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Abstract. This work presents a static analysis technique based on pro-
gram slicing for CSP specifications. Given a particular event in a CSP
specification, our technique allows us to know what parts of the specifi-
cation must necessarily be executed before this event, and what parts of
the specification could be executed before it in some execution. Our tech-
nique is based on a new data structure which extends the Synchronized
Control Flow Graph (SCFG). We show that this new data structure im-
proves the SCFG by taking into account the context in which processes
are called and, thus, makes the slicing process more precise.
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1 Introduction

The Communicating Sequential Processes (CSP) [6] language allows us to specify
complex systems with multiple interacting processes. The study and transfor-
mation of such systems often implies different analyses (e.g., deadlock analysis
[10], reliability analysis [7], refinement checking [15], etc.).

In this work we introduce a static analysis technique for CSP which is based
on a well-known program comprehension technique called program slicing [17].

Program slicing is a method for decomposing programs by analyzing their
data and control flow. Roughly speaking, a program slice consists of those parts
of a program which are (potentially) related with the values computed at some
program point and/or variable, referred to as a slicing criterion. Program slices
are usually computed from a Program Dependence Graph (PDG) [4] that makes
explicit both the data and control dependences for each operation in a program.
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Program dependences can be traversed backwards or forwards (from the slicing
criterion), which is known as backward or forward slicing, respectively. Addition-
ally, slices can be dynamic or static, depending on whether a concrete program’s
input is provided or not. A survey on slicing can be found, e.g., in [16].

Our technique allows us to extract the part of a CSP specification which
is related to a given event (referred to as the slicing criterion) in the specifi-
cation. This technique can be very useful to debug, understand, maintain and
reuse specifications; but also as a preprocessing stage of other analyses and/or
transformations in order to reduce the complexity of the CSP specification.

In particular, given an event in a specification, our technique allows us to ex-
tract those parts of the specification which must be executed before the specified
event (thus they are an implicit precondition); and those parts of the specifica-
tion which could, and could not, be executed before it.

Example 1. Consider the following specification3 with three processes (STUDENT,
PARENT and COLLEGE) executed in parallel and synchronized on common events.
Process STUDENT represents the three-year academic courses of a student; process
PARENT represents the parent of the student who gives her a present when she
passes a course; and process COLLEGE represents the college who gives a prize to
those students which finish without any fail.

MAIN = (STUDENT || PARENT) || COLLEGE

STUDENT = year1 → (pass → YEAR2 ¤ fail → STUDENT)

YEAR2 = year2 → (pass → YEAR3 ¤ fail → YEAR2)

YEAR3 = year3 → (pass → graduate → STOP ¤ fail → YEAR3)

PARENT = pass → present → PARENT

COLLEGE = fail → STOP ¤ pass → C1

C1 = fail → STOP ¤ pass → C2

C2 = fail → STOP ¤ pass → prize → STOP

In this specification, we are interested in determining what parts of the spec-
ification must be executed before the student fails in the second year, hence, we
mark event fail of process YEAR2 (thus the slicing criterion is (YEAR2, fail)).
Our slicing technique automatically extracts the slice composed by the black
parts. We can additionally be interested in knowing which parts could be exe-
cuted before the same event. In this case, our technique adds to the slice the
underscored parts because they could be executed (in some executions) before
the marked event. Note that, in both cases, the slice produced could be made
executable by replacing the removed parts by “STOP” or by “→ STOP” if the
removed expression has a prefix.

3 We refer those readers non familiarized with CSP syntax to Section 2 where we
provide a brief introduction to CSP.



It should be clear that computing the minimum slice of an arbitrary CSP
specification is a non-decidable problem. Consider for instance the following CSP
specification:

MAIN = P u Q

P = X ; Q

Q = a → STOP

X = Infinite Process

together with the slicing criterion (Q, a). Determining whether X does not belong
to the slice implies determining that X is an infinite process which is known to
be an undecidable problem [17].

The main contributions of this work are the following:

– We define two new static analyses for CSP and propose algorithms for their
implementation. Despite their clear usefulness we have not found these static
analyses in the literature.

