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Abstract

Many reactive control systems consist of a large number of similar in-
teracting objects; these objects can be often grouped into classes. Such
interacting process classes appear in telecommunication, transportation
and avionics domains. In this paper, we propose a modeling and simu-
lation technique for interacting process classes. Our modeling style uses
well-known UML notations to capture behavior. In particular, the control
flow of a process class is captured by a state diagram, unit interactions
between process objects by sequence diagrams and the structural rela-
tions are captured via class diagrams. The key feature of our approach is
that our simulation is symbolic. We dynamically group together objects
of the same class based on their past behavior. This leads to a simulation
strategy that is both time and memory efficient and we demonstrate this
on well-studied non-trivial examples of reactive systems. We also use our
simulator for debugging realistic designs such as NASA’s CTAS weather
monitoring system.

1 Introduction

System level design based on UML notations is a possible route for pushing
up the abstraction level when designing reactive embedded systems. For this
approach to be viable, such design flows must include simulation and (platform
dependent) code generation tools. Here we focus on developing an efficient
simulation technique for reactive systems specified as interacting classes of active
objects.

Interacting process classes arise naturally in application domains such as
telecommunications and avionics. An obvious way to define an execution se-
mantics of a language of interacting process classes is to maintain the local
state of each object as the simulation proceeds. This will however lead to an
impractical blow-up in realistic system designs; consider for instance, a tele-
phone switch network with millions of phones, an air traffic controller with
hundreds of clients etc. To address this issue, we develop a symbolic execution
methodology. Specifically, we do not maintain/access the name space of objects
during simulation. Instead, we group together objects dynamically mainly by
keeping track of their past histories.

We use state and class diagrams as a basis for our modeling framework —
class diagrams are used to capture the associations between the process classes
and state diagrams are used to describe the behavior of process classes. One
unconventional feature in our modeling framework is that the unit of interaction
is chosen to be not just a synchronization or send-receive event pairs. Instead,
we use a sequence diagram as a basic communication unit. We note that at the
model level, even primitive interactions between process classes often involve
bidirectional information flow and are best depicted as short -acyclic- protocols.
Thus from our experience in reactive system modeling (including the examples
discussed in this paper), descriptions of process interactions based on sequence
diagrams is very natural. Finally, we also introduce static and dynamic associ-
ations between objects. This is necessary when classes of active objects interact
with each other. Static associations are needed to specify constraints imposed
by the structure of the system. For instance, the topology of a network may
demand that a node can take part in a “transmit” transaction only with its



neighbors. We use class diagrams in a standard way to specify such associa-
tions. On the other hand, dynamic associations are needed to instantiate the
proper combinations of objects -based on past history- to take part in a trans-
action. For instance when choosing a send-receive pair of objects to take part
in a “disconnect”’ transaction we must choose a pair which are currently in the
“connected” relation. This relation has presumably arisen by virtue of the fact
that they took part last in a “connect” transaction.

All these features of our model demand a good deal of work in terms of
defining an execution semantics. Furthermore, developing a symbolic execution
semantics for process classes where we must also symbolically maintain static
and dynamic class associations is even harder. In this paper we develop such a
symbolic execution mechanism for interacting process classes.

In summary, the highlights of our work are: (a) a symbolic execution seman-
tics which dynamically groups objects of a process class based on behavior, (b)
systematic use of sequence diagrams to specify behavioral interactions between
interacting process classes, and (c) investigating the efficiency of our symbolic
simulation and its use in debugging with the help of realistic examples of reac-
tive controllers. In terms of future work, we are looking into code generation as
well as (symbolic) test-bench generation from our models.

Outline We shall develop our material in two phases. As a first step we
present the core modeling language and its execution semantics without in-
volving class diagrams and associations (static and dynamic). We shall then
introduce these additional features and explain how the simulation mechanism
is correspondingly extended before presenting the experimental results.

2 Related Work

In this section, we survey the literature on behavioral simulation of reactive
object-based systems.

Our previous work [14] provides a modeling language based on more elabo-
rate inter-object based description of interactions. However it does not consider
process classes. The work on Live Sequence Charts [3, 7] presents an sequence
diagram based inter-object modeling framework for reactive systems. However,
this approach does not exploit symbolic execution of process classes. Though
process classes are specified symbolically, they are instantiated to concrete ob-
jects during play-out or simulation. The approach taken in [18] alleviates this
problem by maintaining constraints on process identities but falls short of a
fully symbolic execution without process identities.

