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paths for certain classes of faults, and can, therefore, often
demonstrate the absence of such faults.
FLAVERS [3, lo] is one such static analysis tool. It uses
data flow analysis to prove or disprove application-specific
properties of concurrent systems. FLAVERS provides its
users with the capability of specifying additional information about the system. This improves precision of the analysis but requires more computational resources.
In this paper we explore an optimization of the FLAVERS
approach that greatly reduces space requirements of the tool
without sacrificing its time requirements.
The initial, intuitive implementation
of FLAVERS forms a single structure
to represent both the property being checked and the additional information introduced about the system being analyzed. The second version avoids creating this structure,
which our experiments show can be enormous in size, by
using a tuple representation to keep track of each additional
component separately. This reduction in space is paid for
by using a more complicated internal representation of the
analysis information.
The two versions are compared experimentally.
The results of this experiment indicate that not only are space requirements reduced significantly by using the optimization,
but in addition no statistically significant execution time penalty is incurred in the process. In addition, we demonstrate
that the tuple-based version is better suited for proving multiple properties simultaneously.
The technique of improving
precision of data flow analyses by identifying spurious executions has been explored before [5, 11. Holley and Rosen [5]
also provide a comparison of several implementations
of this
technique. The contribution of this paper is in the quantitative evaluation of the two versions of the FLAVERS approach for verifying application specific properties of concurrent programs.
In the next section of this paper we present a high-level
overview of the FLAVERS approach, including a description
of the internal representations used by the algorithm and an
example illustrating the use of additional information to improve analysis precision. After that we present formal definitions of the internal representations used by the two implementations, followed by the description of the product-based

FLAVERS, a tool for verifying properties of concurrent systems, uses composite data flow analysis to incrementally improve the precision of the results of its verifications.
Although FLAVERS is one of the few static analysis techniques for concurrent systems that has the potential to handle large scale systems, it sometimes can still be very expensive to USC.In this paper we experimentally compare the
cost of two versions of this approach for solving composite data flow analysis problems. The first version, productbased, uses the more straightforward approach, and the second, tuple-based, is built around the idea of reducing analysis space requirements at the expense of analysis time. We
demonstrate experimentally, by analyzing properties of actual concurrent programs, that the tuple-based version is
comparable in time to the product-based version but for large
composite data flow problems it requires several orders of
magnitude less space.
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Introduction

With the rapid improvement of Web technology, distributed
and concurrent systems are becoming increasingly common.
Concurrent systems are more difficult to understand and reason about than sequential ones because of their inherent nondeterminism.
This non-determinism
makes testing of such
software extremely difficult. One cannot, for example, safely
assume that two test runs using the exact same input will
necessarily produce the same result. Static analysis approaches provide an important complement to testing approaches, in that they are able to evaluate all potential executable
‘This work was supportedin part by the Air Force MaterielCommand,Rome
I.aboratory,
andthe AdvancedResearchProjectsAgencyunderContractF30602-94.
c-01 37.
Permission to make dipitsl or hard copies of all or part of thie work for
personal or classroom we is granted without kg provided that
copies arm not made or dirtributad for profit w commercial advantage and that copier bear this notice and the full citation on tha first page.
To copy othwwisa,
to republish. to post on serwrs OT to
redistribute to lists, requires prior specific permission and/w a 1.a.
PASTE ‘96 Montreal, Canada
E, 1998 ACM l-661 137065-4/96/0006...65.00

