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Abstract

Web Services emerge as a new paradigm for distributed
computing. Model checking is an important verification
method to ensure the trustworthiness of composite WS.
Boolean abstraction and counterexample driven refinement
are major techniques for model checking software and WS.
In most of the literature, the refinement is governed by the
precision of the abstraction. In this paper, we present an
innovative technique to distribute the precision information
among proof slices, which can be selectively reused by fu-
ture proofs and hence improve the performance by reduc-
ing excessive invocations of theorem provers. Moreover, the
reuse approach is flexible for virtually arbitrary future ex-
tension. Our theoretical framework subsumes several ex-
isting abstraction-based model checking techniques, e.g.,
lazy abstraction. Besides the correctness and termination
proofs, we also conducted theoretical analysis on the per-
formance of the proof slicing algorithm.

1 Introduction

Web Services (WS) promise flexible design and develop-
ment of distributed computing appliances. Composite WS
can be dynamically constructed or even reconfigured on WS
components provided by various vendors [23]. The flexibil-
ity of Service-Oriented Architecture (SOA) imposes chal-
lenges on efficiently ensuring the trustworthiness of com-
posite WS. A fully automated composite WS verification
and validation (V&V) framework was proposed in previ-
ous research [18, 22], which utilized BLAST [16] to model
check whether the composite WS satisfies specific proper-
ties. This paper proposes an innovative model checking
technique, proof slicing, to substitute lazy abstraction in
BLAST to verify composite WS efficiently.

The proposed V&V framework adopts OWL-S (Web
Ontology Language for Web Services) process model [1]

to model composite WS. OWL-S process model, which is
migrating to be more object-oriented, describes the control
flow of the composite WS as well as the inputs, outputs,
preconditions, and effects (IOPE) of each WS component.
The V&V framework is shown in Figure 1, consisting of
the following steps: (1) converting OWL-S model to control
flow automata (CFA); (2) embedding to-be-checked proper-
ties into the CFA; (3) model checking and positive test case
generation; and (4) negative test case generation. A CFA is
essentially a control flow diagram [2], which consists of two
types of edges denoting assignment transition and assump-
tion transition respectively. Assignment transition means
that when the control flows through the corresponding edge,
a specific value is assigned to a variable. Assumption transi-
tion means that the control flows through the corresponding
edge only when specific conditions are satisfied.
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Figure 1. Automated V&V framework

The to-be-checked properties such as temporal proper-
ties are embedded into the CFA as error statements in step
2. The model checker exhausts all possible execution paths
and checks whether any error statements are hit. If so, the



CFA violates the properties and the model checking fails. A
counterexample, which is an execution path that hit an er-
ror statement, will be returned to indicate where and how
the properties is violated.

Most structural constructs of OWL-S process model can
be naturally converted to control flow automata, excepts the
concurrency constructs split + join, which is handled by the
interleaving explorer in step 3. The interleaving explorer
exhausts all meaningful interleaving of atomic WS within
concurrent threads and exploits partial order reduction to
reduce the complexity. It enables a model checker designed
for sequential programs to handle concurrent threads. Thus
it is feasible to assume hereafter that all CFA are sequen-
tial. In step 4, positive and negative test cases are selectively
generated by the techniques in [24].

Abstraction [4, 9, 15, 16] is one major model checking
technique. Some abstraction-based model checkers, such
as SLAM [3] and BLAST [16], apply directly to C source
code. Particularly in lazy abstraction [16], states, which are
conjunctions of predicates, are abstracted into regions to re-
duce the complexity of the state space. Lazy abstraction
proceeds in three phases. In the forward exploration phase,
a coarse precision of the regions is adopted until a coun-
terexample is encountered. The process then switches to
backward exploration phase, which back tracks the execu-
tion paths to figure out whether the counterexample is in-
feasible, i.e., whether it can be ruled out by improving the
precision. If so, the process switches to refinement phase
to refine the precision properly, usually through a theorem
prover. Otherwise, the counterexample is real and returned
to indicate a violation is detected. The process is usually
named as counterexample driven refinement.