– We define the context-sensitive synchronized control flow graph and show its
advantages over its predecessors. This is a new data structure able to repre-
sent all computations taking into account the context of process calls; and it
is particularly interesting for slicing languages with explicit synchronization.

– We have implemented our technique in a prototype integrated in ProB [11,
1, 12]. Preliminary results are very encouraging.

The rest of the paper is organized as follows. In Section 2 we overview the
CSP language and introduce some notation. In Section 3 we show that previous
data structures used in program slicing are inaccurate in our context, and we
introduce the Context-sensitive Synchronized Control Flow Graph (CSCFG) as
a solution and discuss its advantages over its predecessors. Our slicing technique
is presented in Section 4 where we introduce two algorithms to slice CSP speci-
fications from their CSCFGs. Next, we discuss some related works in Section 5.
In Section 6 we present our implementation, and, finally, Section 7 concludes.

2 Communicating Sequential Processes

In order to keep the paper self-contained, in the following we recall the syntax of
our CSP specifications. We also introduce here some notation that will be used
along the paper.

Figure 1 summarizes the syntax constructions used in our CSP specifications.
A specification is a finite collection of definitions. The left-hand side of each def-
inition is the name of a different process, which is defined in the right-hand side
by means of an expression that can be a call to another process or a combination
of the following operators:

Prefixing. It specifies that event a must happen before expression π.



S ::= D1 . . . Dm (entire specification) Domains
D ::= P = π (definition of a process) P, Q, R . . . (processes)
π ::= Q (process call) a, b, c . . . (events)

| a → π (prefixing)
| π1 u π2 (internal choice)
| π1 ¤ π2 (external choice)
| π1 ||| π2 (interleaving)
| π1 ||{an} π2 (synchronized parallelism) where an = a1, . . . , an

| π1 ; π2 (sequential composition)
| SKIP (skip)
| STOP (stop)

Fig. 1. Syntax of CSP specifications

Internal choice. The system chooses (e.g., nondeterministically) to execute
one of the two expressions.

External choice. It is identic to internal choice but the choice comes from
outside the system (e.g., the user).

Interleaving. Both expressions are executed in parallel and independently.
Synchronized parallelism. Both expressions are executed in parallel with a

set of synchronized events. In absence of synchronizations both expressions
can execute in any order. Whenever a synchronized event ai, 1 ≤ i ≤ n,
happens in one of the expressions it must also happen in the other at the
same time. Whenever the set of synchronized events is not specified, it is
assumed that expressions are synchronized in all common events.

Sequential composition. It specifies a sequence of two processes. When the
first finishes, the second starts.

Skip. It finishes the current process. It allows us to continue the next sequential
process.

Stop. It finishes the current process; but it does not allow the next sequential
process to continue.

Note, to simplify the presentation we do not yet treat process parameters,
nor input and output of data values on channels.

We define the following notation for a given CSP specification S: Proc(S)
and Event(S) are, respectively, the sets of all (possible repeated) process calls
and events appearing in S. Similarly, Proc(P ) and Event(P ) with P ∈ S, are,
respectively, the sets of all (possible repeated) processes and events in P . In ad-
dition, we define choices(A), where A is a set of processes, events and operators;
as the subset of operators that are either an internal choice or an external choice.

We use a1 →∗ an to denote a feasible (sub)execution which leads from a1 to
an; and we say that b ∈ (a1 →∗ an) iff b = ai, 1 ≤ i ≤ n. In the following, unless
we state the contrary, we will assume that programs start the computation from
a distinguished process MAIN.



We need to define the notion of specification position which, roughly speaking,
is a label that identifies a part of the specification. Formally,

Definition 1 (position, specification position).
Positions are represented by a sequence of natural numbers, where Λ denotes the
empty sequence (i.e., the root position). They are used to address subexpressions
of an expression viewed as a tree:

π|Λ = π for all process π
(π1 op π2)|1.w = π1|w for all operator op ∈ {→,u,¤, |||, ||, ; }
(π1 op π2)|2.w = π2|w for all operator op ∈ {→,u,¤, |||, ||, ; }
Given a specification S, we let Pos(S) denote the set of all specification posi-
tions in S. A specification position is a pair (P,w) ∈ Pos(S) that addresses the
subexpression π|w in the right-hand side of the definition, P = π, of process P
in S.

