily precede y and vice-versa. If there were no
shared state one could also say that z || ¥y means that z and y do not influence or

affect each other, but this is definitely not true in our case.

A trace of a sequential program is the semantic entity that is used for all issues of
correctness of a flow analysis. It says “what actually happens” in a program execution.
In the case of concurrent programs this is still true, but a trace, as we have defined
it, contains too much incidental temporal information. It turns out that it will be

much more convenient to have as the basic semantic entity the poset defined by —.

In a sequential program, resolving the conditional branches gives a trace of the
execution. In a multithreaded program, there are still conditional branches, but the
trace also depends on the interleaving of the executions of various threads, at the
scheduler’s whim. We resolve the deterministic choice by selecting a branch from
each conditional. We are left with a set of events (program points) in various threads
organized into a vector of sequences as defined above. The — relation partially orders

the events.

Remark about sequential merges We will emphasize that — specifically does
not apply at sequential merges of control. This is because —» applies between events

in the same trace; it does not relate events in different traces.

Definition 2.1.4 A scenario! is the poset of events in a program ezecution, related

by —.

A diagrammatic representation of a scenario showing time proceeding horizontally,
thread executions as horizontal lines stacked vertically, and instances of — as arrows
across threads is called a Lamport diagram; see, for example, Figure 2.1. In a scenario,
no program point is executed more than once; there are no “loops”, as different

executions of the same program point are represented as different events?.

!This term was used by Brock and Dennis in an early formalization of concurrency semantics.
21f we viewed different executions of the same program point as the same event we would have a
multiset of events with the causal structure; in short we would have a pomset.



Figure 2.1: A typical Lamport diagram

2.2 Execution sequences

In the previous section, we have discussed the trace of a program’s execution. We
will now introduce a notation for these traces. This notation is useful for reasoning

about the flow of control in both sequential and concurrent programs.

Definition 2.2.1 A configuration is a pair (s,o), where s is a program point, and o

1S a store.

Definition 2.2.2 A control trace is a sequence
805519+ ySpy---

where Yi. there is an edge from s; to s;y1 in the control-flow graph. We denote the

set of all control traces as P.

Definition 2.2.3 An actual execution trace e is a sequence

(SOaO-O); (Slao-l)a s ’(Snao-n)a s

where Yi. (s;,0;) — (Sit1,0i41) in the operational semantics. We denote by & the
set of all actual execution traces. We write Il(e) for the projection of e obtained by

removing the stores. Similarly we write II(E) for the projection of every sequence in

€.



For sequential programs, an actual execution trace is completely determined by
the inputs; however, this is not true for concurrent programs. In a concurrent pro-
gram, many actual execution traces may arise from one set of inputs (because many

interleavings of statements from various threads are possible.)

It is very difficult to reason about the actual set of executions, as it is undecidable
to determine whether or not a given statement appears in any actual execution. We

will introduce an approximation to the actual set of executions.

Definition 2.2.4 A plausible set of executions E is any set such that P O E D TI(£).
We also define a plausible graph G'g corresponding to E by taking the edges in G

which correspond to transitions s, — Sp+1 in E.

The point of introducing plausible executions is that they represent an easy-to-define
set of executions that are guaranteed to contain the projected actual executions. It

is thus easier to reason about program behaviour with plausible executions.

The standard set of plausible executions used in dataflow analysis is the set of all
control traces. If we can remove never-visited edges from G, we get a better set of

plausible executions.

An execution will, in general, contain many instances of a given program point.
We distinguish between them by using the index of the occurrence of a program point

in the sequence.

Example 2.2.5 Consider the following program.

S: i=8;
t: while (i < 10)
{
u: print ("Counting") ;
v: i++;
}

10



Two plausible execution traces are (s,t,u,v) and (s,t,u,v,t,u,v). Of these two, only

(s,t,u,v,t,u,v) is an actual execution trace.

2.3 Sequential flow analysis

In this section we recapitulate the basic definitions and framework of sequential flow
analysis as a preparation for our treatment of concurrent flow analysis, using the
notation introduced in the previous section. The treatment here is not original, and is
included for completeness. The classical works on flow analysis are by Kildall [Kil73],
Kam and Ullman [KU77] and Cousot and Cousot [CC77]. Our treatment principally

reviews the results of Kildall.