51

uses Quantzjied Regular Expressions language [ 121 to spccify properties. Internally, properties are represented as finite
state automata (FSA), called the property automata. Similarly each constraint is also represented by a FSA.
Software systems are modeled as Trace Flow Graphs
(TFG’s). For a sequential program, the TFG is similar to
a control flow graph. But for a distributed or concurrent system all possible task interactions must also be represented,
as well as all possible interleavings of statements among the
tasks. Nodes that represent events that appear in the property
or constraint automata must be annotated with those events.
FLAVERS uses data flow analysis to compute whether all
system behaviors. as captured by the TFG and constrained
by behaviors described by the constraints, arc contained in
the set of behaviors described by the property automaton.
Conceptually, the property automaton and the constraint automata are combined into a product uutomaron, which represents the cross product of the property automaton and all
constraint automata. Figure 1 illustrates the architecture of
FLAVERS.
During the analysis, the set of reachable product FSA
states is propagated along the TFG nodes until a fixed point
is reached. Thus, a state, s, is in the annotation set at node
n, if and only if there is a path from the TFG start node to
w that encounters a sequence of node annotations that drives
the FSA to state s when the path reaches n. The activity of
deriving these node annotations is represented by the State
Propagation box in Figure 1. The outcomes of this analysis are divided into three categories of interest: 1) the set
annotating the final node of the TFG contains only accepting states of the FSA, indicating that the property holds on
all executions of the program; 2) the set annotating the final node of the TFG does not contain an accepting state of
the FSA, which means that the property holds on no executions of the program; and 3) the set annotating the final node
of the TFG contains at least one accepting state and at least
one non-accepting state of the FSA, which means that the
property may hold on some executions.
In the following we give an example that illustrates how
constraints are used and incorporated into the analysis. For
simplicity, we use a sequential program in this example, but
the general principle of specifying properties and constraints
holds for concurrent programs as well.

and tuple-based versions. Then our experimental results are
presented. We conclude with observations about future research directions.
2

FLAVERS

Overview

FLAVERS (FLOW Analysis for VERifying Specifications)
uses a more compact representation of the software system
than most concurrency analysis techniques and uses an efficient fixed point data flow analysis algorithm to determine if
the model of the system’s behavior is always consistent with
the specified intended behavior. FLAVERS provides conservative analysis results, in that it never claims that a property
is verified when it is not. To be conservative and efficient,
it over-approximates
the executable behavior of the system.
Thus, like most static analysis techniques, FLAVERS may
report that a problem may exist when there is in fact no real
executable behavior of the system that would cause such
a problem.
Such a report is known as a spurious result.
FLAVERS also produces a report that details the path(s)
along which all discovered problems might occur. By examining such paths users can often determine if a result is
spurious or not.
One of the strengths ofFLAVERS is that it also provides
a flexible way for identifying spurious executions that can
be removed from consideration. thereby making the analysis
more precise. This is done by allowing the analysts to introduce additional semantic information, called constraints,
about the system. The general approach of [5] is used to
limit the exploration of the program to only those paths that
satisfy the constraints. If these constraints are well chosen,
subsequent analysis runs will either verify the property or
expose a counter example that corresponds to real executable
behavior and, thus, violates the property.
Property
Constraint FSAs

Program

procedure
Elevator
is
ButtonPressed
: boolean;
begin
ButtonPressed
:= GetButtonState;
if ButtonPressed
then
WaitUntilNoObjectInDoorway;
end if;
RecordState;
if ButtonPressed
then
Car.CloseDoor;
end if;
end;

Translator

Figure 1: The architecture

of FLAVERS

This incremental incorporation of constraints leads to the
need to solve increasingly large and complex data flow problems, and this has led us to study techniques for optimizing
this approach. To understand the optimization technique that
we explored, some more details about the internal representations and algorithm used by FLAVERS are needed.
With FLAVERS, the analyst specifies the property to be
verified as a set of sequences of events. Currently FLAVERS