There are a number of design methodologies based on the UML notions of
class and state diagrams as exemplified in the tools Rhapsody and RoseRT.
These tools also have limited kinds of code generation facilities. Again, no
symbolic execution semantics is provided and the interactions between the ob-
jects -not classes- have to be specified at a fairly low level of granularity. The
new standard UML 2.0 advocates the use of “structured classes” where inter-
action relationships between the sub-classes can be captured via entities such
as ports/interfaces; protocol state machines can be used to specify the allowed
access patterns of an interface. Our present framework does not cater for struc-
tured classes but it can easily accommodate intra-object based interaction no-



tions such as ports, interfaces and protocol state machines. In this context, we
emphasize that our symbolic execution mechanism is not tied to any particular
modeling style for describing process interactions.

Turning to the works on behavioral subtyping, there exists a rich literature
on substitutability of objects of one class by objects of another class. One of
the early works in this area is by Liskov and Wing [11]; behavioral subtyping
here involves establishing relations between the pre/post conditions of meth-
ods of the superclass and subclass. The focus is more on passive objects —
objects without a control of their own (i.e. the state change of an object is by
invocation of methods by other objects). Subsequently, behavioral subtyping
of active objects have been studied in many works, [12, 6, 19] to name a few.
These works mostly exploit behavioral inclusion notions from process algebra
(trace containment, simulation relations, failure inclusion etc) to define notions
of behavioral subtyping. Unlike the works on behavioral subtyping, our focus
is not to detect/establish subclass relationship among classes based on behav-
ior. Instead we dynamically group together objects of the same class based on
behavior exhibited so far.

Our method of grouping together active objects based on behavior bears
some relationship to abstraction schemes developed for grouping processes in
parameterized systems (e.g. see [13, 4]). In particular, for parameterized sys-
tems with many similar processes (whose behavior can be captured by a single
FSM or EFSM?!), it is customary to maintain the count of number of processes
in each state of the FSM/EFSM. Thus, the names/identities of the individual
processes are not maintained in the state space representation. However, our
symbolic simulation of active objects is complicated by the presence of inter-
object associations. In other words, we need to maintain associations between
objects without referring to their names. Such an issue does not arise in param-
eterized system validation.

The notion of protocols and “roles” played by processes in protocols have
appeared in other contexts (e.g. [15]). Object orientation based on the actor-
paradigm has been studied thoroughly (e.g. see [10]). We see this as an or-
thogonal approach where the computational rather than the control flow -and
communication-features are encapsulated using classes and fundamental OO
features such as inheritance. It will be interesting and challenging to incor-
porate this approach into our framework. In a broader perspective, our work
has similarities with frameworks such as Ptolemy [9] and Metropolis [1] where
the communication and computational aspects are clearly delineated from each
other.

3 The Modeling Language

3.1 Model Specification

We model a reactive system as a collection of process classes P, where a class p €
P is a collection of processes with similar functionalities. Objects belonging to a
class will possess a common control flow detailing the pattern of computational
and communication activities they can go through and this is described as a
state diagram. A communication action will represent a snippet of a protocol,

LAn EFSM is an extended finite state machine with integer data variables.



namely, the part played by an object of the class in an execution of the protocol.
Each such action will have a label of the form +, where  is the name of a
transaction (i.e., a sequence diagram together with a set of constraints forming
the guard of the transaction), and r is the name of a particular lifeline in .
We define I', = {7 | 7, is an action label in p € P}. Further, let I' = {J,cp Ty
This induces the function loc given by loc(y) = {p | v € I',}. For each y € T
and process p € loc(vy), we define a set of roles denoted by R(p,v) = {r |
v~ is an action label in p}. We further make an assumption; role names are
local to a process class. Thus,

VyeTl eVp,qeloc(y)ep#q= R(p,y)NR(q,7) =¢

Computation actions can also be specified on the local variables of the objects
of a process class. Let V, = {v1,...,v,} be the set of variables declared in a
process class p € P. Then the state valuation v € Val(V,), where

Val(V,) = {(val(v1),...,val(v,)) | val(v;) € domain(v;)?.}

Such computations can be viewed as degenerate sequence diagrams with a single
lifeline.