Calling theorem provers might be costly and degrade the
performance of model checkers. We propose proof slicing
technique to reduce the excessive calls to theorem provers.
Instead of consulting a theorem prover to determine the
proper refinement, proofs are broken into proof slices which
can be selectively reused when proving the feasibility of fu-
ture counterexamples. Roughly speaking, a proof slice is
an execution path on a predicate (instead of a region, which
is usually a logical combination of predicates). Proof slic-
ing also reduces the complexity of backward exploration by
concatenating to existing proof slices.

Proof slicing is future-oriented instead of past-oriented.
Reusable proof slices will continue to expand when be-
ing picked up by future counterexamples, while others will
cease to grow to reduce the time and space complexity.
Proof slicing explores necessary and sufficient proof slices
for future counterexamples, which is hard to achieve if the
precision is determined by past counterexamples.

The structure of the rest of the paper is as follows. Sec-
tion 2 is related work. Section 3 illustrates how proof slic-
ing works with an example. Section 4 forms the theoretical

basis of our technique. Section 5 presents the algorithmic
framework of proof slicing, which subsumes some other ap-
proaches [16, 15, 9]. Theoretical results, correctness proof,
termination proof, and performance analysis, are also pre-
sented in Section 5. Section 6 presents some experimental
data. Section 7 concludes this paper.

2 Related work

Model checking is developed for both hardware and
software verification [10]. Abstraction-based approaches
received significant attention recently for model checking
source code [4, 9, 15, 16]. Ball, Podelski, and et al. intro-
duced Boolean and Cartesian abstraction [4], which utilized
a three-valued model [12]. Ball and Rajamani discussed
counterexample driven refinement in [6] via strongest post-
conditions. They also showed that temporal safety prop-
erties are checkable with abstraction-based approaches [5].
Henzinger, Jhala, and et al. introduced lazy abstrac-
tion [16] where the abstraction is nonuniform among exe-
cution traces. The weakest preconditions are used for back-
ward reasoning in [16]. Lazy abstraction employs a theorem
prover [21] to determine a small set of predicates for the
proof. There are other SAT solvers available, e.g. [20]. The
model used by lazy abstraction is control flow automata,
which is essentially a control flow diagram [2]. Craig inter-
polation is integrated into lazy abstraction [15] to eliminate
monotonicity of abstraction within a counterexample. Later
lazy abstraction is enhanced for model checking concurrent
execution of identical copies of threads [14], and automatic
test cases generation [7]. Chaki, Clarke, and et al. proposed
an approach to minimize the number of predicates for pred-
icate abstraction [9]. Examples of abstraction-based model
checkers that apply directly to source code are SLAM [3]
and BLAST [16].

Proof slicing is inspired by the classical program slicing
techniques [25, 17]. The technical basis of program slic-
ing and proof slicing is fundamentally different from each
other in the sense that: (1) program slicing is applied to
source code, while proof slicing is applied to proofs; and
(2) most program slicing are statically done based on de-
pendency graphs, while proof slicing is dynamically tuned
up to counterexamples during the model checking process.

Program slicing is a classical technique to reduce the
complexity of control flow. Hatcliff, Corbett, and et al.
established bisimulation relation between Java programs
and their slices [13]. Recently program slicing was inte-
grated into a formal verification framework, Bandera [11].
Brat and Visser combined static program slicing and model
checking for software analysis [8].



3 Overview

This section presents an example to illustrate how proof
slicing works. The WS V&V framework [18] can convert
an OWL-S process model and embed to-be-checked prop-
erties to a C-like scenario code. Table 1 lists the sample
code.

Table 1. Sample code
1: a = 0; b = 0;
2: if ( a != 0 || b != 0 )
3: error;
4: b = 1;
5: if ( a != 0 )
6: error;
7: return;

The forward exploration starts from the entry node
(statement) node 1 of the program, picks and follows a tran-
sition. Suppose it takes the path (1, 2, 3). At node 3, an
error state is encountered. The path (1, 2, 3) is then a coun-
terexample. The process switches to backward exploration
to rule out the counterexample. Consider edge (2, 3). The
necessary condition that allows the execution to reach node
3 is the condition a �= 0 ∨ b �= 0. We split it to form the
heads of two proof slices, a �= 0 and b �= 0. Keeping ex-

ploring backwards gives two proof slices 3
a�=0−−→ 2

0�=0−−→ 1,

and 3
b�=0−−→ 2

0�=0−−→ 1. Note that in the last step 2
0�=0−−→ 1,

the assignment a ← 0 (or b ← 0) results in the predicate
0 �= 0 by substituting a (or b) with 0 in the predicate a �= 0
(or b �= 0). Because 0 �= 0 ∨ 0 �= 0 is a contradiction, the
counterexample at node 3 is ruled out.

