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Abstract. A proof method is described which combines compositional proofs of inter-
leaved parallel programs with the intuitive and highly auto matic strategy of symbolic

execution. As logic we use an extended variant of Interval Temporal Logic that al-

lows to formulate programs directly in the Simple Programmi ng Language (SPL). The
notation includes a complex interleaving operator. The int eractive proof method we
use for temporal properties is symbolic execution with indu ction. Here, we show how
to combine this proof method with an assumption-guarantee a pproach to decompose
proofs for safety properties. We demonstrate the applicati on of this technique with a

producer-channel-consumer case study.’

1 Introduction

Veri cation of concurrent systems is an important topic, asin comparison to
sequential programs, the system execution is much more coew Validation of
concurrent systems by testing is very di cult and often not feasible, as there
are many more test cases and it is hard to reproduce tests. Batso formal
veri cation of concurrent systems is complicated, becauseeasoning over all
possible execution traces tends to result in a huge state sggawhich makes
automatic and interactive veri cation very di cult.

To avoid reasoning over the complete concurrent system, anomon tech-
nique is compositional reasoning. The basic idea of this tegque is, to split the
system into several subcomponents. Then, the overall prapeis proved only
with corresponding properties of the subcomponents. Thidea was rst formu-
lated by Dijkstra [1]. In compositional reasoning the proofs often done with a
compositional theorem. Such a theorem provides a number afbjpf obligations,
which have to be ful lled, so that the overall property is vald. Ideally, these proof
obligations contain only single subcomponents and propés of these subcom-
ponents, but not the complete system itself. This results irseveral proofs of
feasible size.

A common compositional proof technique is the assumptionigrantee
paradigm, which was introduced by Jones [2] and by Misra & Cimaly [3]. The
basic idea of this paradigm is, that each component can makpexi c assump-
tions to its environment in order to guarantee a speci c behaor. An overview
of recent works on compositionality in general can be foundge in de Roever
et. al. [4] or Furia [5].

! This work has been funded by the DFG program INOPSYS II, under contract number Re 828/6-3.
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Symbolic execution, on the other hand, is a successful teatpe for interac-
tive veri cation of sequential programs (e.g. Dynamic Lodi [6, 7]). It is a very
intuitive strategy for programs as the proof advances stepybstep similar as
most humans do it when trying to understand a program [8, 9]. thermore, it
can be automated to a large extend. Balser [10] presented aFLP-based logic
with calculus that allows the symbolic execution of concuent systems. This
calculus was integrated into the interactive theorem proveKIV [12]. Arbitrary
speci cation languages can be nested into this logic and teumaking it unnec-
essary to translate a system speci cation into a special sgpiecation language
for formal veri cation. Even more important is that the interleaving in this logic
is compositional. That means, it is possible to replace a scimponent with an
abstraction of the component in a concurrent proof. While tis feature simpli es
concurrent proofs, it is still necessary to use symbolic exgion on the whole
parallel system in order to prove a property. A compositiorlaheorem for this
method would make it possible to prove properties of concumnt systems by
reasoning only over single subcomponents at a time.

The goal of this paper is to present an assumption-guaranteale for the
logic presented in [10]. This would enable us to fully use trevantages of both
techniques, compositional reasoning and symbolic exeautj as well as the tool
support, which is available for this logic.

We assume that the reader has at least basic knowledge in teongl logic
and sequent calculus. The remainder of the paper is strucen as follows: A
short overview of our logic is given in Section 2. The comptisnal theorem we
use is presented in Section 3, its application is shown in $ea 4 on a producer-
channel-consumer case study. Section 5 concludes the papéh related work
and an outlook.