Thus our model consists of a network of interacting process classes where
each process class p’s behavior is captured by a state diagram 7'S,. The set
of action labels in T'S, is defined as Act, = {y, | v € T'p,r € R(p,v)} . This
means that objects of p can participate in transaction 7 by playing the role of
the lifeline marked by (p,r). Often, different objects of the same process class
can play different lifelines in the same execution of a transaction. Hence an
action label mentions the transaction name as well as the lifeline/role name.
The set of all lifelines in a transaction -y is defined as

agents(y) = {(p,r) | p € loc(y),r € R(p,7)}

We now give the definition of the specification of our model as,

Definition 1 (Model specification) Given process classes P, transactions
r= UpeP T, and role names R(-p, -y), the model specification Spec = {T'S, |
p € P} is the collection of labelled transition systems, where T'S, = (S, Acty, =,
,inity,, Vp,vinity). T'S, is a finite state transition system with: S, as the finite
set of local states of p, init, € S, is the initial state, =C Sy x Act, x Sp is
the transition relation, Act, & V), are as defined earlier and vinit, is the initial
valuation of V,

3.2 Transactions as Sequence Diagrams

A transaction in our model is a guarded sequence diagram. The diagram in
Figure 2(b) is an example of a transaction (NoMoreDest) consisting of three
life lines. We will discuss this example in detail later. Our sequence diagrams
will be based on send-receive type of communications. However other features
such as synchronizations can be easily added. As usual, the partial order of
events in a sequence diagram is the transitive closure of (a) the total order of
the events in each process (time flows from top to bottom along each lifeline)

2The supported variable types are: Integer, Real, Boolean and Character.



and (b) the ordering imposed by the send-receive of each message (the send
event of a message must happen before its receive event). Internal events can
be used to denote update operations associated with the transaction but we will
suppress them here for ease of exposition (see Section 7).

3.3 The Guard of a Transaction

The guard of the transaction is a conjunction of the guards of its lifelines.
The guard of a lifeline consists of two parts: (a) a constraint on the (finite)
execution history of transactions executed (capturing the past behavior) and (b)
a propositional formula; both of which must be satisfied by the object currently
auditioning for this role.

In this work, we use regular expressions on the alphabet of action labels
as guards on past behavior. A propositional formula is constructed using the
atomic propositions of a component p which specifies the current state. For
the transaction shown in Figure 2(b), no restriction is placed on the histories
of the lifelines C'arspqsiop and Terminal;,.. However, the Cruiser object must
have a local history where the last action label executed by this object should
be AlertStoprcypiseg. Also, the proposition dest = 0, should be true for a car
object to play C'arsngstop. The propositional formula for the other two lifelines
is trivially true. Note that we could have avoided the regular expression guards
in our model by blowing up the state diagrams of the process classes. From
our experience in modeling some of the examples discussed in this paper, this
leads to a substantial blow-up which can be easily avoided by putting in regular
expression guards.

To formally define a transaction, we fix an alphabet M of messages and
an alphabet A of internal actions which can appear in our transactions. The
alphabet of agents is

PR ={(p,r) |[pe PAIyeT,,r € R(p,7)}

Definition 2 (Transaction) A transaction 7y is a guarded Message Sequence
Chart(MSC) [I:Ch] where Ch is an MSC over (P¥, M, A). I is the guard of the
form
/\ I, where x = (p,r) and I, = re; A g,.
z€agents(y)

Here re, is a regular expression built out of the action labels Act,, capturing
the execution history of agent x, and g, is the propositional formula over the
atomic propositions of x.

3.4 Associations

We make use of class-diagrams to model the system structure and associations
to model different kinds of communication links that can exist in an interaction
among objects. These extensions are crucial for achieving adequate modeling
power. The associations are classified as static or dynamic in a manner similar
to as presented in [17]. We assume all the associations to be bidirectional.



Static Associations A static association expresses structural relationship be-
tween the classes. In a class-diagram the static associations are captured using
links, annotated with fixed multiplicity n > 1 at both the association ends.
Static associations between the objects remain fixed and do not change at run-
time, i.e., they represent permanent or unchanging relations between the classes
during the execution. We can refer to static associations in transaction guards
to impose the restriction that process classes chosen for a given pair of agents
should be statically related.

Dynamic Associations A dynamic association expresses behavioral relation-
ship between the classes, which in our case implies that the objects of two
dynamically associated classes can become related to each other during simu-
lation for some period of time, exchange messages (by executing transactions
together) and then leave that relation. In the class-diagram dynamic associa-
tions are captured using links, annotated with multiplicity range 0..n, n > 1 at
both the association ends. Thus the contents of a dynamic relation can change
during simulation (unlike the static relation).