Example 2. In the following specification each term has been labelled (in grey
color) with its associated specification position so that all labels are unique.

MAIN =
(P(Main,1.1)||{b}(Main,1)Q(Main,1.2));(Main,Λ)(P(Main,2.1)||{a}(Main,2)R(Main,2.2))

P = a(P,1)→(P,Λ)b(P,2.1)→(P,2)SKIP(P,2.2)

Q = b(Q,1)→(Q,Λ)c(Q,2.1)→(Q,2)SKIP(Q,2.2)

R = d(R,1)→(R,Λ)a(R,2.1)→(R,2)SKIP(R,2.2)

We often use indistinguishably an expression and its specification position (e.g.,
(Q, c) and (Q, 2.1)) when it is clear from the context.

3 Context-Sensitive Synchronized Control Flow Graphs

As it is usual in static analysis, we need a data structure able to finitely represent
the (often infinite) computations of our specifications. Unfortunately, we cannot
use the standard Control Flow Graph (CFG) [16], neither the Interprocedural
Control Flow Graph (ICFG) [5] because they cannot represent multiple threads
and, thus, they can only be used with sequential programs. In fact, for CSP
specifications, being able to represent multiple threads is a necessary but not a
sufficient condition. For instance, the threaded Control Flow Graph (tCFG) [8, 9]
can represent multiple threads through the use of the so called “start thread” and
“end thread” nodes; but it does not handle synchronizations between threads.
Callahan and Sublok introduced a data structure [2], the Synchronized Con-
trol Flow Graph (SCFG), which explicitly represents synchronizations between
threads with a special edge for synchronization flows.

For convenience, the following definition adapts the original definition of
SCFG for CSP; and, at the same time, it slightly extends it with the “start
thread” and “end thread” notation from tCFGs.



Definition 2. (Synchronized Control Flow Graph) Given a CSP specification S,
its Synchronized Control Flow Graph is a directed graph, SCFG = (N,Ec, Es)
where nodes N = Pos(S) ∪ Start(S); and Start(S) = {“start P”, “end P”|P ∈
Proc(S)}. Edges are divided into two groups, control-flow edges (Ec) and syn-
chronization edges (Es). Es is a set of two-way edges (denoted with e) repre-
senting the possible synchronization of two (event) nodes.4 Ec is a set of one-way
edges (denoted with 7→) such that, given two nodes n, n′ ∈ N , n 7→ n′ ∈ Ec iff
one of the following is true:

– n = P ∧ n′ = “start P” with P ∈ Proc(S)
– n = “start P” ∧ n′ = first((P, Λ)) with P ∈ Proc(S)
– n ∈ {u, ¤, |||, ||} ∧ n′ ∈ {first(n.1),first(n.2)}
– n ∈ {→, ; } ∧ n′ = first(n.2)
– n = n′.1 ∧ n′ =→
– n ∈ last(n′.1) ∧ n′ = ;
– n ∈ last((P, Λ)) ∧ n′ = “end P” with P ∈ Proc(S)

where first(n) is the initial node of the subprocess denoted by n:

first(n) =





n.1 if n =→
first(n.1) if n = ;
n otherwise

and where last(n) is the set of possible termination points of the subprocess
denoted by n:

last(n) =





{n} if n = SKIP
∅ if n = STOP ∨

(n ∈ {|||, ||} ∧ (last(n.1) = ∅ ∨ last(n.2) = ∅))
last(n.2) if n ∈ {→, ; }
last(n.1) ∪ last(n.2) if n ∈ {u, ¤} ∨

(n ∈ {|||, ||} ∧ last(n.1) 6= ∅ ∧ last(n.2) 6= ∅)
{“end P”} if n = P

The SCFG can be used for slicing CSP specifications as it is described in the
following example.