2 Temporal Logic Framework

In the following an informal overview over the used tempordbgic calculus is
given. The formal semantic is described in [13] and [10]. Traalculus is inte-
grated into the interactive theorem prover KIV. The tempord logic framework is
a variant of ITL [11, 14] that is extended by explicitly including the behavior of
the environment into each step. The basis for ITL are nite ofin nite sequences

of valuations, which are calledntervals. Valuations in  are calledstates Each
state is described by a rst-order predicate logic formulav@r dynamic variables
v, which also can beprimed v° or double primedv® The relation betweenv and
V0 is called system transition whereas the relation betweew® and v®®environ-
ment transition. The value of v®in a state must be equal to the value of/ in
the next successive state. Thereby the system and the enviroent transition
alternate. A selection of the supported temporal operatorare:

2 Interval Temporal Logic, introduced by Moszkowski [11]
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there is a next state and it satises '

last the current state is the last state
' holds always from now on in every state
' unless either ' holds always from now on in every state

or holds in any state and ' holds in every state before
dve  frame assumption, only variables in v are modi ed
"1k’ 2 interleaving

Further, programs are written in a SPL (Simple Programming Bnguage) [15]
like program syntax. The selection of the used SPL-opera®are:

X:=t assignment await synchronization
") 2 parallel assignment while do’ loop
"1, 2 sequential composition

Semantically, a program describes a set of traces. Theradpiit is possible
to embed programs into temporal formulas. This can be usedrfthe parallel
composition of programs with the tl-interleaving operator

2.1 Symbolic Execution

A typical sequent in proofs about interleaved programs hasé formP;

Here,P is the interleaved program, contains a temporal formula that describes

the environment behavior and a rst order formula for the curent variable

assignment, while contains the temporal property which has to be shown.
Symbolic execution on the following example sequent is doimetwo steps:

~

m:=m+1;< prog> m°= m®%m=2

First, all temporal and program formulas are rewritten to a e called rst-
next form, which encodes the transition to the next state in gredicate logic
formula. For this, the following rule® is used:

ml=m+1; <prog> m°=m% m°=m®%m=2"
(prenex)

N

m:=m+1;<prog> m°=m®%m=2

This rule separates propositons about the current state fro propositions
about all following states. So after application oprenex each formula is either a
rst-order formula, describing the rst state in the trace or a temporal formula
with a leading next-Operator, that describes the remaining trace.

Now it is possible to advance one step in the trace. In all rsbrder formulas,
unprimed and primed variables are replaced by new static vables, while the
double primed variables are replaced by their unprimed veos. Further, all

% Note that rules in the sequent calculus are read bottom-up, w ith the conclusion at the bottom and
the corresponding proof obligations on the top part.
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next-operators of temporal formulas are eliminated. In thexample, this is done
by the following rule-application:

Mi=Mo+1; <prog> Mi=m% ml=m% My=2"
(tl-step)

N

ml=m+1; < prog> m°=m% mP=m®% m=2

This results in the following sequent after simpli cation:

N

<prog> m’=m®m=3

The rules for symbolic execution of formulas in the succedeare very similar.
In KIV these rules, prenex tl-step and simpli cation, are combined to a single
complex rule calledstep

2.2 Executing Interleaved Programs

To execute two interleaved formulas a rst transition from me or the other for-

mula is executed. After this, execution continues with intéeaving the remaining

formulas. For example, if there are two interleaved programin the antecedent
m:=1;:::kn:=2;:::; ) this formula is executed by symbolically exe-
cuting either program rst. For this, the following rule is used:

m:=1;(:::kn:=2;::1); °
n:=2;(m:=1;:::k::1); °

AN

(interleaved left)

m:=1:::kn:=2;:::;
Furthermore the following equation holds for the interleawg operator
last k $

which can be used to eliminate terminated programs. In the sa that one of the
programs is blocked, only the other program is executed.

One important feature of our interleaving operator is thattis compositional.
This means, that the following rule can be applied:

R "ok

com
R (comp)

This feature is very important for the proofs of the theoremsn chapter 3 and
for abstraction in general.

Note, that our interleaving operator also supports feature like fairness and
blocking. These features and the general case, where theeni¢aving operator
contains arbitrary temporal formulas, are also describeahidetail in [16] or [10].
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2.3 Induction and Sequencing

The basic idea to proof safety properties is to advance in thaterval until a
valuation is reached that was considered earlier in the inteal, so that a loop
was executed. If it can be proven that the property is true befe and during
the loop so it is invariant, then the proof can be nished withan inductive
argument. A special rulestart induction is used to generate a suitable induction
hypothesis.