Figure 2: Code for the elevator example
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Figure 3: Property FSA for the elevator example
Figure 2 contains pseudocode for an elevator controller.
Suppose that the safety property of mterest is whether it is
possible that the car can close its doors without checking
first if there arc objects in the doorway. Figure 3 gives an
FSA representation of this property. The program is sufficiently simple that it is easy to see that this property holds on
all program executions. This is because both the check and
closing of the doors are done only if the value of the variable
ButtonPressed is true, and if we assume that the procedure
RecordState does not change the value of this variable. It
is important to note, however. that no information about the
values of the program’s variables is present in the TFG. This
causes FLAVERS to consider some unexecutable paths. For
example, the path on which the value of the variable ButtonPressed is assumed to be false in the first if statement, and
true in the second, appears to violate the property. One example of a constraint automaton that represents the behavior
of variable ButtonPressed is shown in Figure 4. Initially the
variable is in unknown state. The two transitions Pressed=t
and Pressed=f represent the query of whether this variable’s
value is true and is false, respectively.
If the variable has
value true, the query of whether its value is false sends this
constraint in the violation state.

Figure 5: TFG for the elevator example
the successor of the initial node, marked with Pressed=f, it
takes the corresponding transition to state false. After passing through the node labeled with RecordState, which does
not affect the constraint, this state false of the constraint automaton passes through the node marked with Pressed=t,
at which point the transition to the violation state is taken.
Because of this FLAVERS determines that this branch is unexecutable as an extension of the current path.
FLAVERS currently provides automated support for
helping users model two specific kinds of constraints, namely
variable and task automata. Variable automata, similar to
the one in Figure 4, model the execution behavior of scalar
variables in the program and task automata model all possible orders of events allowed by the control flow in a single
task. In addition, an analyst can construct any arbitrary FSA
and use it as a constraint. This approach is very general and
allows an analyst to reprcscnt the external environment or
missing software cotnponents [ IO].
Basic Definitions

3

Figure 4: Constraint

In this section we give formal definitions for the artifacts that
are used in the analysis described in this paper.
A Trace Flow Graph (TFG) is a labeled directed graph
T = (N, E, ninml, nnnar,CT, L), where N is a set of graph
nodes, E is the set of edges, nini,i‘ll E N, r+,l t N are
unique initial andJina1 nodes, CT is an alphabet of event
labels associated with the graph, and L : N + CT is a
function that labels the nodes of the graph with event labels
drawn from the alphabet. Synchronizations
between different tasks are represented explicitly in the TFG, making use
of interleaving semantics for the language in which the program is written.
A Deterministic Finite State Automaton (or just uutomuton or FSA) is a tuple (S, 6, s, A, C), where S is a set of states
{sr sp, . ..) snL}, C is the finite alphabet of events associated
with transitions in the automaton, S is a total transition func-

for the elevator example

Figure 5 shows the TFG for this program, annotated with
the events used by both the property and the constraint. All
i f statement branches in this graph are guarded by the nodes
with queries of the value of the variable ButtonPressed.
Now consider the unexecutable path through this graph involving taking the false branch of the first if statement and
the true branch of the second if statement. At the first node
of this path, the initial node of the graph, the constraint automaton is at the start state unknown. After passing through

)
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tion S x 1: -+ S. s is a unique start state, and A is a set of
uuxptif7g states { (1, . LI?, . , o;,,}.
Apttl/?cjrt!, uutomaton is an FSA P = (S,,, bl,, .sI~.A[>,
217). A corrsttuint uutomaton is an FSA (7 = (SC,, h‘c, SCc,
a.1~1, I$ ‘) with an additional II<, cotnponent. called a violation state, which is used by the state propagation algorithm
to detect that a constraint is violated. For any state t E SC,
andanycvcntl
E Ccy.Scs(t,l) = TIC’ifandonlyifobserving
event I at state f does not correspond to any legal behavior of
the constraint. The violation state is a sink. which means that
there are no transitions from this state to any other state in
the automaton. lntuitively a constraint specifies a set of desired or expected state transitions. but also explicitly specifics which transitions arc not permissible from the current
state.
In the following two sections WC:describe the two approaches to the itnplementation
of the analysis of a single
property represented with a property automaton P on the
TFG T under k: constraints given by constraint automata
Ci, 1 < i 5 k:. We require that all events in the alphabets of
the property and all of the constraint automata be subsets of
the TFG alphabet: X:1>2 CT and VI < 1; 2 Ic, Q, C X:T.
4