4 Execution Semantics

We now turn to the the execution semantics of our models. At the initial
configuration, every object of the class p will be residing at the designated initial
state of the state diagram 7'S,, with null history and some initial values for the
local variables. The system will move from a configuration ¢ to a configuration
¢’ by executing a transaction, say . For doing so, we must be able to assign
to each lifeline ,, an object which is at the appropriate control state and has a
history and variable valuation which satisfies the guard associated with the role
r of transaction 7. Instead of formalizing this idea, we prefer to illustrate it in
a concrete setting.
Suppose c is a configuration at which

e 2 Clar objects oc; and ocy are residing in state stopped and third object,
ocs, in state s2 of 'S¢,y (shown in Figure 1(a)), having values for the
variable dest as 0, 2 and 1 repectively.

e 3 Cruiser  objects, ory ...ors are residing in  state
started of T'S¢ryiser (shown in Figure 1(b)) such that, orl & or2 have
as their current history-

(ACtCruiser)*-AleTtStoprchisEg
and or3 has as its current history-

(ACtCruiser)*-DepartACkAstarted .

e 6 Terminal objects, oty ...otg are residing in state sl of T'Sterminat,
(shown in Figure 2(a)).

Now in order to execute the transaction NoMoreDest at ¢, we observe
that: for Cruiser, only or; and ors’s history satisfy the guard of the lifeline
Cruiserycystop, though ors is also in the appropriate control state. Hence, we
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can choose either ory or orsto play the role in given transaction. For the Car,
both oc; and ocy being in the stopped state are eligible for the role C'arsngstop,
however the propositional guard of this lifeline, dest = 0, is satisfied only by oc;
(hence only oc; can be chosen for Car). For Terminal;y,., both the history and
propositional guards impose no restriction and hence we can choose any object
residing in the appropriate control state (i.e. sl1).

Assume that besides oc; for Car, or; and ot; are chosen for Cruiser and
Terminal respectively to play the roles in NoMoreDest at configuration c. Let
the resulting configuration be ¢’. At ¢’ all objects other than oc;, or; and oty will
have their control states and histories unchanged from e. At ¢/, the object oc;
will reside at idle due to transition labeled NoMoreDests,qst0p from stopped
to idle. Similarly or; and ot; will reside at stopped and sl in their respective
transition systems.

Execution in the presence of associations In the case of static associa-
tions, the only additional restriction to the execution semantics as illustrated
above, will be to choose statically related objects for the given lifelines. We now
illustrate the use of dynamic associations using the rail-car example. Details
about this example will be given later in Section 6. During the system run
various rail-cars enter and leave the terminals along their path. When a car is
approaching a terminal, it sends arrival request to that terminal by executing
ContactTerminal transaction and while leaving the terminal, its departure is ac-
knowledged by the terminal by executing DepartReqA or DepartReqB (refer to
Figure 1(a)). Hence, the guard of DepartReq(A/B) requires that the participat-
ing Car and Terminal objects should have together executed ContactTerminal
(when the car was entering this terminal). Since this condition involves a rela-
tionship between the local histories of multiple objects, we cannot capture it via
regular expressions over the individual local histories. Instead, we make use of
dynamic relation ItsTerminal between the Car and Terminal classes as part of
our specification. If car object z and terminal object y play the roles for the life-
lines Carsnareq and Terminal,cyreq in ContactTerminal (refer to Figure 1(a)
for T'Scar and Figure 2(a) for T'Sterminat), then the effect of ContactTerminal
is to insert the tuple (x,y) into the ItsTerminal relation. The DepartAck(A/B)
transaction’s guard now includes the check that the object z', corresponding
to lifeline Carpepack, and object y’, corresponding to lifeline T'erminal spgack be
related by the dynamic relation ItsTerminal, i.e. (z',y") € ItsTerminal (refer
to Figure 3); so if objects ¢ and y have been selected to play the Carycyack
and Terminalspgack, voles in DepartAck(A/B), the check will succeed. Further-
more, the effect of DepartAck(A/B) transaction is to remove the tuple (z,y)
from ItsTerminal relation.