Symbolic execution can lead to many paths, that have to be elqred. Often
two di erent paths lead to same con gurations (two sequent hve the same
con guration if all temporal logic formulas are the same). ® minimize the proof
e ort a rule called sequencing is used, that allows to closeapen premise when
there exists another premise with the same con guration, ldwith more general
predicate logic formulas.

3 Compositional Theorem

Most assumption/guarantee based compositional proof teslgues use a special
operator similar to the "while-plus" operator _ presented in [17]. Informally,

the term A G means, that if A holds up to stepi, then G must hold up to

stepi + 1. This operator enables the formulation that a component wlates its

guaranteeG only after its assumption A is violated. It is needed to break the
circularity of the used compositional rule.

Assumptions and guarantees can be formulated with propogihal predicates
over unprimed and primed variables (e.g. Cau and Collette8]). We use the same
approach, but for the assumptions we use predicates over med and doubly
primed variables. In this way it can be formalized which stepare allowed for the
components and which steps are allowed for the environmerithis also allows

to use a standard TL operatorunless as_ operator, i.e.:
A G:=Gunless (G": A)
With these preliminaries we are able to construct a composial theorem:

Theorem 1. If;

ii. forall i=1;:00n0 Gi(v;V2) - G(ViiV2) N o 1ngnjei Ai (Vi Va)
ii. forall i =200 Aj(vy;va) ™ Ai(vo; va) — Ai(ve; Va)

Vo AV V2) T o g ATV V)

then:

MikiiikMy ™~ AV~ G(v; VO
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Legend:

(©)  case distinction

() simpifier

6D sep

(1) start Induction

apply Induction
T @ sequencing
€9, comp

Fig.1. Proof Graph for Theorem 1

Premisei is a temporal logic sequent while premisé - iv contain only
predicate logic formulas. These four proof obligations hathe following informal
meaning:

i. All components must sustain their guarantee as long as thesasnption holds.
These are the only proof obligations which require a tempdrkogic proof.

ii. The guarantee of each component preserves the global gudesnand does
not violate the assumptions of all other components.

iii. The assumptions of all components are transitive. With thigroperty, the
components assumption is preserved even if other comporentake several
steps.

iv. All component assumptions hold if the global assumption hd$. Therefore,
no component assumption is violated in the environment-gbe

Proof (Outline).

The theorem was formally proven with the theorem prover KIV i using the
ITL calculus described in section 2. As rst step the proof fotwo components
was done by symbolic execution of two abstract and interlead components. The
simpli ed proof graph* for this rst step is depicted in gure 1. The premisesi-iv
of theorem 1 are used as lemmas for this proof. Premises are applied by the
KIV simpli er on predicate logic premises, which are all cleed automatically by
KIV. These simpli er steps are omitted in gure 1 for the sakeof brevity.

The proof starts with the sequentM; k M, ~ A(V®v® * G(v; V9 (node 1).
M; and M, are abstract programs that have arbitrary behavior. At rst both

4 The rules apply Induction and Sequencingrefer both to another node in the proof tree, as explained
in section 2. Therefore we depict proofs as graphs. The nodesthat are referred by the rules apply
Induction and Sequencingare represented by dashed arrows and pointed arrows respeately.
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programs are replaced with their assumption-guarantee foulas of premise of
the theorem via the rulecomp, so node 2 has the following sequent; (v® v®y
Gi(V; V) K A,(Ve VY T Gy(v;vd) T A(VCVY T G(v; V9 Here, the step rule is
applied for symbolic execution. In the following, only the ades 3-5 are described,
as the other three premises of node 2 are symmetrical to thasedes.

In node 3 the rst parallel component has terminated, so it mat be shown
that A,(Ve V9 © Gy(v;vd) ~ A(V® VY ~ G(v; V9 holds. This can by done using
step and apply induction

In node 4 the rst component has made a normal step (i.e. it isaither ter-
minated nor blocked). The case distinction discerns &1(v% v®y holds (node 7)

in this step or not (node 6). Node 6 has the sequentA;(v® vo§ k A(v® Vo)

Go(v;v9 © A(V®Vv® T G(v; V9. Here, in the next step there are three possibili-
ties:

{ The left component makes a step (not depicted in the graph,sait can be
closed automatically by the simpli er).