Product-based

Theproduct

We generalize functions frL to introduce a function
of product automaton states for each TFG node:

over sets

V/l, t TFG, V’s C So :
&(S)

= {fr,,(S)IS E s A s # sor,}

Note that the violation state is not propagated past the node
for which it was generated by the function 4 for that node.
The lattice clemcnts for this data flow problem arc sets of
the product automata states. the join operation is set union
U. and the hmctional space F is based on all functions 4 for.
individual nodes in the TFG.
Once the solution of our data flow problem converges to
ajoin over all paths solution [S], we need to look only at
the final node of the TFG to determine whether the property
holds. We say that a property ho& on all paths through the
program if after all violation states are discarded from the
final node of the TFG, only accepting states of the product
autotnaton are present there.
To illustrate the use of the product automaton for improving accuracy we return to the elevator example in Figure 2.
The product of the property automaton from Figure 3 and
the constraint automaton from Figure 4 appears in Figure 6.
Labels on the states of this automaton are pairs, where the

Analysis

automuton D for the property automaton

P and
constraint automata CYi,1 5 i 5 k: is defined as the tuple
(S/l, 6~)~SI)> .An, XI), 00)~ where

0 SI) = (S,‘, S( *,, .. .. SCfb)

l

01) is the unique violation

state

Note that the set of product automaton states is not necessarily a full cross product of the set of states in the property
and the sets of states in all constraint automata. [3] contains
a discussion of some techniques that reduce the size of the
space of states of the product automaton.
One such technique, for example, is merging all product automaton states
which have at least one constraint automaton violation state
as a subcomponent:
if t = (tp, tc;, , . . . . tc,) E 5’~ and 311’
such that tc; = ,uuc;then t = VU.
We associate a function fn. over states of the product automaton with each TFG node n,. Given a product automaton
state s, f,( generates another state 2 obtained from s by taking a transition labeled with the event associated with this
TFG node:
VT/ E TFG,Vs

Figure 6: Product automaton

for the elevator example

first number corresponds to the state number of the property automaton from Figure 3 and the second label corresponds to the state label of the constraint automaton from
Figure 4. This is the product automaton after compaction,
since all states in the full cross product with the constraint
automaton is in its violation state were fused into a single
violation state Viol. Note that most of the transitions to the
violation state of the product automaton are not shown in the
interests of clarity. Consider the unexecutable path through
the flow graph where the true branch of the second if statement is taken after the false branch of the first if statement.
When we trace this path, using it to drive the product automaton in Figure 6, the following sequence of state transitions is observed. From the initial state marked 1, unknown

E SD : fiL(s) = s E So

‘3 6[,(.S, L(76)) = 3
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the transition on event Pressed=f is taken to state 1, false.
After passing through the node marked RecordState, which
does not affect the product automaton, the transition on the
next cvcnt in the execution tract. Pressed=t, lcads to the violation state for the product automaton, which signifies that
this execution tract corresponds to an infeasible path.
[2] proves convergence of this algorithm to the minimal
fixed point and reports the analysis complexity for concurrent systems as O(ISI/NI’).
In the worst case a task automaton needs to bc constructed for each task. Since the
number of states in a task automaton is linear in the number
of nodes in the control flow graph for this task. it is obvious
that the property automaton can easily be exponential in the
number of tasks in the program. which can make the analysis
intractable.
5

Tuple-based

ton in the problem.
T = (tl’, t<y,, t(;,

where tl> E S/j and

Vl 5 i < k : f(T, E S(,,
Let 7 bc the set of all possible tuples:

The initial tuple is the tuple TO = (sac, SC‘, , SC_, . ., ,scc,).
We associate a function fll over tuples with each TFG
node IL:
VT = (tp, tcl >tc2, . . . . tc-,) E ‘T :