4.1 Behavioral Partitions

One of our key objectives is to avoid having to keep track of the identities of
the objects of a process class during execution. To achieve this, the objects of
a process class will be grouped together into “behavioral partitions”, based on
their potential future behaviors. Note that for an object of a process class p, the
transactions it can execute depends on its current state in 7'S), its execution
history (which determines the satisfaction of regular expressions occurring in
guards of lifelines mentioned in the transition labels in 7'S;), and valuation
of its local variables (determining the satisfaction of propositional guards of
lifelines in 7'S,). In the examples we have studied it suffices to deploy very
restricted regular expressions (in the guards of the transactions), which can be
represented as DFAs and hence, from a pragmatic point of view, complexity is
not an issue. For a process class p and any transaction v € I', we now define
the following:

REV = Uw:(p,r)eagents(v)reaca and
REI‘ - U’YEFP RE'Y .

P
Let the minimized DFAs corresponding to the regular expressions in REr, be
denoted by the set Mp,. We now give the definition of a “behavioral partition”.

Definition 3 (Behavioral Partition) For a process class p, let
TS, = (Sp, Actp, —=p, init,, Vp, vinity) be the transition system associated with
p and Mr, = {m1,...,my} be the set of minimized DFAs corresponding to reg-
ular expressions in REr,, as explained above. Then a behavioral partition b,
of class p is a k + 2 tuple (s,s1,...,8E,v), where

S € Sp,81 € Smyseves Sk € Sy, v € Val(Vy).

Sm; denotes the set of states of DFA m;. We use B, to denote the set of all
behavioral partitions of process class p.

Thus, two objects 01 and o2 of process class p are in the same behavioral
partition (at a configuration) if and only if the following conditions hold.

e 0y and 0, are currently in the same state of T'S,,
e They have the same valuation of local variables, and

e They are in the same states of all the DFAs corresponding to the regular
expressions in REr .

The first two criterion are clear. As for the third one, the past histories of
two objects need not be identical in order for them to be in the same behavioral
partition. However any common future evolution of the two histories must
satisfy the same set of guards (of all the lifelines mentioned in the transition
labels of the state diagram of the class). This criterion implies that the potential
computation trees of two objects in the same behavioral partition are the same.
This is a strong type of behavioral equivalence to demand and there are many
weaker possibilities but we will not explore them here.



Bounding the number of Behavioral Partitions Recall that each action
label a = v, € Act,, is a lifeline of a transaction and in the present setting has a
guard in the form of re, A g,, where x = (p,r) € agents(y) and re, is a regular
expression. Let M (a) denote the number of states of the minimal deterministic
automaton accepting re,. The number of behavioral partitions of process class
p is then bounded by [Sp| X [[,e ace, M(a) X |Val(V3)|, where |Sp| is the number
of states of T'S, and |V al(V,)| is the number of all possible variable valuations
of V,,. Note that for reactive systems we are more interested in communication
aspects, than in internal computations, hence we make use of local variables
essentially for enumerating certain properties, which may otherwise lead to large
number of states and transactions in specification, if specified explicitly via
different states. Thus, even though the usage of local variables may lead to
large number of behavioral partitions, they will essentially remain bounded.
From our experience, they remain small for most of the cases.

For example, consider T'S¢yiser as shown in Figure 1(b); it contains 7 states,
i.e. [Scruiser| = 72, and the description of the transaction NoMoreDest shown in
Figure 2(b). This transaction is executed when a car has no further destinations
to visit (as indicated by the propositional guard, dest = 0, of lifeline Carspgstop),
and so it stops its cruiser by sending it the message stop. For the lifeline
corresponding to the cruiser, Cruiser,cystop, We see that it has a non-trivial
regular-expression (Actcryiser)*-AlertStopreypiseg as its guard. The DFA for
this regular expression contains only 2 states:

- s1 which is the initial state accepting the regular language

((ACtCruiser)*-_‘AlertStOprchisEg | 5) .

- s2 which is the final state accepting the regular language

((ACtCruiser)*-Ale"'tStOprchisEg) .

Of all the transition labels appearing in T'S¢yyiser, only NoMoreDest,cystop
is guarded using a regular expression (propositional guards of lifelines corre-
sponding to all the labels are trivially ¢rue). Also, there is no local variable
declared for C'ruiser. Thus, the bound on the number of behavioral partitions
for Cruiser is 7¥2=14. By carefully examining T'Sc,yiser and the above regu-
lar expression, we can derive the tighter bound of only 8 behavioral partitions.*
This is an interesting observation, since it indicates that no matter how many
objects we choose to have in process class Cruiser, they will always be divided
into maximum of 8 partitions; and infact in our experiments we have used 24
and 48 Cruiser objects representing two different configurations.

In what follows, for a process class p we denote a behavioral partition b, € B,
as (s, History,v) where s is a state in T'S,, History is a function which maps
each action label a € Act, to a state in the minimal DFA accepting the regular
expression guard of a, and v € Val(V},).