{ The right component makes a step andA,(v%v% is violated too (node 11).
This can be closed automatically by another step.

{ The right component makes a step andA,(v®v® holds (node 12). This
premise can be closed by induction.

Node 7 contains exactly the same sequence as node 2, theeefaduction can
be applied.

Node 5 treats the case if the left component is blocked. Hettbyee cases are
possible:

{ Both assumptions A;(v%Vv% and A,(v® v® are violated (node 8). This can
be closed automatically via step rule.

{ Only the assumption A;(v% V% is violated (node 9). This is the same case as
in node 6, therefore sequencing can be applied.

{ A1(v® V% holds and the right component has made a step (node 10). This
case is covered in node 13, therefore sequencing can be agpli

This proof can be extended tan components by induction over the number
of components. The initial induction case for one componegtan be shown by
another temporal induction (similar to node 3 in the proof abve). The inductive
step can be proved by using the proof for two components as lera to reducen
components ton 1 components. Then the induction hypotheses can be applied.

Usually the construction of a modularization rule is very dcult because of
mutual dependencies. One interesting thing in our framewkris that symbolic
execution and tool support can not only be used to prove the rdalarization
theorem, it actually helps to nd the correct premises for tle rule. To do so,
the proof is as above, but without using the premises ii-iv aemmas (as we
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want to nd them at this point). Then we try to close all open premises that
contain temporal logic formulas, which results in a similaproof graph as shown
in gure 1, but with several additional open premises that cotain only predicate

logic sequents. So to nd the correct premises for the modulaation theorem are
a minimal set of generic predicate logic formulas from whicall open sequents
can be shown. By this technique a semantic analysis of the pédlel operator is

not necessary.

Extended Modularization RuleWhile this rst rule may be useful for very simple
systems it must be improved to be usable for more complex cas€irst, a vari-
able initialization in the temporal logic proofs (obligatonsi) is needed. Second,
applications of this rst rule show, that the guarantees areoften redundant.
Especially it is often necessary to have an invariance prape This invariant
can be used to express the relation between the initial statand all suceeding
states. Similar techniques for these additions are used eig [18].

So, using the additional predicated (v) for the invariant, Init (v) for the
initial values of the global system and a family of predicatelnit;(v) for the
initial values for every system component leads to an extead version of the
compositional rule:

Theorem 2. If:

i. foralli=1;:::;n:
Mis 1 (v); Init(v) © AV~ Gi(v; V)
i. forall i=1;:::;n:

Gi(vi; Vo) M I(vy) ~ G(vg;vp) N ijf tngrjsi A (v1;v2) M 1 (Vo)
imi. forall i=1;:::;n:
Ai(viiv2) N Ai(VaiMg) M T(V1)) T AiVa; Va)
V. A(vi;V2) M T (V1) © g 1ng AV V2) N T(V2)
v. foralli=1;:::;n:
Ai(vi;v2) \J (va) N Init(va) © Init i (v2)
Vi Init (V1) ©  jop gung INiti(va) N 1 (Vi)

then:
Mik:iikMp;Init (v) © A(VCVOY — G(v; V9

The informal meaning of the proof obligation of this theorenare as follows:

i. These obligations are mostly the same, except that we can n@agsume the
invariant and the initial condition for the respective commnent in the an-
tecedent.

il. - iv. These obligations are mostly the same as in the previous rulexcept
that the predicate | can now be assumed in the antecedent. Also, we have to
show in obligations ii. and iv., that the invariant is preseved by the guarantee
of each component and the global assumption.
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plist[ rlista[ rlisty, I Islista Islistb clist
vary varp
while true do { while true do { while true do { — | whiletruedo{
produce(...); acky }produce(...); produce(...); | _Sl92 consume(...);
} i }
sigy acks
producer channelge, channelgend consumer

Fig. 2. Producer-Channel-Consumer (ProChaCon)

v. Here it is shown, that the initial condition of a component ispreserved by its
assumption.

vi. This obligation establishes the invariant and the initial onditions of the
components.