Analysis

In this section we describe the more space efficient tuplebused version. First we introduce the method informally by
suggesting the parts of the product-based version that have
to be modified, and then we give a formal description of this
version.
We begin by observing that most of the states in the full
product automaton are not used during the actual analysis.
Thus all the memory dedicated to storing these unused states
and their transitions is wasted. The tuple-based version overcomes this problem by creating and storing only those combinations of product and constraint automata that are actually used by the analysis.
In this version WC traverse all automata separately as we
traverse the TFG starting from its rlinirio/ node. Initially all
property and constraint automata are in their start states.
When a node is traversed, its label is matched with the transitions out of the current state of each automaton.
If this
label is in the alphabet of the property automaton, the corresponding transition is taken, and the property automaton
changes state. In the case of a constraint automaton, if a
transition on the node label leads to the violation state, this
means that the path through the TFG that is being considered
is uncxccutable, and further traversal down this path will not
be continued. During data flow analysis TFG nodes are annotated with sets of tuples, where each tuple consists of a
state from the property automaton, and one state from each
of the constraint automata. The data flow analysis system
must generate a tuple set on exit from each node as a function of the tuple sets found at the exits of each of the node’s
predecessors.
If a generated tuple has at least one of the
constraint automata in the violation state, the entire tuple is
removed from the analysis as it corresponds to an infeasible
execution of the program.
We now present a formal definition of tuple-based analysis. A tuple T is a collection of one state from each automa-

.. .. tr,.),

fn(T)

= (t;, t:T, , t:;, , . . .. t;,,, ),

where
,‘p f -

i

tt1

, L(U) $z S,J:

bp(t[‘,L(7/>))

) L(71) E CP

As in the product-based version, WC generalize
tion over sets of tuples for each TFG node:

f ,) to a func-

/=1

The lattice elements for this data flow problem are sets
of tuples, the join operation, as in product-based analysis, is
set union U, and the functional space is based on the set of
& functions for all TFG nodes n.
Once the solution of our data flow problem converges to a
fixed point, we need to look only at the end node of the TFG
to determine whether the property holds. But now the tuplcbased version is different from the product-based version.
For each tuple in npnlinuj
we check the possible values of each
of its constraint automata to see whether all of these possible states are accepting states. If any constraint automaton
is left in a non-accepting state, we remove the entire tuple
from 71,finrrl. We say that a property holds on all executions
of the program if all tuples remaining in 7/,finu/ contain only
accepting states of the property automaton.
This approach of representing infonnation
propagated
around the flow graph as tuples is reminiscent of K-Tupkc
frameworks from [9]. An important distinction is that each
component of a tuple in K-Tuple frameworks corresponds to

Program

a special edge kind in a graph. In our approach, an event associated with a TFG node can be present in alphabets of several constraint and property automata and thus components
of tuples arc not directly tied to disjoint sets of information
in the flow graph.
To illustrate the use of the tuple-based version to accuracy improvement we USCthe same example from Figure 2
that we used for the product-based version. We use the property from Figure 3 and the constraint automaton from Figure 4. Figure 5 shows the TFG for this example annotated
with tuplcs that were formed during the tuple-based analysis. We consider the traversal of the unexecutable path where
the true branch of the second if statement is taken after the
false branch of the first if statement.
A tuple appears next to the node if it is the tuple that was
observed at the exit from this node. Note that on the entry
to the first flow graph node on the true branch of the second
if statement, marked Pressed=t, the constraint automaton
component of the tuple is at state false, and so the event
Pressed=t triggers the transition to the violation state. This
means that the resulting tuple (1, Viol) will not be propagated beyond the the node marked Pressed=t, and so the
traversed path is unexecutable. Since in all tuples associated
with the final node the property automaton is in accepting
state 1, the property holds on all executions of this program.
The tuple-based version is computationally
not much
tnore complex than the product-based version.
The only
difference arises from the different procedure for checking
for constraint violations.
In the worst case the complexity
of the tuple-based version is O(l;lSllNI
+ ISllN)‘), where
O(ISI/NI”)
is the complexity of propagating tuples among
the nodes in the TFG. O(~lS[lNI) is the complexity ofcomputing functions fiL for all nodes in the TFG. It follows from
the fact that an application of a function fn to a single tuple
involves computing k + 1 transition functions, and at each
TFG node we apply its function fn to at most ISI tuples.
The use ofthe tuple-based version also has the advantage
of being more flexible. For example, it is possible to check
several properties at the same time using the tuple-based version, and to simultaneously
improve the accuracy of all the
analyses through the use of the same set of feasibility constraints. This is done by simply extending the definition of
a tuple to include multiple property automata, one for each
property to be checked. Note that it would be possible to enable the product-based analysis to check several properties
at the same time too, but this would be much more complicated as several kinds of accept states would be needed
in order to distinguish among the several property automata
used to synthesize the product automaton.
6