3We have not shown one state and its associated transitions to maintain clarity.
4We do not compute bounds in this way, but this is just to show that actual bound may
in-fact be lower than computed using the formula described earlier.
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Simulation example with behavioral partitions Consider T'S¢qyiser Shown
in Figure 1(b). Suppose we simulate the specification with 24 Cruiser objects
(assume that other process-classes are also appropriately populated with ob-
jects). As mentioned earlier, in T'Scyyiser, Only NoMoreDest,qysiop i guarded
using regular expression (i.e. there is no restriction on the execution histories
for other action labels). Let us call DFA corresponding to NoMoreDest ey Stop
as DFA1, which contains two states as described before. Initially all the ob-
jects are in the stopped state of T'S¢yyuiser- And all of them have null exe-
cution history satisfying the trivial regular expression € and hence are in the
initial state sl of DFA1l. Thus they are in the same behavioral partition
(stopped, NoMoreDest,cysiop —+ S1, @), where ¢ represents an empty variable
valuation.

Suppose now one cruiser object, say ol, executes the trace “DepartReqA siqr4,
DepartAckAsiarted, Engagercyng, AlertStopreypiseg” - As a result it now resides
in control state started, and its execution history satisfies the regular expres-
sion corresponding to state s2 of DFA1.Another cruiser object, say 02, executes
the trace “DepartReqAsiort, DepartAckA iarteq” and also resides in control state
started. However, unlike ol, the execution history of 02 satisfies the regular
expression corresponding to state s1 of DFA1. Note that, during system simu-
lation objects of other process classes are also involved in various transactions,
some of which may not even involve cruiser objects. Here we focus only on the
Cruiser class for the purpose of illustration. After above executions, we now
have three behavioral partitions for cruiser objects.

1. (stopped, NoMoreDest, cysi0p —+ s1,¢) has 22 objects which were idle.

2. (started, NoMoreDest cysi0p — 52, ¢) has object ol, which last played
the lifeline AlertStop,cvpiskg-

3. (started, NoMoreDest,c,st0p — S1,¢) has object 02, which last played
the lifeline DepartAckAstarted-

In the preceding, objects in different behavioral partitions have different sets
of actions enabled, thereby obviously leading to different possible future evolu-
tions. Now let object ol execute the transaction NoMoreDest,cyst0p. Note that
we could not have chosen 02 to play this role, since it does not satisfies the reg-
ular expression guard corresponding to NoMoreDest,cysi0p (being in state sl
of DFA1, which is not the final state). The above execution results in a merger
of the first two behavioral partitions shown in the preceding, that is, ol is now
indistinguishable (behaviorally) from the 22 objects which never participated in
any transaction. For all of these 23 objects, the action DepartReqAgqr is now
enabled. This is the manner in which behavioral partitions will be split and
merged during simulation.

4.2 Simulation of Core Model

To explain how symbolic simulation takes place, we first define the notion of
“configuration”.

11



Definition 4 (Configuration) Given a model specification Spec consisting of
process classes P, such that each process class p € P contains N, objects, the
configuration of Spec is defined as cfg = ({B, | p € P},0) where

- B, is the set of all behavioral partitions of process class p.

- 0 :Uyep By = NU {0} is a mapping defined as o(b) = c,(b) for b € By,
where ¢, : By — NU {0} gives the number of objects in each behavioral
partition of p, s.t. Ypep,cp(b) = Np.

The set of all configurations of Spec is denoted as Cspec.

Our symbolic simulation efficiently keeps track of the objects in various
process classes by maintaining the current configuration, s.t. only only the
behavioral partitions with non-zero counts are kept track of. The system moves
from one configuration to another by executing a transaction. In other words,
the transition relation of our operational model is a subset of Cgpec x ' x Cgpec.
How can our simulator check whether a specific transaction «y is enabled at the
current configuration ¢? We say that 7 is enabled at c if for every lifeline of v
we can assign a distinct object to take up that lifeline (i.e. we do not want the
same object to act as several lifelines in the same execution of a transaction 7).
Since we do not keep track of object identities, we define the notion of witness
partition for a lifeline, from which an object can be chosen to play the role in
that lifeline.

Definition 5 (Witness partition) Let v € T' be a transaction and cfg €
Cspec be a configuration. For an agent x = (p,r) € agents(y) we say that
a behavioral partition b = (s,s1,...,8,v) is a witness partition, denoted as
witness(x, v, cfg), for the lifeline v, at configuration cfg if

1. be B,.