Example 3. Consider the specification of Example 2 and its associated SCFG
shown in Fig. 2 (left); for the sake of clarity we show the term represented by
each specification position. If we select the node labelled c and traverse the
SCFG backwards in order to identify the nodes on which c depends, we get the
whole graph except nodes end MAIN, end R and SKIP at process R.

This example is twofold: on the one hand, it shows that the SCFG could be used
for static slicing of CSP specifications. On the other hand, it shows that it is still
too imprecise as to be used in practice. The cause of this imprecision is that the
4 This will be computed using the technique from [14], but is left open in this definition.



P,

control flow synchronization

start
MAIN

end
MAIN

start P

SKIP

SKIP

SKIP

start Q

start R||{b}

a

b

b

d

||{a}

P

P

Q

R

;

c

a

end P

end R

end Q

Main,2.2

Main,1

Main,1.2Main,1.1

Main,2

Main,2.1

Main,

R,2.1

R,2.2

R,1

R,

Q,

Q,1

Q,2

R,2

Q,2.1

Q,2.2

P,1

P,2

P,2.1

P,2.2

P,
P,

end
MAIN

start P

end P

a

b

start P

end P

a

b

start
MAIN

||{b}

P Q

||{a}

P R

;

end Q

start Q

b

c

end R

start R

d

a

SKIPSKIPSKIPSKIP

Main,2.2

Main,1

Main,1.2Main,1.1

Main,2

Main,2.1

Main,

R,2.1

R,2.2

R,1

R,
Q,

Q,1

Q,2
R,2

Q,2.1

Q,2.2

P,1
P,1

P,2
P,2

P,2.1
P,2.1

P,2.2
P,2.2

Fig. 2. SCFG (left) and CSCFG (right) of the program in Example 2

SCFG is context-insensitive because it connects all the calls to the same process
with a unique set of nodes. This causes the SCFG to mix different executions of a
process with possible different synchronizations, and, thus, slicing lacks precision.
For instance, in Example 2 process P is called twice in different contexts. It is first
executed in parallel with Q producing the synchronization of their b events. Then,
it is executed in parallel with R producing the synchronization of their a events.
This makes the complete process R be part of the slice, which is suboptimal
because process R is always executed after Q.

To the best of our knowledge, there do not exist other graph representations
which face this problem. In the rest of this section, we propose a new version
of the SCFG, the context-sensitive synchronized control flow graph (CSCFG)
which is context-sensitive because it takes into account the different contexts on
which a process can be executed.

Contrarily to the SCFG, inside a CSCFG the same specification position can
appear multiple times. Hence, we now use labelled graphs, with nodes labelled
by specification positions. Therefore, we use l(n) to refer to the label of node n.
We also need to define the context of a node in the graph.

Definition 3. (Context) A path between two nodes n1 and m is a sequence
l(n1), . . . , l(nk) such that nk 7→ m and for all 0 < i < k we have ni 7→ ni+1 .
The path is loop-free if for all i 6= j we have ni 6= nj.
Given a labelled graph G = (N,Ec) and a node n ∈ N , the context of n, Con(n) =
{m | l(m) = “start P”, P ∈ Proc(S) and exists a loop-free path π = m 7→∗ n
with “end P” 6∈ π}.

Intuitively speaking, the context of a node represents the set of processes in
which a particular node is being executed. If we focus on a node n ∈ Proc(S) we



can use the context to identify loops; i.e., we have a loop whenever “start P” ∈
Con(P ).

Definition 4. (Context-Sensitive Synchronized Control Flow Graph) Given a
CSP specification S, a Context-Sensitive Synchronized Control Flow Graph
CSCFG = (N, Ec, El, Es) is a SCFG graph, except in two aspects:

1. There is a special set of loop edges (El) denoted with Ã. (n1 Ã n2) ∈ El

iff l(n1) = P ∈ Proc(S), l(n2) = “start P” and n2 ∈ Con(n1), and
2. There is no longer a one to one correspondence between nodes and labels.

Every node in Start(S) has one and only one incoming edge in Ec. Every
process call node has one and only one outgoing edge which belongs to either
Ec or El.