Empirical

Number of

Number of

Number

tasks

constraints

experiments

Dining philosophers

4

4

11

Dining philosophers

8
4

8
4

37
11

6
8
3

6
8
5

22
37
5

4
5

7
9

8
12

4
5

15
16

1 16
1 56

with dictionary
Dining philosophers
with fork manager

Gas station

of

.~i

Readers-writers

Figure 7: Programs used in the experiment

The only kinds of constraints used in this experiment are
task and variable automata, since they can be built automatically. For each possible combination of constraints we ran
each of the two versions of FLAVERS until the analyses concluded. Depending on which constraints were used, the results of these analyses were either conclusive or inconclusive. In this experiment we do not care which, since we are
interested in comparing performance of the two versions in
either case. Figure 7 identifies all programs used, giving the
number of tasks in the program, the number of constraints
available, and the number of experiments that use different
combinations of constraints. Note that the number of expcriments is less than the total number of possible combinations
of constraints since we only include runs where the productbased version did not run out of memory. The combined
number of runs of each of the two versions for all programs
is 612.
In our experiments we did not use a full product automaton, but rather an automaton produced by applying a standard reduction algorithm [7] and then the heuristics from [3]
to the full product automaton. To build this reduced product automaton, the product-based version has to construct
the full cross-product of all constraint and property automata
for the problem and then reduce it. Thus, it is the size of the
unreduced version of the product automaton that limits the
problems we can actually solve with the product-based version, but it is the sizes of the reduced product automaton that
are actually listed in the tables provided here.
We report the time and space requirements for the analyses as measured by the UNIX time command on a DEC Alpha Station 200 4/233 with 128 megabytes of physical mem-

Results

We analyzed program-specific
properties of several small
concurrent programs.
For each program we selected one
commonly evaluated property. The specification of the properties is omitted here for lack of space.
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Estimate of the number of prod-

ory. The absolute values of time and space requirements may
seem staggering at first, but should be easier to accept in
light of two considerations.
First, as noted earlier, the need
to model concurrency adds enormously to the complexity
of this problem, as it necessitates explicit representation of
all possible interleavings of the events in potentially concurrent tasks. Second, FLAVERS is a prototype analysis tool,
whose performance has not yet been fully optimized. In any
case, the subject of this paper is not the raw values of these
requirements, but rather the reductions achieved by utilization of the tuple-based approach. We are confident that other
research will further reduce these raw values.
Figure 8 gives a graphical comparison between space requirements for the two versions.
In this figure, product-

Tuple-based analysis space re-

uct automaton states

quirements, Kb

3457
60032
4400 1
48401
52801
48400 1

34368
34368
75520
492032
625536
501696

Figure 9: Experiment

with problems of larger size

based analysis. We believe that the explanation for this is
that as more information is added to the analysis, more paths
through the flow graph may be recognized as unexecutable
and thus the search space is reduced. This apparent pruning of unexecutable paths does not seem to be a clear function of any obvious parameters of the analysis problem. In
general, the tuple-based version seems to handle programs
whose product automata would be two to three orders of
magnitude larger than what could be stored explicitly.