Proof (Sketch). This theorem was also formally proven with KIV. The proof for
theorem 2 and 1 are very similar. However, it must be shown ftlmeorem 2 that
Init 1(v), Init »(v) and | (v) holds in the rst state. To do that, a case distinction
is used before the rst step (node 2 in gure 1). The cases wherone of the
formulas Init 1(v), Init ;(v) and | (v) does not hold can be proved via step and
induction, similar to node 8 in gure 1.

4 Case Study

In this section an example for applying the introduced the@m is presented.
After an introduction of the producer-channel-consumer study (short
"ProChaCon") and its speci cation the formulation of the assumption-guarantee
(short "AG") properties is described. The section closes i a description of
the proofs of some of the proof obligations.

ProChaCon consists, as the name implies, of three interlesll components,
depicted in Figure 2. Usually the values of thggroducer component are derived
from an application or another component. For our task it is$cient to gener-
ate them randomly. These values are sent using a classicabtway-handshake
protocol [19] to the channel component. Thechannel is again divided into a
receiver and a sender component. Both are connected througlou er in which
the incoming values are stored. The receiver is responsilitestore the incom-
ing values into the bu er and the senders job is to forward théu ered values.
Thereto, the receiver attaches the incoming value to the ber-list and the sender
transmit the rst value of the list as long as the bu er is not empty. The bu ered
values are transmitted to theconsumercomponent, which processes the received
values in an arbitrary way. The history of sent and receivedalues is modeled by
inserting history lists on certain points, e.g plist, also dpicted in Figure 2. They



producer:
begin
while true do
await cha:sig =ch ,:ack;
a:=[7];
cha:= mkch(a, ch a.sig, chy.ack) ;
cha:= mkch(ch ,.data,
. cha.sig, chy.ack)j

Compositional Proofs with Symbolic Execution

consumer:
begin
while true do
await chy:sig 6chp:ack;
b := chp:data;
chy := mkch(ch p:data;
chy:sig;chy:ack)j
clist :==clist + b

plist := plist + a end;
end;
channel:
begin begin

1 while true do

2 await cha:sig 6cha:ack;
3 ¢ :=chj:data;

4  chy := mkch(cha:data;

while true do
await chbufé [];
d:= chbuf :first j
chbuf := chbuf :restj

21

slista := slist o + chbuf :first ;
await chy.sig = chy:ack;
chy := mkch(d, chy:sig;chp:ack);
chy := mkch(chy:data;
: chy:sig;chp:ack);
slisty ;= slistp, +d
end;

cha:sig; : cha:ack)j
elisty, ;== elisty +c;
5 chbuf := chbuf + ¢ j
elist, = elist, + ¢
end;

Fig. 3. SPL Representation of ProdChaCon

are implemented as atomic assignments attached to the acdant program step.
A speci cation of the components with SPL is shown below in gure 4.

First some abbreviatory notations are described that will b used in the
following. The sets of all used unprimed, primed and doubleémed variables are
denoted with vV, V°and V% As mentioned in the introduction a step consists of
a system step and an environment step. In the following it isfien necessary to
express that a component only change a set of variables This is formulated
by a frame assumption, which corresponds to the formula

. 0—
dLe:, wavn W= W

which states that all program variables except L are unchaeg. Here, L is a
subset of V. Further, during the environment step some varides are unchanged.
This is formulated with the following predicate

Unchanged,, (L) :, wo= w9

w2L

The veri ed property is \The list of received values is alwag a pre x of
the list of the sent values”. In other words, only values thatave been sent are
received and the order is unchanged. So for the overall guatee the formula
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clist v plist! clist®v plist®is used, wherev is the pre x operator. The global
assumption states that all variables are unchanged by the wronment. This
leads to the following proof obligation for the complete sysm.

Unchanged,, (V) I" (clist v plist ! clist®v plist9

The system uses, as mentioned, a classical handshake to it values.
Therefore, the involved components have to guarantee at kathat they ful I
their part accurate. Sending components must guarantee théhey transmit a
value only if it is their turn and that the history-lists are updated in a correct
way, formally expressed irHandshakgeng.

Handshakgenq(ch, hlist) :,
(ch:sig 8ch:ack! (ch = ch™hlist = hlist 9)
A (ch:sig =ch:ack® ch®sig =ch%ack) ! hlist = hlist 9
A (ch:sig =ch:ack® ch®sig 6ch®ack) ! hlist + ch:data = hlist ©

AnalogouslyHandshakesceive €Xpress that the receiver has to guarantee that
values are only received if the handshake variables are uneyy The history
list is updated if the handshake variables signalizing thaa value was received
successfully and the next value can be transmitted.