When proceeding to node 6 following the path
(1, 2, 4, 5, 6), the assumption transition on edge (5, 6) is
a �= 0. Backward exploration will pick up the existing

proof slice
a�=0−−→ 2

0�=0−−→ 1 when arrives at node 2. The

proof slice expands to be 6
a�=0−−→ 5

a�=0−−→ 4
a�=0−−→ 2

0�=0−−→ 1
and rules out counterexample at node 6. The other exist-

ing proof slice 3
b�=0−−→ 2

0�=0−−→ 1 ceases to expand beyond
node 2 because current counterexample does not involve the
proof slice headed by b �= 0.

Lazy abstraction [16] operates in a different way. At
node 3, it will consult a theorem prover to compute a small
(ideally minimum) set of predicates that is sufficient to rule
out the counterexample at node 3. In this particular exam-
ple, the minimum set of predicates is {a �= 0, b �= 0}. The
set defines the precision of the abstraction after node 2 and
further process will keep the precision. Therefore, when the
forward exploration proceeds to node 4, it needs to take into
account of the assignment transition b← 1 to keep track of
the predicate b �= 0.

Compared to lazy abstraction, proof slicing saves the
cost of calling a theorem prover at node 3 to determine a
small set of predicates. Computing a minimum precision is
not necessary because the counterexample at node 6 does
not require such information to determine which proof slice
to pick up. Proof slicing also saves the computation that for-
ward exploration spends at node 5 because the counterex-
ample at node 6 does not involve predicate b �= 0.

4 Abstract trace systems

4.1 Trace systems

This section introduces the formal notations of trace sys-
tems. The formalism of the labeled transition systems (LTS)
resembles that in [16]. Distinctions are: (1) the concept
of a CFA hosting a LTS, (2) more general nondeterminis-
tic CFA, and (3) more general trace systems rather than the
reachability trees in [16].

Let S be a set of states, Σ be a set of labels representing
program statements,→⊆ S ×Σ× S is a labeled transition
relation that defines legal transitions. Define a LTS S as
the tuple (S,Σ,→). A transition (s, l, s′) ∈→ is denoted as

s
l−→ s′.
A LTS S hosted by a CFA C is defined as the tuple

(S, V, E, hV , hE), where (V,E) is a directed (multi-)graph
representing the CFA, hV : V → 2S is a total node hosting
function, and hE : E → Σ is a total edge labeling function.
By including program counter pc in the state, we restrict
that a state s ∈ S belongs to at most one node v ∈ V . The
unique node with no incoming edge is the entry point and
nodes with no outgoing edge are exit points.

The transitions on the edges are categorized into two
classes: the assignment and the assumption. An assignment
is l : x = e, where x is a variable and e is an expression.
An assumption is l : assume ψ, where ψ is a formula. The
meaning of assumption is that the transition is taken only
when ψ satisfies. We allow multiple outgoing assignment
edges from one node. If there are multiple outgoing as-
sumption edges from one node, we allow ψ∧ψ′ �=⊥, where
ψ and ψ′ are the formulae associated to any two assumption
edges. That is, the CFA is nondeterministic.

To abstract states in S, define R ⊃ S as a set of regions.
Define �·� : R → 2S as a total extension function that ab-
stracts a set of states as a region r ∈ R. S ⊂ R is explained
by ∀s ∈ S, �s� = {s}. Let ⊥∈ R such that �⊥� = ∅, and

 ∈ R denoting all possible states hosted by a node. Intro-
duce binary relations on regions r ≡ r′ iff �r� = �r′�, and
r � r′ if �r� ⊆ �r′�. Introduce binary operators on regions
�r� r′� = �r�∩ �r′�, and �r� r′� = �r�∪ �r′�. To track the
change of regions along transitions, define pre : R×Σ→ R

by �pre(r, l)� = {s′ ∈ S | ∃s ∈ �r�, s′ l−→ s}, and post :



R×Σ→ R by �post(r, l)� = {s′ ∈ S | ∃s ∈ �r�, s
l−→ s′}.