Typically, flow analysis is used to determine information about the run-time be-
haviour of a program. We must approximate the exact information because, for any
nontrivial flow problem, it is undecidable to find exactly which dataflow facts would

hold at any given program point.

The basic setup is that we have a graph representing the program (perhaps suitably
abstracted) and we have a function that propagates information through this graph.
We start with a crude approximation to the required flow information — one that
will, in general, be valid only at the start node — and iterate to a fixed point by
propagating the flow information through the graph. The approximation of the run-
time information is represented in some abstraction domain, and it is with respect to
this structure that we carry out the iteration to the fixed point. We require that the
abstraction domain be a complete partial order with finite height. Usually, it turns

out that the domain is a lattice, or even a powerset.

Definition 2.3.1 A dataflow analysis F associates to each program point s € G two

elements of a complete partial order D. We can write:
fi : G—=D

11



We use the shorthand

IN(s) := F;p(s) and OUT(s) := Fypi(s)-

The IN set corresponds to run-time information about traces of the program just
before some program point s is executed, while OUT corresponds to the state just

after s executes.

Definition 2.3.2 A flow function f is a G-indexed family of functions of type D —
D; that is,
f:G— (D—D)

For a forward analysis, given s and a purported value £ for IN(s), fs(£) tells us
OUT(s); a backwards analysis similarly maps OUT(s) to IN(s).

We assume that flow functions are monotone: z Jy = f(z) 3 f(y).

Definition 2.3.3 A flow function f is multiplicative® if f(zMy) = f(z) N f(y); f is
additive if f(zUy) = f(z) U f(y)-

As long as the flow function is monotone, then a simple calculation gives us the

following weaker properties:
flauy) > fl@)ufly)  fleny) < fl=)0f(y)

Definition 2.3.4 (1) Given an abstracted actual sequence
62505182"'Sn"'

consider every occurrence of s in e; Say Si ., Siys--- 5, We evaluate f on this se-

P

quence as follows:

OUT,.(s) = Llfsij (fs,-jfl o fso(€))

3In the classical references on flow analysis, this condition is known as distributivity. We use the
correct terms here.

12



Let ty,...  ty be the statements preceding s in e. Then

INe(S) = |i| OUTe(tj)

(2) Given the set of actual execution sequences S we define the exact analysis

modulo f as

OUTexact(S) = |_| OUT.(s)

e€eS

(3) We write | |, f(e) to denote the flow analysis assigning IN and OUT sets to

each statement by taking the result of the exact analysis modulo f for that statement.

Example 2.3.5 Returning to the program of example 2.2.5, if we assume that the two
sequences (Sg, 1, Ug, v3) and (So, t1, us, 3, t4, us, vg) are the only two actual execution

sequences, then we would say that in the exact flow analysis modulo f, IN(t) = fs(£)U

An approzimate dataflow analysis can be computed given a direction (we consider
backward and forward flow analyses), a merge operator (e.g. join in a lattice), a
flow function, a plausible graph and an element of the domain for the start node
in the graph. The computation proceeds by evaluating the fixed point of the flow
function over the graph. When the merge operator is join or meet, we denote this

approximation by, respectively, fixg(f, ) or fixg(f,MN).

Definition 2.3.6 A some-path analysis s a dataflow analysis F such that for any
s € G and any execution sequence e ending with s, F;,(s) 3 OUT,(s). An all-paths
analysis is a dataflow analysis F such that Vs € G. V execution sequences e ending

with s, Fip(s) E OUT,(s).

If the abstraction domain is a powerset, a some-paths analysis may omit no elements;

an all-paths analysis may include no extraneous elements.

13



Observation A some-path analysis can be approximated using join (L) as the
merge operator; an all-paths analysis can be approximated using meet (M) as the

merge operator.

We now need to make precise what we mean by “evaluating the fixed point of the

flow function over the graph”.