The CSCFG can be constructed in a way similar to the SCFG. Starting from
Main, each process call is connected to a subtree which contains the right-hand
side of the called process. However, in the CSCFG, each subtree is a different
subgraph except if a loop is detected.

For slicing purposes, the CSCFG is interesting because we can use the edges
to determine if a node must be executed or not before another node, thanks to
the following properties:

– if n 7→ n′ ∈ Ec then n must be executed before n′ in all executions.
– if n Ã n′ ∈ El then n′ must be executed before n in all executions.
– if n e n′ ∈ Es then, in all executions, if n is executed there must be some

n′′ which is executed at the same time than n with n e n′′ ∈ Es.

The key difference between the SCFG and the CSCFG is that the latter
unfolds every process call node except those that belong to a loop. This is very
convenient for slicing because every process call which is executed in a different
context is unfolded, thus, slicing does not mix computations. Moreover, it allows
to deal with recursion and, at the same time, it prevents from infinite unfolding of
process calls; because loop edges prevent from infinite unfolding. One important
characteristic of the CSCFG is that loops are unfolded once, and thus all the
specification positions inside the loops are in the graph and can be collected
by slicing algorithms. For slicing purposes, this representation also ensures that
every possibly executed part of the specification belongs to the CSCFG because
only loops (i.e., repeated nodes) are missing.

The CSCFG provides a different representation for each context in which a
procedure call is made. This can be seen in Fig. 2 (right) where process P appears
twice to account for the two contexts in which it is called. In particular, in the
CSCFG we have a fresh node to represent each different process call, and two
nodes point to the same process if and only if they are the same call (they are
labelled with the same specification position) and they belong to the same loop.
This property ensures that the CSCFG is finite.

Lemma 1. (Finiteness) Given a specification S, its associated CSCFG is finite.



Proof. We show first that there do not exist infinite unfolding in a CSCFG.
Firstly, the same start process node only appears twice in the same control loop-
free path if it belongs to a process which is called from different process calls
(i.e., with different specification positions) as it is ensured by the first condition
of Definition 4. Therefore, the number of repeated nodes in the same control
loop-free path is limited by the number of different process calls appearing in
the program. However, the number of terms in the specification is finite and thus
there is a finite number of different process calls. Moreover, every process call has
only one outgoing edge as it is ensured by the second condition of Definition 4.
Therefore, the number of paths is finite and the size of every path of the CSCFG
is limited.

Example 4. The specification in Fig. 3 makes clear the difference between the
SCFG and the CSCFG. While the SCFG only uses one representation for the
process P (there is only one start P), the CSCFG uses four different represen-
tations because P could be executed in four different contexts. Note that due to
the infinite loops, some parts of the graph are not reachable from start MAIN;
i.e., there is not possible control flow to end MAIN. However, it does not hold in
the SCFG.

MAIN = P ; P

P = Q

Q = P

SCFG

control flow synchronization

start
MAIN

end
MAIN

start P

start Q

end P

end Q

P

P

P

Q

;
CSCFG

control flow synchronization

start
MAIN1

end
MAIN1

start P1

start P3

start P2

start Q1

start Q1

start Q1

start Q1

end P1

end P3

end P2

end Q1

end Q1

end Q1

end Q1

P1

P2

P3

P3

P3

P3

Q1

Q1

Q1

;
start P3

end P3

Q1

Fig. 3. SCFG and CSCFG representing an infinite computation

4 Static Slicing of CSP Specifications

We want to perform two kinds of analyses. Given an event or a process in the
specification, we want, on the one hand, to determine what parts of the specifi-



cation MUST be executed before (MEB) it; and, on the other hand, we want to
determine what parts of the specification COULD be executed before (CEB) it.

We can now formally define our notion of slicing criterion.

Definition 5. (Slicing Criterion) Given a specification S, a slicing criterion is
a specification position (P, w) ∈ Proc(S) ∪ Event(S).

Clearly, the slicing criterion points to a set of nodes in the CSCFG, because
the same event or process can happen in different contexts and, thus, it is repre-
sented in the CSCFG with different nodes. As an example, consider the slicing
criterion (P, a) for the specification in Example 2, and observe in its CSCFG in
Fig. 2 (right) that two different nodes are pointed out by the slicing criterion.