The tupleR = (C, R, pre, post,�post, �·�,�,�,≡,�) is de-
fined as an abstract region structure over a CFA, where�post
is required to satisfy post(r, l) ��post(r′, l), for all r ≡ r′.

A trace is a sequence π = r0l1r1 . . . lnrn such that ri =
�post(ri−1, li), where ri ∈ R, i ∈ [n] ∪ {0} are regions,
li ∈ Σ, i ∈ [n] are labels, and n is the length. A trace
is a concrete trace if ∀i ∈ [n] ∪ {0}, ri ∈ S. Let Π be
the collection of all traces generated by C over R. Define
π[i,j] is the inclusive subsequence of π from ri to rj . Define
σ = l1 . . . ln as the generating transition sequence of a trace
π, and σ[i,j] as the generating transition sequence of π[i,j].
Introduce binary relation on traces π � π′, if ri � r′i, i ∈
[n]∪{0} and σ = σ′. A trace system is defined as the tuple
T = (R,Π,�).

Some states are designated as error states. A trace hits
an error state or a region containing an error state is a coun-
terexample. For a to-be-checked property ϕ, corresponding
error statements are embedded into the CFA. We denote
π |= ϕ if π hits no error states or error regions. If all con-
crete traces hit no error state, we conclude that property ϕ
holds universally, denoted as C |= ϕ.

We say π′ preserves concrete traces of π if for all con-
crete trace π′′ � π, π′′ � π′. Preservation of concrete
traces guarantees the soundness of trace systems as stated
by Theorem 1.

Theorem 1. C |= ϕ if ∀π ∈ Π, either π |= ϕ, or ∃π′ ∈ Π
such that π′ |= ϕ and π′ preserve concrete traces of π.

Lemma 1 states a sufficient condition for preserving con-
crete traces.

Lemma 1. Let π and π′ be two traces with the same gener-
ating transition sequence, rk and r′k be their k-th regions,
respectively. If π[0,k−1] = π′[0,k−1], rk � r′k, then π′ pre-
serves concrete traces of π.

4.2 Predicate abstraction

In what follows we present a four-valued model over
predicates for representing regions. Let Γ = {p1, . . . , pn}
be a set of predicates. Consider four distinct values 0, 1, ∗,
and ×. Let W = {0, 1, ∗,×}n, and w = 〈w1, . . . , wn〉 ∈
W is a quadrivector. A quadrivector represents an atomic
region as a =

�
wi · pi, where 0 · pi = ¬pi, 1 · pi = pi,

and ∗ · pi = × · pi = 
. Note that 
 effectively re-
move the presence of pi from a. A region is the disjunction
of atomic regions, r =

�
aj . Intuitively, value ∗ serves as

“don’t care” value; that is, the value could be either 0 or 1.
Value× serve as the precision mask that prohibits�post from
resolving the precision carried by the corresponding predi-
cate. Define � on {0, 1, ∗,×} by 0 � ∗, 1 � ∗, ∗ � ×, and
× � ∗. The � on {0, 1, ∗,×} defines � on atomic regions
and regions.

We compute pre and hence�post by the weakest precon-
dition [16, 9]. For a predicate pi, the weakest precondition
wp(pi, l) is defined as the weakest formula, whose truth be-
fore a transition l entails pi after l. For an atomic region
a =
�
pi, wp(a, l) =

�
wi ·wp(pi, l), and for a region r =�

aj , wp(r, l) =
�
wp(aj , l). Define pre(r, l) = wp(r, l).

Operator�post is the inverse of pre with exceptions that
some predicates may be masked out by precision masks. A
precision vector is ω = 〈ω1, . . . , ωn〉 ∈ Ω = {∗,×}n. De-
fine ⊕ to be a binary operator on {∗,×} × {0, 1, ∗,×} by
∀α ∈ {0, 1, ∗,×}, ∗⊕α = α, and ×⊕α = ×. For a given
precision vector ω, define�post(a, l, ω) =

�
(ωi ⊕ w′

i) · pi,
where a = pre(

�
w′

i · pi, l). Define �post(r, l, {ωj}) =��post(aj , l, ωj), where r =
�
aj , and {ωj} is a set of pre-

cision vectors. This definition allows nonuniform precision
within a region.