First, label every edge in the control-flow graph: Ay, hs, ..., hy. The set of edges
is called H. Consider the H-indexed vector of elements of the cpo; we call this v; e.g.

Ulhg] is an element ¢ of the cpo.

Definition 2.3.7 We define the graph flow function ¢ : (H — D) — (H — D) for
some-path analyses:
!
(@) (ki) = f (l_l ﬁ(hjq))
q=1

where h;, ranges over edges going into h;’s source.
An analogous definition is made for all-paths analyses.

Proposition 2.3.8 The graph flow function ¢ is monotone and increases IN(s) and

OUT(s).

Proof. Clearly since f is monotone, ¢ is also monotone. Now, consider any cycle
to,t1,... ,tn,to in the plausible graph. Let g(x) represent the action of f on this
cycle. Iteration modifies the IN sets using the function Az.x U g(z), and clearly

z U g(xz) Jx. Since f is monotone, then OUT(s) is also increased. i

This function pushes the IN sets of every node through f and puts the resulting
value into the OUT set. Note that the first iteration of ¢ will push a lot of garbage IN
sets through f and produce garbage OUT sets; however, soundness spreads through
the graph from the correct value at the initial node. Since D is a cpo, and ¢ is

monotone, we know that ¢ has a least fixed point, denoted 1fp ¢.

14



Definition 2.3.9 Using the ¢ operator, we now provide a mathematical definition

for fizg(f):

fizg(f) =1ip ¢

Note that the flow function f needs to be multiplicative if we are to prove that
the exact analysis modulo f is equal to the result obtained by evaluating the fixed

point of f over the graph.

Example 2.3.10 We consider the example of reaching definitions. For reaching def-
initions, the cpo is the powerset of the set of pairs (variable, program point). This is
a forward analysis, and the merge operator is union. The flow function f, on a def-
inition statement “s : x = value”, adds (x,s) to IN(s), and removes any other pairs
containing x from IN(s). The initial approrimation assigns to all nodes the empty
set; this is correct at the start node since no definitions reach it. In this case, we
want to compute an approximation of reaching definitions such that every definition

that potentially reaches a point p is in the set IN(p).

2.3.1 Some-path analyses

We wish to show that iterating to the fixed point is correct in an appropriate sense.

To do so, we prove the following proposition about some-path flow analyses.

Proposition 2.3.11 Let f be additive with respect to U. Take any plausible graph

G; denote its corresponding plausible set of executions as P. Then

fizg(f;L)(s) = | | OUT.(s)

ecP
Proof. We first show that if f is additive, then fixq(f,U)(s) = | cpamsc) OUTn(s)-
Assume, without loss of generality, that L is the initial value. Then,
fixg(f,U) =1ip(p) = L U p(L)U¢*(L)-

15



We introduce the notation OUT* = L LU (L) Ll--- U (L) to represent the effect
of applying the graph flow function ¢ to the initial approximation & times; OUT*(s)
is the accumulated approximation at the statement s. Also, paths” (@) is the set of

paths in G starting at the initial node with length less than £.

The proof is an easy induction; we carry out the induction to point out explicitly

where additivity comes in.

For all s, we clearly have that OUT’(s) = Upepatnso(q) OUTn(s) = L. Fix k.
Assume that OUT*™(s) = | (@) OUTy(s).

pEpathsk—1

We wish to show that OUT*(s) = | |,cpamst () OUTp(s). By definition,

OUT*(s)=f, | || ouT(:)
i€preds(s)
Consider the set of paths 3 of length £ starting at the initial node and reaching
s. We know that, for any path p € 3, the penultimate node visited is a predecessor
of s. Let Z (C preds(s)) be the set of predecessors of s in paths of . We thus have,

|| ouT,(s)= || OuT,(s)u] | || OUT,()

pEpathsk(G) pepathsk_l(G) i€l PEpathsk_l(G)

Since we are interested in information at s, | | k-1(gy OUTy(s) is of the form

Ipcpaths

fs(£), for some element £ of the abstraction domain. We are thus computing

f@ul | £ || ouT,() | =£eul] || OUTG)

€T pepaths®~1(G) i pepaths*~1(Q)

where the equality is a consequence of additivity.