-t

CPA slates

Figure 8: Space requirements

comparison

based analysis data points are denoted by triangles and tuplebased analysis data points are denoted by boxes. The graphs
for both methods have been smoothed by 3-mean smoothing
to improve the viewability of the parts of the graphs that represent small product automata sizes. As is evident from this
figure, and as expected, the tuple-based version significantly
reduces the space requirements of FLAVERS and hence increases the number and types of analysis problems that can
be handled by the tool.
To see where the current limits of the tuple-based version lie, we ran several analyses for the gas station and concurrent writers programs, where we increased the number
of constraints used simultaneously.
Since the product-based
version cannot handle problems of this size, we estimated
the number of states in the product automata for these analyses. This comparison is shown in Figure 9. From this figure
there appears to be no apparent correlation between the data
flow problem size and the space requirements of the tuple-

Figure 10: Time requirements

comparison

Figure 10 gives a graphical comparison between the
speeds of the two versions. From this graph it is clear that
improvement in space requirements for tuple-based analysis
is not paid for by speed degradation. It seems that the time
an analysis takes is of the same order of magnitude for the
two versions for all runs. This reflects the fact that the added
complexity of tuple propagation through the TFG, as compared to the propagation of states for the product automata,
is offset by the time it takes to precompute the product automaton. On average, the tuple-based version has a better
time performance, with the mean difference being - 15.49
sec.
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We performed a number of statistical analyses to estimate the statistical significance of our results. These analyses support the hypothesis that, assuming normal distribution of the sample, for any large-sized sample of Ada programs both space and time requirements for the tiple-based
version will be lower than those for the product-based version. In addition, it turns out that the ratio between the space
requirements of the product-based version and the space requirements of the tuple-based version grows with increasing the size of the data flow problem. In other words, the
tuple-based version scales better than the product-based one.
A more complete discussion of the results of this statistical
analysis can be found in [ 1 I].
7

Conclusions

We have shown how a carefully optimized implementation
of the FSA data abstractions can significantly reduce space
requirements for composite data flow analyses, while at the
same time noticeably improving the speed of these analyses. The experimental results we obtained indicate that the
implementation
using the tuple-based abstraction can solve
much larger data flow problems. This version also ran faster,
presumably because the additional propagation work done
by the tuple-based version is offset by the work this version
saves by not needing to build the potentially enormous product automaton required by the product-based version.
We plan to explore a number of directions for further improving the performance of FLAVERS composite data flow
analysis. For example, we shall evaluate representing variables symbolically during state propagation; removing the
need to create and store variable automata is likely to improve the analysis performance. We also intend to complement the basic direction of this current work by exploring
ways to reduce the size of the TFG’s being analyzed. Currently, we model concurrency with TFG’s that contain enormous numbers of edges needed to model all possible interleavings of the statements of parallel tasks. Needing to consider all of these edges slows the analysis of such programs
considerably.
Partial order methods [4, 6, 131 may prove
useful in addressing this problem by reducing the need for
many of these edges. We expect these and other optimizations of composite analysis to improve both space and time
requirements of the analysis, thereby increasing the applicability of this approach to a wider range of both concurrent
and sequential programs.
We hope that this work draws attention to the need to explore the balance between the practical complexity of flow
algorithms and the representation of data that they use. This
paper demonstrates that a shift in this balance can increase
the size of problems that can be solved by several orders of
magnitude. This alone should serve to greatly broaden the
scope of effective applicability of data flow analysis. The
significance of this work seems to us to go farther, however.
We have already indicated that the composite data flow analysis approach can also be used to solve multiple data flow

analysis problems simultaneously.
Thus our work shows that
use of the tuple-based approach can materially facilitate the
solving of multiple problems simultaneously.
Although we
have conducted this experiment in the context of FLAVERS,
we believe the results are more general and can be applied
to a range of optimization and analysis problems that utilize
data flow analyses.
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