This means that a slicing criterion C = (P, w) is used to produce a slice with
respect to all possible executions of w. We use function nodes(C) to refer to all
the nodes in the CSCFG pointed out by the slicing criterion C.

Given a slicing criterion (P, w), we use the CSCFG to calculate MEB. In
principle, one could think that a simple backwards traversal of the graph from
nodes(C) would produce a correct slice. Nevertheless, this would produce a
rather imprecise slice because this would include pieces of code which can-
not be executed but they refer to the slicing criterion (e.g., dead code). The
union of paths from MAIN to nodes(C) is neither a solution because it would
be too imprecise by including in the slice parts of code which are executed be-
fore the slicing criterion only in some executions. For instance, in the process
(b→a→STOP)¤(c→a→STOP), c belongs to one of the paths to a, but it must be
executed before a or not depending on the choice. The intersection of paths is nei-
ther a solution as it can be seen in the process a→((b→SKIP)||(c→SKIP));d
where b must be executed before d, but it does not belong to all the paths from
MAIN to d.

Before we introduce an algorithm to compute MEB we need to formally
define the notion of MEB slice.

Definition 6. (MEB Slice) Given a specification S with an associated CSCFG
G = (N,Ec, El, Es), and a slicing criterion C for S; a MEB slice of S with
respect to C is a subgraph of G, MEB(S, C) = (N ′, E′

c, E
′
l , E

′
s) with N ′ ⊆ N ,

E′
c ⊆ Ec, E′

l ⊆ El and E′
s ⊆ Es, where N ′ = {n|n ∈ N and ∀ X = (MAIN →∗

m), m ∈ nodes(C) . n ∈ X}, E′
c = {(n,m)|n 7→ m ∈ Ec and n,m ∈ N ′},

E′
l = {(n,m)|n Ã m ∈ El and n,m ∈ N ′} and E′

s = {(n,m)|n e m ∈ Es and
n,m ∈ N ′}.

Algorithm 1 can be used to compute the MEB analysis. It basically computes
for each node in nodes(C) a set containing the part of the specification which
must be executed before it. Then, it returns MEB as the intersection of all these
sets. Each set is computed with an iterative process that takes a node and (i)
it follows backwards all the control-flow edges. (ii) Those nodes that could not
be executed before it are added to a black list (i.e., they are discarded because
they belong to a non-executed choice). And (iii) synchronizations are followed
in order to reach new nodes that must be executed before it.



Algorithm 1 Computing the MEB set

Input: A CSCFG (N, Ec, El, Es) of a specification S and a slicing criterion C
Output: A CSCFG’s subgraph

Function buildMeb(n) :=
(1) pending := {n′ | (n′ 7→ o) ∈ Ec} where o ∈ {n} ∪ {o′ | o′ e n}
(2) Meb := pending ∪ {o | o ∈ N and MAIN 7→∗ o 7→∗ m, m ∈ pending}
(3) blacklist := {p | p ∈ N\Meb and o 7→∗ p, with o ∈ choices(Meb)}
(4) pending := {q | q ∈ N\(blacklist ∪Meb)

and q e r ∨ (q Ã r and r 67→∗ n) with r ∈ Meb}
(5) while ∃ m ∈ pending do
(6) Meb := Meb ∪ {m} ∪ {o | o ∈ N and MAIN 7→∗ o 7→∗ m}
(7) sync := {q | q ∈ N\(blacklist ∪Meb)

and q e r ∨ (q Ã r and r 67→∗ n) with r ∈ Meb}
(8) pending := (pending\Meb) ∪ sync
(9) return Meb

Return: MEB(S, C) = (N ′ = ∩
n∈nodes(C)

buildMeb(n),

E′
c = {(n, m)|n 7→ m ∈ Ec and n, m ∈ N ′},

E′
l = {(n, m)|n Ã m ∈ El and n, m ∈ N ′},

E′
s = {(n, m)|n e m ∈ Es and n, m ∈ N ′}).