We can further deduce that £ is contained in | | ) OUT 561 (1), because a

) OUTy(s).

iE€preds(s
node must precede s for its contribution to be added as part of I_Ipepathsk—l

Furthermore, paths used in the computation of ¢/ must have length strictly less than

k. Hence,

(u || ouT,)= || OUT,®)

pEpathsk—1 pEpaths*~1(@)

16



That is, £ is already contained in the union over all paths of length £ — 1.

The equality

|| ouT,i)= |[] ourt'()

pEpaths* (@) i€preds(s)

holds because of the inductive hypothesis.

We have thus shown that

|| ouT,(s)=f| || OUTF'() | = OUT*(s)
pEpaths’“(G) i€preds(s)
The “corresponding plausible set of executions” is just the set of paths in the

graph, so fixg(f,U)(s) = ||,cp OUT.(s), proving the proposition. i

Definition 2.3.12 Given a flow function f for a some-path analysis, a plausible set
of executions £, and a flow analysis F, we say that F soundly approximates the exact

analysis modulo f if

Ve € £. Vs € G. Fjp(s) I IN,(s)

That is, a sound approximation to a some-path analysis must include all the infor-

mation arising from at least one possible path; it may include more.

We have thus shown

Proposition 2.3.13 Iterate a flow function to its fixed point over a plausible graph,
taking merge operator union. The resulting flow analysis is a sound approximation of

the exact flow analysis.

Soundness is typically what one sees proved in the literature. However this does
not rule out an absurdly conservative analysis. In fact most of the analyses in the
literature are the “best one can do” given the usual dataflow assumptions, viz. that
every edge in the control-flow graph is taken on some execution sequence. We for-

malize this concept in the following definition.
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Definition 2.3.14 An approximation F of a flow analysis Fy is said to be tight
with respect to a plausible graph Gg if, whenever IN(s) I p, then Jej,eq,... ,€; €

E. 3ny,ny, ... ,n; € N. where (s,;,n;) € e; such that

BICIOEY

This means that if we claim that s has property p, then there is a set 71" of
plausible executions containing s, such that taking the merge of the result obtained
by evaluating f on each ¢ € T gives an element above p. This does not mean that any
of these plausible executions actually get taken on some actual execution — if we knew
that we would have exact information. Tightness says that the only imprecision in
the approximation comes from either not knowing the exact path, or is an artifact of
the coarseness of the abstraction domain. Tightness is usually implicit and one does
not emphasize it in the sequential case, but for concurrent programs this is important

and worth saying explicitly.

Proposition 2.3.15 Iterating a flow function to its fixed point, with merge operator

union, on a plausible graph Gg gives an approrimation which is tight with respect to

Gg.

Proof. Also immediate from proposition 2.3.11. | |

Reaching definitions (as introduced in the extended example) is a some-path anal-

ysis.

2.3.2 All-paths analyses

There is a pleasing duality between some-paths and all-paths analysis.

Definition 2.3.16 An approximation of an all-paths flow analysis is sound with
respect to a plausible graph E if IN(s) 3 p implies that Ye € E containing $,.

f(elnr) 2 p also.
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Definition 2.3.17 An approximation of an all-paths flow analysis is tight with re-
spect to a plausible graph Gg if Vs. if s, € e, where e is a plausible execution sequence

of E, and f(e|,_1) 3 p imply that IN(s) 3 p also.

This definition says that if a fact holds through all plausible execution sequences,

it must be identified by the approximation.

It is usually appropriate to assign T to all non-start nodes for all-paths analysis as
an initial approximation; the choice of merge operation ensures that the cpo elements

strictly decrease on iteration.

We state a proposition analogous to Proposition 2.3.11, but applicable to all-paths

analyses.

Proposition 2.3.18 Let f be multiplicative. Take any plausible graph G; denote its

corresponding plausible set of executions as P.

fizg(f,1) =[] f(e)

ecP

The proof is exactly the same as that for Proposition 2.3.11, but the operators

are reversed.

Proposition 2.3.19 Iterating with intersection on a plausible graph gives a tight and

correct approximation of the corresponding flow analysis.