2. s (ll s’ is a transition in T'S)

3. If m; € My, is the DFA corresponding to re,, then s; is an accepting
state.

4. v € Val(V,) satisfies g,.
5. a(b) # 0, that is there is at least one object in this partition.

Intuitively the third and fourth conditions above require that the objects of a
witness partition have: a) an execution history satisfying the regular expression
and b) variable valuation satisfying the propositional guard, corresponding to
the lifeline for which this partition is chosen for. An “enabled transaction” can
now be defined as:

Definition 6 (Enabled Transaction) Let v be a transaction and cfg be a
configuration. We say that vy is enabled at cfg iff for each agent x = (p,r) €
agents(y), there exists a witness partition witness(z,~y, cfg) such that

- If b € By, is assigned as witness partition of n agents in vy, then o(b) > n.
This ensures we do not allow one object to play two different roles in a
transaction.
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For an arbitrary configuration cfg, we use En(cfg) to denote the set of en-
abled transactions at cfg.

Before we continue to describe the effect of executing an enabled transaction
at a configuration cfg, we first explain the term “destination partition”, which
is the partition to which an object moves from its “witness partition” after
executing a transaction.

Definition 7 (Destination Partition) Let vy be an enabled transaction at
configuration cfg and b = (s, s1,...,Sk,v) be the witness partition for an agent
x = (p,r) € agents(y). Then, the destination partition of b w.r.t. transaction
v and agent x is a behavioral partition b’ = (s',s,...,s},,v"), where

(v . .
- s —T; s’ is a transition in T'S,.

- 8 (l; s; fori=1,...,k are transitions in m; € Mr.
- v' € Val(V,) is the effect of executing vy, on v.

We denote the destination partition of b w.r.t. to transaction v and agent 2 €
agents(y) as b' = dest(b,~y,z). Thus, any object in behavioral partition b moves
to partition dest(b,, z) by performing role 7 in transaction 7, where z = (p,r)
is an agent in 7. It is important to note that above definition makes explicit
the dynamic migration of objects from partition to another during simulation.

We now describe the effect of executing an enabled transaction at a given
configuration. Let cfg be a configuration and v be an enabled transaction at cfg.
Computing the new configuration cfg’ as a result of executing transaction vy in
configuration cfg thus involves computing the destination behavioral partition
for each behavioral partition of a process class, and then computing the new
count of objects for each behavioral partition.

The operational rule of our model is given below. It specifies that if a
transaction is enabled at a configuration cfg then it can execute and the system
arrives at a new configuration cfg’.

cfg = ({Bplper, o)
~v € En(cfg)
B, = {dest(b,v,z) | b € B, Nz = (p,r) € agents(p,y) N\b=w}U B,
Vbe By .o'(b) =0(b) + |{z | b=dest(w,v,z)}|
[z b= w}]
where w = witness(z, 7y, cfg)
g’ = ({Bl}yer. o)

cfg — cfg'

4.3 Simulation of Models with Associations

In the specification, for any dynamic relation, we describe the effect of each
transaction on the relation (in terms of addition/deletion of tuples of objects
into the relation). Furthermore, the guard of any transaction can contain a
membership constraint on one or more of the specified dynamic relations. In
terms of simulation of concrete objects, it is clear how our extended model
should be executed. However, since we do not maintain identities of concrete
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objects during simulation, it is not possible to take the obvious approach. We
now describe how we can exploit the notion of behavioral partitions for this
purpose.

Simulating the extended model Our symbolic execution mechanism needs
little change in the presence of static associations between process classes. The
guard of a transaction can refer to these static associations. So, the only change
in the symbolic execution mechanism is that we need to take these associations
into account while assigning the witness behavioral partitions for each lifeline
of a transaction. As for dynamic associations, the key question here is how we
maintain relationships between objects if we do not keep track of the object
identities. We do so by maintaining dynamic associations between behavioral
partitions. To illustrate the idea, consider a binary relation D which is supposed
to capture some dynamic association between two objects of process class p. In
our symbolic execution, each element of D will be a pair (b,b') where b and
b’ are behavioral partitions of class p. To understand what (b,b') € D means,
consider the concrete simulation of the process class p. If after an execution
7 (a sequence of transactions), two concrete objects o,0’ of process class p get
related as (0,0') € D then the symbolic execution along the same sequence of
transactions = must produce (b,b') € D where b (b') is the behavioral partition
in which o (o) resides after executing w. The same idea can be used to manage
dynamic relations of larger arities.