The producer component has to guarantee two things. Firsthat only inter-
nal variables and the handshake channel are changed. Secotiét the hand-
shake protocol is implemented correctly. The producers eanenment assumption
A, states that the environment does not change the internal vables as long
as the producer could transmit a value. This is captured iG; and A;.

G.(V;V9 :d a,ch,pliste® Handshakgeng(Cha;plist)
A1(VeV9 : Unchanged,,(a,plist)" (chl.sig =chl.ackl chd =ch?j)

The AG of the consumer can be formalized analogously:

G4(V;VY :d b, chycliste® Handshakesceive (Chy; Clist)
A4(Ve VY :, Unchanged,,(b,clist)”* (chl.sig8 chl.ackl chd=ch?j)

In a similar way the AGs for both channel components (channgl,
channeleng) can be formalized. They need additional guarantees, becaithey
pass the values via a bu er. That this is done correctly is fonalized by the two
guaranteesBu er i, and Bu er .

Bu er i, (bu er, hlist i,, value,) :,
(hlist;, = hlist? ~ buer =buer 9
_( hlistj, + value;, = hlist %,
A buer + value ;, = buer 9
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Bu er oy (bu er, hlist o) :,

hlisto,: + bu er = hlist 9

0
out T buer

The complete guarantee for channgl consists of the statements that
channele. only changes its internal variables, that the receiver parf the hand-
shake protocol is implemented in a correct way and that the agponent writes
into the bu er correctly. Additionally, the component needs to guarantee that
the pre x property also holds between both internal historylists. As assumption
it can be presumed that the environment does not change thet@mnal variables
and the channel is not changed as long as changglcan receive a value. That
leads to the following AG.

Go(V;V9 :, d c, chy, chbuf, rlist,, rlistye
N Handshakeeceive (Cha, rlisty)
A Bu er i, (chbuf, rlisty, c)
A rlistd v rlist
Ay (VEVOy -, Unchanged,,(c, rlist,, rlistp)
N (chl:sig 6ch%:ack ! ch? =ch?)

The AG of the other channel component (channgl,q) can be formalized
analogously withBu er ,,; and Handshakgeng.

The system always has to be in a correct state. In other wordbe bu ers have
to be empty or at least have to be lled in a non-con icting way This is expressed
as an invariant. Theoretically, it is also possible to put dlthese into the AGs
of the components, but it is more concise to have only local gperties there.
Therefore statements consisting of variables of more tham® component are
separated within an invariant, which expresses the connéath of the components.
First it states that depending on the handshake variables # two neighbor

history lists are either equal or they di er in the value thatis set in the data
eld.

11(V):, (chysig =chy.ack ! elist; = plist)
N (chg.sigéchg.ack ! elisty + chy.data = plist)
A (chy.sig = chy.ack ! clist = slisty)
A (chy.siggchy.ack ! clist + chy.data = slistp)

For the channel it is stated that all values that were writteninto the bu er
are either still in the bu er or were already send to the consmer component.
This is formalised withslist + chbuf = elist,. Additionally, some pre x properties
are needed to show the overall property:

(V) :, clistv slist,” slist, v slist, ~ slist; v elist,
N elisty v elisty M elist; v plist
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The overall invariant | (V) is 1 (V) ~ 1 (V). The only needed initial infor-
mation is, that the history-lists of both channel componerg are equal. This is
formulated with init,  (rlist, = rlist ) and initz (slist, = slisty).

All proof obligations were formally proven with KIV. To give an
impression of the proof e ort for the components, we descrdas ex-
ample proof of the temporal logic proof obligation for channelec,
which is as follows:

Mo 1 (V);Init o(V) ~ Ax(VEVOY I Gy(V; V9

The proof graph for this obligation is shown on the right sideln
the beginning we start induction, explained in section 2.3nitially
the program is in position 1 (the numbers refer to the progranof
page 21). Thewhile-loop could be evaluated, so that the program
is in position 2. Executing the rst step leads to a case digtic-
tion. Either the await-statement could be evaluated tarue and
the program is on position 3 or tofalse and the program remains
at position 2. In the second branch induction is applied, ahe sequent has not
changed. In the rst branch further steps are executed till he program is again
at position 1, which has been encountered before. In this easduction is ap-
plied and the proof is nished. The other three temporal logi proof obligations
can be veri ed analogously without additional e ort.