Proof. Immediate consequence of the proposition; tightness and correctness just say

that we compute the result over all plausible executions. [ |
An example of an all-paths analyses is available expressions, where the problem

is to find expressions which have certainly been computed, but where none of the

arguments have changed.
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2.3.3 Concluding remarks on flow analysis

We wrap up the discussion of flow analysis with some general observations about flow

analysis.

Duality of some-paths and all-paths analyses In this work, we will present
results for all-paths and some-paths analyses separately. However, they are actually
quite similar. Consider a case where the underlying abstraction domain is a power-
set. Typically, an all-paths analysis seeks to find an underapproximation of properties
which hold in a program — we cannot introduce any extraneous elements of the power-
set — while a some-paths analysis must overestimate the properties which hold. There

are no other conceptual differences between the two cases; they are dual.

Backward flow analyses The flow analyses we have discussed to date have been
forward analyses, in that the flow function computes the OUT set given the IN set.
These analyses give information about events that have occurred in the past. Some
analyses are designed to give information about events in the future. For instance, it
can be useful to know if there are any references to a variable in the future — that is,
whether or not the variable is live. To get this kind of information, we use a backward

flow analysis.

The distinguishing feature of a backward analysis is that the flow function com-
putes IN sets given OUT sets, and the initial value is for the end node of the graph,
rather than the start node. To approximate such an analysis, we can treat it just like

a forward analysis on a control-flow graph with reversed edges.

Non-multiplicative flow functions We have previously assumed that our flow
functions are always multiplicative or additive, depending on which type of analysis
we are considering. If we lack such an assumption, we still have inequalities showing
that the result obtained by iterating the graph flow function are sound. In general,

the graph flow function’s result will approximate, with some error, the result obtained
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by evaluating the flow function over all plausible sequences. Precision is lost because,
for every node s, the graph flow function combines all results at s after each iteration;
when the computation over plausible sequences is taken, combining is done only after

the function has been computed over all sequences.
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Chapter 3

Generating Concurrent Traces

We now return to the model of concurrency described in section 2.1.1, providing more
explicit descriptions (in terms of execution sequences) of the effects of our temporal
relations on sets of execution sequences. We will also discuss what happens when
the relations are not exactly known; often, we are only provided with approximate
temporal relations. Even so, we still need to construct a set of plausible execution

sequences.

Our scheme for producing a set of plausible execution sequences is as follows.
We describe a set of explicit “arrow relations” between program statements. These
relations mirror the information gleaned from the program text. From the arrow
relations, we can then construct sets of plausible executions, our approximation to

the actual executions.

We emphasize that the causal relations between statements determine the set of
plausible execution sequences, not the other way around. They are the fundamental
objects under consideration. Causal relations are collected by considering the seman-
tics of various statements in the program text; they are then used to create the set
of plausible executions that we will reason about. Having a clearly-defined set of
plausible executions will allow proofs in later sections: we lift analyses by acting on
the relations present at various statements. In order to justify our liftings, we simply

consider the effect of the relations on the set of plausible execution sequences. This
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allows us to show that we are computing the result over all plausible sequences.

We will introduce explicit arrow relations between statements in section 3.1. These
relations put constraints on the interleavings between threads and hence on the set of
plausible execution sequences. We describe the plausible execution sequences issuing
from concurrent programs with these arrow relations. Subsequently, in section 3.2,
we will discuss how some concurrency primitives translate to arrow relations. Finally,

we discuss the effect of approximation in section 3.5.

3.1 Notation for propagation

In a sequential program, we construct the set of plausible executions by taking all
paths in the control-flow graph. A standard control-flow graph, however, has no
provisions for concurrency. In this section, we will describe a number of annotations
which we add to the control-flow graph so that it can handle concurrency. These
annotations are based on the program text. This section does not cover how the
annotations are collected for real languages; that is discussed in Chapter 6. Instead,

we discuss various concurrency primitives, from a number of languages.

For now, everything is discussed in an intraprocedural context. Chapter 4.4 will
describe the necessary modifications to handle an interprocedural analysis of a con-

current program.