Precision of regions changes along a trace: either the pre-
cision can be set arbitrarily for the purpose of the model
checking algorithms (detailed in Section 5.2); or transi-
tions may impose precision switch naturally. Recall that
we have assignment transitions and assumption transitions.
For an assignment l : x = e, wp(pi, l) = pi[e/x], where
pi[e/x] denotes pi with all occurrences of x replaced by e.
Hence wp(pi, l) is still a predicate. Assignments involving
pointers are handled by Morris’ general axiom of assign-
ment [19]. For an assumption l : assume ψ, wp(pi, l) =
pi∧ψ. By splitting assume ψ∨ψ′ to two alternative transi-
tions assume ψ or assume ψ′ and allowing multiple edges
between two nodes in the CFA, we can safely assume that
wp(pi, l) is an atomic region. To summarize, three situa-
tions may occur on a predicate after the computation of wp:

(1) pi is replaced by another predicate q, as in assignment
l : x = e where x occurs in pi, or

(2) pi preserves its presence, as either in assignment l :
x = e where x does not occur in pi, or in assumptions,
or

(3) q is newly introduced, as in assumption l : assume ψ
where q forms a part of ψ, and q �= pi.

The three situations affect the precision of pre. With (1)
we mask out pi by a × and introduce q by a ∗; with (2)
we preserve pi by a ∗; and with (3) we introduce pi by a ∗.
Consequently, the precision of�post is defined by the inverse
of pre over the selected predicates, which correspond to the
selected proof slices that compose the proof.

The precision switch achieves the same non-
monotonicity within a counterexample as in [15]. The
novel four-valued model also enables nonuniform precision
within a region, e.g., each atomic region preserves its own
precision.



5 Proof slicing

5.1 Proof slices

Without loss of generality, we assume that the initial re-
gion, the region embedded to the entry point of the CFA,
is 
 (justification is detailed in Section 5.3). Consider
a trace π of length n that hits an error region ε. Let
σ be the generating transition sequence of π. A proof
of the infeasibility of the counterexample is the sequence
θ = 
,¬pre(ε, σ[0,n]), . . . ,¬pre(ε, σ[n−1,n]),¬ε, where
¬pre(ε, σ[0,n]) is a tautology, or equivalently, pre(ε, σ[k,n])
is a contradiction. For any two consecutive formulae ψ and
ψ′ in the sequence θ, ψ entails ψ′ following the correspond-
ing transition. The counterexample ending by ε is infeasible
iff there exists a proof.

Define a literal q as a predicate or its negation, and in-
clude 
 and ⊥ as special literals. A proof slice is a back-
ward sequence ρ = qnlnqn−1 . . . q0, where qi, i ∈ [n]∪{0}
are literals and li, i ∈ [n] are transitions. We name qn as
the head of the proof slice, and q0 as the tail of the proof
slice. A proof slice is infeasible if its tail is ⊥. We expect
to have qi−1 = pre(qi, li), for i ∈ [n], analogous to proofs.
Recall the three precision switch conditions in Section 4.
Equation qi−1 = pre(qi, li) holds when li is an assignment,
or an assumption that contains only literal qi. When li is an
assumption assume ψ that contains literals other than qi,
pre(qi, li) = qi∧ψ. In this case, it spawns new proof slices
headed by literals in ψ. Specifically, if ψ contains literals
q1k, . . . q

m
k , then proof slices ρj = qj

klkq
j
k−1 . . . q

j
0, j ∈ [m]

are spawned. We name each ρj as a spawnee, and the orig-
inal proof slice ρ as the spawner. Define a binary relation
spawn on proof slices, denoted by ↑, as ρ ↑ ρ′ if ρ spawns
ρ′. We use ρ ↑k ρ′ to denote that ρ spawns ρ′ at a location
j ≤ k.