The proofs for the predicate logic proof obligations are sirght forward. They
start with a case distinction of the conjunctions on the righside of the sequence.
All premises can then be closed by the simpli er of KIV automacally.

All in all the reuse of the AGs is very high, for example everyoceponent
that uses a handshake protocol has to ful Il the handshake gwantees. Only the
invariant depends on the property we want to verify. All prods are simple and
can be automated to a large extend. One reason for this is, thile components
are no longer interleaved after modularization and so symho execution leads
to only few new cases.

5 Related Work and Summary

In summary, we have presented a method how to use symbolic exton together
with compositional reasoning. As basis for our work we use &fL variant [10]
that supports symbolic execution. Furthermore it provides compositional inter-
leaving operator, which allows us to formulate an assumptieguarantee theorem
and prove it on syntactic level. The logic is fully integratd into the interactive
theorem prover KIV and all proofs where done within this toalA further advan-
tage of our logic is the possibility to directly include muliple system description
languages into the logic formalism, e.g. SPL which is used this work. Other
languages that were also successfully integrated into thegic are Statemate
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and UML statecharts [20, 21] as well as Asbru, a language usked the veri ca-
tion of medical protocols [22]. The tool support and the syaictic nature of the
theorem simpli es adaption of the theorem to particularites of these languages
(e.g. to have better support for events in statecharts). Theability of symbolic
execution of programs and statecharts supports intuitive red understandable
proofs. To our knowledge this is the rst work combining symblic execution
with compositional reasoning.

Our compositional theorem is inspired by the work of Abadi ash Lamport
[17]. They introduced the ~ operator and a theorem which is suitable for safety
and liveness properties. In comparison to our work they usemunction for
the composition of components. While conjunction is a mordegnentary oper-
ator than our interleaved operator, all components must bepgci ed as stutter
equivalent components. To achieve this, their componentsust be speci ed in
a special formula in normal form, while we are able to speciffje components
directly in various description languages. Due to the inchion of the double
primed variables we have a stuttering mechanism directly iour semantics.

We use a similar technique for de ning assumptions and guamtees as Cau
and Collette [18]. Their theoretical work is more general dbe described theorem
can be adapted to state based as well as message based syst@ospared to
this our focus was to provide a calculus and tool support foruo technique.

Solanki et. al. [23] use compositional reasoning togetheitiwITL. They use
an AG variant that allows guarantees to be formulated in ITL.As tool they
use (ana)Tempura [14, 11]. This technique is applied to a santic web service
description.

In a paper by Zwiers et. al. [24] invariants and preconditiog are integrated
in a compositional framework for concurrency. Joseph and Rdya [25] integrate
invariants in a framework for total correctness. They use G5like distributed
programs. Moszkowski [26] uses ITL for a compositional speation and proof
technique. Further work about compositionality are e.g. Pueli [27], Stirling [28]
or Woodcock and Dickinson [29].

The producer-channel-consumer case study is a standard exae for compo-
sitional reasoning. Pnueli [30] described a producer-chal-consumer example
already 1986 formally with temporal logic. Abadi and Lampdr[17] also used this
example to illustrate how to specify components of concumesystems. In their
example they show that two N-element queues can be composedan (2N+1)-
element queue. Jonsson and Tsay [31] use the same example praperty.
The producer-channel-consumer example is also veri ed bydtling et. al. [32],
where streams for modelling the communicationare are useddaRock et. al. [33]
in combination with TLA for speci cation.

Next steps are to apply our approach on liveness propertieBirst experi-
ments in this direction were very promising. Another intersting topic would

be to integrate an objectlevel_+ operator similar to [17]. This would allow us
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to use more complex assumption guarantee properties withoabandoning the
advantages of our approach: symbolic execution and tool sumt with various
system description languages.
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