Notation for happens-before We recall that we have defined x — y to mean that
x happens-before y. This is not appropriate for propagating information; usually, we
want to check that there exists a path between point z and y, such that the path
satisfies some property. To check the property at every point between x and y, we

cannot use the transitive closure of the — relation. We must use — itself.

The definition of — stated that x — y means that x temporally precedes, possibly

immediately, y. We give some informal semantics for —.
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Axiom 1 If x — y holds, then the semantics state that:

e whenevery is executed, then in every actual interleaving, x has already executed;

and,

e There exists a actual interleaving in which x occurs immediately before y.

This definition is equivalent to stating that there is no statement z which occurs
between x and y on all executions. If there is an actual interleaving putting x imme-
diately before y, then no such statement z could occur. If no statement z must occur

between x and y, then z could occur immediately before y.

It is important to recall that — does not guarantee that y will execute, and that
x — 1y does not require that z’s successors are ordered with respect to events in
y’s thread. Once a signal has been transmitted, —» does not impose any further
restrictions on events in the sending thread, regardless of whether or not the signal

gets received.

We can use — to represent joining, as in the following example:

T1 T2 E‘

w: 1 =1729; y: k = 3;

x: 1 = 5; end thread =

N
—
N
.
o
-
[=]
~
~

In the above example, we have x — z and also y — z, but not w —» z. Also,

w — a but not w — a.

Notation for interleaving FEarlier, we introduced the notion of independent in-
structions: z || y means that neither x — y nor y — x hold. Usually, this means that

just before or after x appears in a trace, y could also appear.
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A basic concurrency primitive is mu u [ ex lus on; lan ua es often provide a no
tion of loc in , here only one thread can hold a iven loc at a time. ther
threads attemptin to capture the loc must ait until the o ner has relin uished

the loc . utual e clusion does not impose any orderin on pro ram statements.

We can use mutual e clusion to uarantee that after a statement s, an independent

statement y does not e ecute until some loc is freed.

Definition 3.1.1 If he om evensx ndy e ndependen, nd heeers n-
e le vngs whe e x exe ues mmed el efoey ndoheswhe ey exe ues mme-

d el efoex, henwes h x ndy eproimal. Ths sw en sz y.

n the presence of mutual e clusion or synchronous communication,  becomes
a strict subset of || fz  y then e certainly have z || y.  utual e clusion
allo s us to have independent statements x and y ith no interleavin s scramblin
them. ynchronous communication imposes additional re uirements on the orderin

of successors of y, hich allo s us to remove relations from them.

Plausible execution sequences We have described e ects of our relations on the
set of plausible e ecution se uences. To recap, if x — vy, then all appearances of y
have a precedin =z, and there is a plausible e ecution here x immediately precedes
y. n the other hand, if x gy, then there are plausible se uences containin zy and

yx, as ell as a se uence here x appears ithout any adjacent y.

3.2 arious concurrency primiti es

A control o  raph for a concurrent pro ram contains fo nodes and causality
information.  hese order the statements. We ill no discuss some concurrency
primitives and ho they translate to our arro relations. hapter 6 provides a more
detailed description of the mappin bet een lan ua es and arro s here, e discuss

a selection of primitives, in order to convey a sense of ho arro s may be obtained.
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Forking A for node is a special node s in the control o raph itht o —
successors. After a for node, e say that the o of e ecution splits into t o
threads, each of hich are e ecutin concurrently. After any statement a in thread
to, any other statement z in thread ¢ can e ecute so that a =z, and vice versa. n
the absence of further information, all statements in di erent, concurrently e ecutin

threads are related by

oining A oin node is a special node s in the control o raph itht o —
relations into it @ —» s and — s, ith a, belon in to di erent threads. wuch
a node mer es t o threads into one. After a oin, no relations e ist bet een the
successors of the oin and any predecessors. oinin is e uivalent to a rende vous
follo ed by one of the threads involved in the rende vous endin .  onversely, a

rende vous can also be modelled by a oin follo ed by the spa nin of a ne thread.