The algorithm always terminates. We can ensure this due to the invariant
pending ∩ Meb = ∅ which is always true at the end of the loop (8). Then,
because Meb increases in every iteration (5) and the size of N is finite, pending
will eventually become empty and the loop will terminate.

The CEB analysis computes the set of nodes in the CSCFG that could be
executed before a given node n. This means that all those nodes that must be
executed before n are included, but also those nodes that are executed before
n in some executions, and they are not in other executions (e.g., due to non
synchronized parallelism). Formally,

Definition 7. (CEB Slice) Given a specification S with an associated CSCFG
G = (N,Ec, El, Es), and a slicing criterion C for S; a CEB slice of S with respect
to C is a subgraph of G, CEB(S, C) = (N ′, E′

c, E
′
l , E

′
s) with N ′ ⊆ N , E′

c ⊆ Ec,
E′

l ⊆ El and E′
s ⊆ Es, where N ′ = {n|n ∈ N and ∃ MAIN →∗ n →∗ m with

m ∈ nodes(C)}, E′
c = {(n,m)|n 7→ m ∈ Ec and n,m ∈ N ′}, E′

l = {(n,m)|n Ã
m ∈ El and n,m ∈ N ′}, E′

s = {(n,m)|n e m ∈ Es and n, m ∈ N ′}.

Therefore, MEB(S, C) ⊆ CEB(S, C). The graph CEB(S, C) can be com-
puted with Algorithm 2 which, roughly, traverses the CSCFG forwards following
all the paths that could be executed in parallel to nodes in MEB(S, C).

The algorithms presented can extract a slice from any specification formed
with the syntax of Fig 1. However, note that only two operators have a special
treatment in the algorithms: choices (because they introduce alternative com-



Algorithm 2 Computing the CEB set

Input: A CSCFG (N, Ec, El, Es) of a specification S and a slicing criterion C
Output: A CSCFG’s subgraph
Initialization:

Ceb := {m | m ∈ N1 and MEB(S, C) = (N1, Ec1, El1, Es1)}
loopnodes := {n | n1 7→+ n 7→∗ n2 Ã n3 and (n e n′) 6∈ Es

with n′ 6∈ Ceb, n1 ∈ choices(Ceb) and n3 ∈ Ceb}
Ceb := Ceb ∪ loopnodes
pending := {m | m 6∈ (Ceb ∪ nodes(C)) and (m′ 7→ m) ∈ Ec,

with m′ ∈ Ceb\choices(Ceb)}
Repeat

(1) if ∃ m ∈ pending | (m e m′) 6∈ Es or
((m e m′) ∈ Es and m′ ∈ Ceb)

(2) then pending := pending\{m}
(3) Ceb := Ceb ∪ {m}
(4) pending := pending ∪ {m′′ | (m 7→ m′′) ∈ Ec and m′′ 6∈ Ceb}
(5) else if ∃ m ∈ pending and ∀ (m e m′) ∈ Es . m′ ∈ pending
(6) then candidate := {m′ | (m e m′) ∈ Es} ∪ {m}
(7) Ceb := Ceb ∪ candidate
(8) pending := (pending\Ceb) ∪ {n | n 6∈ Ceb and o 7→ n,

with o ∈ candidate}
Until a fix point is reached

Return: CEB(S, C) = (N ′ = Ceb,
E′

c = {(n, m)|n 7→ m ∈ Ec and n, m ∈ N ′},
E′

l = {(n, m)|n Ã m ∈ El and n, m ∈ N ′},
E′

s = {(n, m)|n e m ∈ Es and n, m ∈ N ′}).

putations) and synchronized parallelisms (because they introduce synchroniza-
tions). Other operators such as prefixing, interleaving or sequential composition
can be treated similarly.

5 Related Work

Program slicing has been already applied to concurrent programs of different
programming paradigms, see e.g. [19, 18]. As a result, different graph represen-
tations have arisen to represent synchronizations. The first proposal by Cheng
[3] was later improved by Krinke [8, 9] and Nanda [13]. All these approaches are
based on the so called threaded control flow graph and the threaded program de-
pendence graph. Unfortunately, their approaches are not appropriate for slicing
CSP, because their work is based on a different kind of synchronization. They
use the following concept of interference to represent program synchronizations.