A proof formula is constructed over proof slices. Ini-
tially the proof formula is constructed by replacing the lit-
erals in the error region formula ε with the corresponding
proof slices. Assignments do not change the proof formula.
For each assumption, first compute a sub proof formula by
replacing the literals in the formula of the assumption with
the corresponding proof slices, and then conjunct the sub
proof formula with the original one. For example, suppose
the error region is a �= 0 ∨ b �= 0. Initially the proof for-
mula is ρa�=0 ∨ ρb�=0. After passing an assignment a = 0,
the proof formula remains the same as ρa�=0 ∨ ρb�=0, though
the feasibility of the proof formula does change as within
the proof slice ρa�=0, the literal changes to 0 �= 0, i.e., ⊥.
After passing an assumption assume c �= 0, the proof for-
mula changes to be (ρa�=0 ∨ ρb�=0) ∧ ρc �=0. The feasibility
of the proof formula can be checked at any location k along
the trace by plugging in the k-th literal of every proof slice
to the proof formula and evaluate the proof formula. The

checking is straightforward when expressions are linear. It
is believed that most expressions in many software produc-
tion systems are linear [26].

Lemma 2. Let f be a proof formula of error region ε. If at
location k, f evaluates to be ⊥, then ε is infeasible, and for
all l ≤ k, f evaluates to be ⊥. If at location 0, the entry
point, f evaluates not to be ⊥, then ε is feasible.

The proof of Lemma 2 is straightforward. It guarantees
the correctness of proof slicing.

5.2 Configurable algorithm

We present a configurable algorithm for model check-
ing a CFA as an open framework. The configuration leaves
open the choices of possible future extensions. Correctness
and termination are proved on the framework and are hence
ensured for all algorithms that fit in.

In Algorithm 1, the collection Π stores all the traces Al-
gorithm 1 explores, Θ collects all the proof slices, Θε stores
the proof slice group for current error region ε, Θf stores the
proof slices sufficient to prove the infeasibility of the proof
formula f . The operator last(·) returns the last entry of a
sequence. At step 3, it is trivial to test whether a trace π
reaches any end points. A trace π = r0l1r1 . . . rn contains
a self loop if ∃k < n such that rk ≡ rn, and the transition
sub-sequences match. It follows directly that any expansion
of a self loop trace by�post will not reach any new regions.

There are three configurable operators in Algorithm 1,
�post,�eval, and�pick. We impose the following correctness
requirements:

∀r ∈ R, ∀l ∈ Σ, post(r, l) ��post(r, l) (1)

�eval(f) ≡⊥ iff f evaluates to be ⊥ at location 0 (2)

f [(Θε −�pick(Θε))/
] evaluates to be ⊥ at location 0(3)

where f [(Θε −�pick(Θε))/
] is to replace all the proof

slices in Θε −�pick(Θε) by 
 in the proof formula f . For-
mula 1 guarantees that the traces generated by �post pre-
serves concrete traces. Formula 2 guarantees the correct-
ness of �eval. Formula 3 ensures that �pick picks up suffi-
ciently precision to rule out the infeasible counterexample.

Different configurations on�post,�eval, and�pick exhibits
different performance. We suggest the lazy slicing config-
urations: �post ≡ 
, �eval is the evaluation of f at location
0, and�pick ≡ I , the identity operator that returns all proof
slices in Θε. Note that the configuration satisfies the cor-
rectness requirements.

Lazy abstraction [16] fits in the algorithmic framework
w.r.t. the configuration�post ≡�post;�eval starts at location
n and stops at the first location k such that f evaluates to



Algorithm 1: Nondeterministic algorithm

Let π ← v0, and Π← {π}, where v0 is the start point1:
of the CFA
Let Θ← ∅2:
while ∃π ∈ Π such that π does not reach any end3:
point, or π contains no self loop do

Π← Π− {π}4:
foreach l do5:

if ε ��post(last(π), l) ≡⊥, where ε is error6:
state then

Let π′ ← π, l,�post(last(π), l), and7:
Π← Π ∪ {π′}

else8:

# π, l,�post(last(π), l) is a counterexample
Let Θε ← ∅9:
foreach literal q in ε do10:

Generate ρq as the proof slice headed11:
by q, reuse proof slices in Θ when
possible
Let Θε ← Θε ∪ {ρq}∪ {all proof12:
slices ρq spawns}

end13:
Construct proof formula f14:
Let Θ← Θ ∪ {Θε}15:
# Form a proof
if�eval(f) ≡⊥ then16:

Let Θf ←�pick(Θε)17:

Defines�post with the precision of Θf18:

Refine π by�post; let π′ be the refined19:
trace; let Π← Π ∪ {π′}

else20:
# The counterexample π, l, ε is feasible
return π, l, ε is a feasible21:
counterexample

end22:

end23:

end24:

end25:
return ∅26:

⊥, and �pick is uniformly determined by a theorem prover
and hence the precision is uniform. In the Craig interpola-
tion [15], �pick is still determined by a theorem prover, but
the precision changes alone the trace. In the minimum pred-
icates [9], the�pick compute a minimum set of proof slices
over all early counterexamples.