We can simulate concurrent oins usin the previously introduced arro s. o
ever, it is di cult to reco ni e a simulated oin to use it for improvin analysis

information. We ill thus provide an e plicit notation for concurrent oins.

f e have additional synchroni ation informa
tion, e can et smaller plausible sets, as e can place fe er  relations and more

—» relations.

or instance, in ava, if z is a notify statement and y immediately follo s a
ait statement, both aitin on the same wueue, e can rite x — y. hapter
discusses hy e must relate the notify ith the successor of the ait statement . n
that case, e may remove relations bet een predecessors of  and successors of y.

urthermore, e can add — relations bet een statements.



3.3 Concurrent programs are not li e sequential

programs

t is temptin to believe that e can treat concurrent pro rams usin the same ma
chinery that e have developed for se uential pro rams. n particular, one mi ht
thin that it is possible to add ed es representin the possible o of control to a
concurrent thread and treat the resultin raph no very ed e heavy as ase uential

raph. his idea doesnt or out belo , e elaborate on hy this does not or .
Any statement s can be follo ed by another statement ¢ if any of the follo in

conditions applies

e there is a se uential control o ed e from s tot

e s —»1

ote that the rst possibility is the only one for se uential pro rams usin it leads

to the standard set of plausible e ecutions described for se uential pro rams.

his set is indeed a plausible set because of the de nition of it must capture all
statements hich can e ecute concurrently ith s addin — and se uential control
o ed es complete the picture. o ever, it is too loose provin ti htness ith

respect to this plausible set is not provin much at all.

onsider the follo in situation

4 Q\

W= >

e notice that the follo in se uential control o raph ould ive e actly the

same plausible se uences usin the above de nition



d Q\C
Py

ote that there is no actual e ecution se uence containin the subse uence A

W= >

for instance, A isimpossible as an actual e ecution se uence. ur set of plausi
ble se uences, ho ever, does include A . n fact, it includes in nite loops hen
no such loops are possible in any interleavin of the t o threads. his leads to rossly

inaccurate results there is no reason for the result of to be propa ated to A.

he above plausible set does not allo us to prove any

interestin ti htness results. n the concurrent case, e can no lon er consider the

set of plausible e ecutions to be simply the set of paths in a raph. nstead, e must

ta e our set of plausible e ecutions to be the set of all interleavin s of the plausible

e ecutions of each concurrent thread. ote that there are t o uanti ers in that

statement the outside one is obvious, hile the inside one is hidden ithin the phrase
plausible e ecutions of each concurrent thread . his phrase e pands all control o

choices.

able . summari es ho e obtain the set of plausible e ecutions for a concur
rent pro ram, in terms of our primitives. his has been developed in the precedin
discussion e reiterate the rules for creatin a set of plausible se uences from typ
ical concurrency primitives. n hapter e ill precisely ive the arro s re uired
for each concurrency construct in a number of real lan ua es, and ar ue that their

semantics e have iven to the constructs match their actual semantics.



istin uished for node itht o successors.
or All statements in concurrent threads are  un
less other ise stated.
istin uished oin node ith t o predeces
oin sors. o successors of the oin have any  rela
tions ith any predecessors of the oin.

utual  clusion emove relations from mutually e clusive
statements.
et ait for a si nal from . hen , and

Asynchronous communication predecessors of are no lon er ith successors
of , and hence not

able . rom basic concurrency primitives to arro s
n , it is ar ued that in the A model of post ait concurrency, it is
co hard to compute the reserved sets for parallel A pro rams. As
computin these sets are uite similar to computin information, it is uite li ely

that e ill have to appro imate the and information.

e can drop  relations. e need no notion of may , because is by nature a
m  relationship lac of an arro means that there may be an interleavin bet een
some statements. n the other hand, may appear e traneously the interleavin

may occur, but is not bound to occur.

ma ine a situation in hich e have a ava ait notify pair. e have removed

the relations bet een the successors of the ait and the predecessors of the notify. f
the relation happened to be omitted, then e ould have the ne ative information
alac of s preventin us from a ectin events hich are indeed not concurrent,
but e ould not have positive information e could not propa ate information

from the notify to the ait.
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