Definition 8. A node S1 is interference dependent on a node S2 if S2 defines
a variable v, S1 uses the variable v and S1 and S2 execute in parallel.



In CSP, in contrast, a synchronization happens between two processes if the
synchronized event is executed at the same time by both processes. In addition,
both processes cannot proceed in their executions until they have synchronized.
This is the key point that underpin our MEB and CEB analyses.

In addition, the purpose of our slicing technique is essentially different from
previous work: while other approaches try to answer the question “what parts of
the program can influence the value of this variable at this point?”, our technique
tries to answer the question “what parts of the program must be executed before
this point? and what parts of the program can be executed before this point?”.
Therefore, our slicing criterion is different, but also the data structure we use for
slicing is different. In contrast to previous work, we do not use a PDG like graph,
and use instead a CFG like graph, because we focus on control flow rather than
control and data dependence.

6 Implementation

We have implemented the MEB and CEB analyses and the algorithm to build the
CSCFG for ProB. ProB [11] is an animator for the B-Method which also supports
other languages such as CSP [1, 12]. ProB has been implemented in Prolog and
it is publicly available at http://www.stups.uni-duesseldorf.de/ProB.

The implementation of our slicer has three main modules. The first module
implements the construction of the CSCFG. Nodes and control and loop edges
are built following the algorithm of Definition 4. For synchronization edges we
use an algorithm based on the approach by Naumovich et al. [14]. For efficiency
reasons, the implementation of the CSCFG does some simplifications which re-
duces the size of the graph. For instance, “start” and “end” nodes are not present
in the graph. Another simplification to reduce the size of the graph is the graph
compactation which joins together all the nodes defining a sequential path (i.e.,
without nodes with more than one output edge). For instance, the graph of Fig. 4
is the compacted version of the CSCFG in Fig. 2. Here, e.g., node 6 accounts
for the sequence of nodes P → start P. The compacted version is a very con-
venient representation because the reduced data structure speeds up the graph
traversal process.

end
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Fig. 4. Compacted version of the CSCFG in Fig. 2



The second module performs the MEB and CEB analyses by implementing
Algorithm 1 and Algorithm 2. Finally, the third module allows the tool to com-
municate with the ProB interface in order to get the slicing criterion and show
the highlighted code.

We have integrated our tool into the graphical user interface of ProB. This
allows us to use features such as text coloring in order to highlight the final slices.
In particular, once the user has loaded a CSP specification, she can select (with
the mouse) the event or process call she is interested in. Obviously, this simple
action is enough to define a slicing criterion because the tool can automatically
determine the process and the specification position of interest. Then, the tool
internally generates the CSCFG of the specification and uses the MEB and CEB
algorithms to construct the slices. The result is shown to the user by highlighting
the part of the specification that must be executed before the specified event,
and underscoring the part of the specification that could be executed before
this event. Figure 5 shows a screenshot of the tool showing a slice of a CSP
specification.

Fig. 5. Slice of a CSP specification in ProB

7 Conclusions

This work defines two new static analysis that can be applied to languages with
explicit synchronizations such as CSP. In particular, we introduce a method to
slice CSP specifications, in such a way that, given a CSP specification and a
slicing criterion we produce a slice such that (i) it is a subset of the specification
(i.e., it is produced by deleting some parts of the original specification); (ii)
it contains all the parts of the specification which must be executed (in any



execution) before the slicing criterion (MEB analysis); and (iii) we can also
produce an augmented slice which also contains those parts of the specification
that could be executed before the slicing criterion (CEB analysis).

We have presented two algorithms to compute the MEB and CEB analyses
which are based on a new data structure, the CSCFG, that has shown to be more
precise than the previously used SCFG. The advantage of the CSCFG is that it
cares about contexts, and it is able to distinguish between different contexts in
which a process is called.

We have built a prototype which implements all the data structures and
algorithms defined in the paper; and we have integrated it into the system ProB.
Preliminary experiments has demonstrated the usefulness of the technique.
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