Compared with existing approaches, lazy slicing omits
the calls to theorem provers in the�pick and gains significant
performance boost. Other performance boosts are the triv-

ial�post operator, and the single evaluation of proof formula
f only at the entry point. The storage usage deserves more
explanation since Algorithm 1 keeps all the proof slices in
Θ. But since a proof slice used for different counterexam-
ples and traces is stored only once in Θ, it also gains some
storage save. In other approaches, such as lazy abstraction,
each path in the reachability tree stores regions separately
and waste storage if two regions have only minor difference.

5.3 Concatenation and inclusion of slices

First we justify the assumption that the initial region is

. For any initial region r0, assume that r0 =

�
a0

j , where
a0

j is atomic region. For each a0
j =
�
p0

jk, construct a path
τ0
j of consecutive assignments p0

jk = true. It follows di-
rectly that after the execution of the path τ0

j , the end region
is a0

j . Then we connect all the start point of each τ0
j to a

new created node v′0 and label all edges with assumption
transition 
. We connect all the end point of each τ0

j to
the start point v0 of the original CFA and label all edges
with assumption transition 
. Denote the constructed CFA
C′. Note that C′ is nondeterministic. It is straightforward to
show that the region at v0 is r0. Note the construction takes
time linear to the complexity of r0, and increases the size of
of the CFA by the complexity of r0.

The concatenation and inclusion Lemma, Lemma 3,
forms the basis of the correctness of proof slice reuse.

Lemma 3. Let Θ be the collection of proof slices computed
by Algorithm 1, and qi be a literal, where i is the location in-
dex along the trace. Consider the generation of Θε. At any
time, if the generation of proof slice ρ reaches qi such that
∃ρ′ ∈ Θ, ρ′ starts with qi, then (1) the suffix of ρ starting
from qi is equal to ρ′, (2) ∀ρ′′, such that ρ ↑i ρ′′, ρ′′ ∈ Θ,
and (3) ∀ρ′′ such that ρ′ ↑ ρ′′, ρ′′ ∈ Θε.

The proof is straightforward as the generation is inde-
pendent from the progress of Algorithm 1, hence the gen-
erations starting with the same qi are identical. Intuitively,
Lemma 3 says that if the generation of a proof slice concate-
nate to an early proof slice, then we can stop the generation,
append early proof slice and include in Θε all proof slices it
spawns. At step 14, if the early proof slice spawns no proof
slices, then the proof formula keeps the same form. Other-
wise, all the proof formulae corresponding to the spawnees
are conjuncted to the original one.

5.4 Correctness and termination

In this section, we prove the correctness, termination,
and performance boost.

Theorem 2. Let ϕ be a property, and C be a CFA. If Algo-
rithm 1 terminates, then C |= ϕ iff Algorithm 1 returns ∅.



Proof. (Sketch) If without proof slice reuse at step 11, for
all concrete trace π, ∃π′ generated by Algorithm 1 such
that π � π′. This is because we exhaust all paths in the
CFA, and both�post and�post preserve concrete traces, due
to Lemma 1. Algorithm 1 returns ∅ iff ∀π generated by it,
π |= ϕ; and if Algorithm 1 returns a counterexample π,
then ∃π′ such that π′ is a concrete trace and π′ � π, due to
Lemma 2. Proof slice reuse generates exactly the same Θε,
due to Lemma 3.

We follow the termination proof in [16] to formulate the
termination condition. Consider s ∈ S and σ ∈ Σ∗, we
write s

σ−→ if ∃s′ ∈ S such that s
σ−→ s′. Define binary

relation trace equivalent between state s and s′ if ∀σ, s
σ−→

iff s′ σ−→. The LTS has a finite trace equivalence if the trace
equivalent relation has a finite index. An abstract region
structure R satisfies the ascending chain condition if there
is no infinite sequence r0 � r1 � . . . , where r � r′ iff
r � r′ and r �≡ r′.

Theorem 3. Assume S has a finite trace equivalence andR
satisfies the ascending chain condition, then for any initial
region and any property, Algorithm 1 terminates if �post,
�eval, and�pick terminate.

As discussed in Section 5.1, Algorithm 1 reduces to Al-
gorithm LazyAbstraction [16] under a certain configuration,
and hence terminates. Because �post, �eval, and �pick does
not affect the termination, Algorithm 1 under general con-
figuration terminates. The result helps to establish a perfor-
mance upper bound of Algorithm 1.

Theorem 4. Assume lazy slicing configuration is in use and
there exists constant γ such that ∀r, r′ ∈ R and ∀l, l′ ∈
Σ, the cost of computing pre(r, l) is upper bounded by γ
times of that of pre(r′, l′). For any terminative execution of
Algorithm 1 with cost T , there exists a terminative execution
of Algorithm LazyAbstraction with cost T ′ on the same CFA
and properties, such that T = O(n · T ′), where n is the
length of the longest trace generated by the CFA.

The only extra cost of Algorithm 1 is that for each coun-
terexample, it may backward search to the start point of the
CFA to generate all proof slices. Let m be the number of
steps of backward search in Algorithm 1, m′ be that in Al-
gorithm LazyAbstraction. It is trivial to show that m ≤ n
and m′ ≥ 1. Hence the extra cost is bounded by a factor
of γ × n, which implies T = O(n · T ′). The assumption
of the constant factor bound among costs of pre is feasi-
ble due to the simplicity of wp. The performance boost of
proof slicing resides in the elimination of excessive calls to
theorem-provers.

We remark that in general, the problem whether a given
safety property can be witnessed by a finite set of support
predicates is undecidable as proved in Theorem 4 in [16].

Table 2. Experimental data
exp1 exp2 exp3 exp4 tut2.c

LOC 14 63 26 25 79
Wall Clock Time (s)

Blade ≤ 1 ≤ 1 ≤ 1 ≤ 1 ≤ 1
BLAST 1 2 ≤ 1 1 ≤ 1

Craig ≤ 1 1 1 2 ≤ 1
Number of Calls to Theorem Prover

Blade 3 160 2 2 7
BLAST 23 206 46 123 23

Craig 23 199 50 123 23
Calls Weighted by Complexity of Formulae

Blade 3 594 3 4 17
BLAST 51 1701 90 1092 55

Craig 51 998 102 992 55

6 Experimental data

We have developed a preliminary model checker “Blade”
to implement Algorithm 1. This section presents experi-
ments to illustrate its performance. Blade employs Sim-
plify, the same theorem prover employed by BLAST. The
number of calls to the theorem prover is chosen to indicate
the runtime, because usually theorem prover dominates the
runtime of abstraction-based model checker [3]. The com-
plexity of the formulae fed into the theorem prover affects
its runtime seriously. In the worst case, the runtime of theo-
rem proving could be exponential to the number of the pred-
icates in a formula, for theorem proving subsumes the SAT
(Satisfiability) problem. Therefore, each call to the theo-
rem prover is weighted by the number of predicates in the
formula to roughly account for its complexity.

The same experiments are conducted with BLAST. The
communication between BLAST and Simplify is hijacked
to record the number of calls as well as the complexity of
each call. There are four types of communication to Sim-
plify, pure predicates, BG PUSH, BG POP, and IMPLIES.
We only count IMPLIES. All the experiments are executed
with the option to cache theorem prover calls. Note that
the design goal of BLAST is not focused on reducing the
number of calls to the theorem prover.

All the experiments are executed on a Linux box with
PIII 860M CPU and 1G memory. Experimental data are
listed in Table 2. The exp1, exp2, exp3, and exp4 are
C-like code translated from OWL-S models, and tut2.c
is from the BLAST package.

The experimental data shows that generally speaking,
Blade has a far less number of calls to the theorem prover
than BLAST does, with or without Craig interpolation.



7 Conclusion

A novel model checking technique proof slicing is pro-
posed to improve the efficiency of the model checker in the
automated V&V framework for ensuring the trustworthi-
ness of composite WS. Proof slicing enables future coun-
terexamples to selectively reuse proof slices of early coun-
terexamples, and gain performance boost. We proved the
correctness and termination for proof slicing. The algorith-
mic framework is open for almost arbitrary future exten-
sion.
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