From the discussion above, we can easily modify the operational semantic
rule in Section 4 into the one as follows, with associations being constrained,
where a,(cfg) denotes the current content of the association a at configu-
ration cfg, which consists of a set of behavior partition pairs. And we use
Inserts(xy, ) to a and Deletes(x1,x2) from a to mean that the pair (z1, )
is inserted into and removed from the association a in the transaction respec-
tively.

cfg = ({Bp}per; o)
v € En(cfg)

B, = {dest(b,v,z) | b€ B, Nz = (p,r) € agents(p,y) N\b=w}U B,
Vbe By .o'(b) =0(b) + |{z | b=dest(w,v,z)}|
—{z | b =w}|
where w = witness(z, 7y, cfg)
cfg' = ({B}}per, o)

Va € A . a,(cfg') = a,(cfg)®
UInse’rts(wl,zz) to a{(deSt(w17 s 'rl)v deSt(U)Q e Z'Q))}
© UDeletes(xl,mz) from a{(wl’wz)}
where x; € agents(y) A w; = witness(x;, v, cfg)
Va1, e Check((z1,12) € a) = (w1, ws2) € ay,

cfg — cfg’

Note that here the operator @ and & are used for approximate set union and
set minus respectively. If the pair (z1,z2) is inserted into association a when
executing v, then the pair of destination partitions of the witness partitions of
x7 and x4 is added into a, at the new configuration. On the other hand, if the
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pair is deleted from the association a, we need to check the number of objects
residing in the witness partitions of z; and x,, if they are greater than 1, then
the pair (wy,wsz) will still be kept in «,. We will only remove it from the set
when the number of remaining objects in either of the witness partitions is 0.

Example As discussed in Section 3.4, dynamic relation ItsTerminal is main-
tained between the objects of class Car and Terminal (as shown in Figure 3).
We do not show the details of the ContactTerminal and DepartAck(A/B) pro-
tocols here for lack of space, but just give their effect on the dynamic relation
ItsTerminal.

Now, suppose an object from class Car and one from class Terminal play the
roles Carspgreq and Terminal,.,req in the transaction ContactTerminal. Let
boar & (brerm) be the behavioral partitions in to which the objects of Car &
Terminal go by executing ContactTerminalspigreq & ContactTerminal,cyreq
repectively. Say, this is followed by another object pair from the same classes,
playing the roles in another execution of ContactTerminal. Assume that, this
time the car object goes to another behavioral partition bce,1 (possibly due to
different execution history than the previous car object), while the Terminal
object goes to the same behavioral partition bre,p,, which now contains atleast
two objects. So the contents of ItsTerminal now are,

ItsTerminal = {(bCara bTe’rm)a (bCarl ) bTerm)}-

Now when we execute DepartAck(A/B) transaction, we will pick a pair
from this relation as witness behavioral partitions for lifelines Car,.., 4. and
Terminal spgacr,- We have not maintained information about which T'erminal
object in breppy, is related to which Car of bog, or bogr1- But this information
is not required for our symbolic simulation to proceed. This is because, the two
objects in the behavioral partition bre,,, are behaviorally identical, so during
symbolic simulation we can safely assume that we have chosen the right related
object corresponding to the car object chosen from either beyg, or bogrr -

4.4 The Soundness and Incompleteness of Symbolic Exe-
cution

One important problem about the symbolic execution mechanism is its cor-
rectness. In other words, does the symbolic execution of a model preserves all
possible concrete execution traces? Ideally, it should be required that any be-
havior exhibited by concrete execution of a model is also exhibited by symbolic
execution. The following theorem states the soundness of the symbolic execu-
tion w.r.t. concrete execution, i.e., the symbolic execution of a model preserves
all possible concrete execution traces.

Theorem 1 Consider the symbolic execution of a model specification Spec with
process classes P with N, objects of process class p € Proc. Let o be a sequence
of transactions exhibited when we give unique names to the N = X,cp N, objects
and execute Spec. Then o must also be exhibited in the symbolic execution of
Spec.

Proof: To establish this result, it is sufficient to prove that any sequence of
transactions allowed by concrete execution of a model is also allowed by symbolic

15



execution of the same model. Since the transaction alphabet as well as the
number of possible global states of Spec is guaranteed to be finite, the result can
be proved by induction on the length of the sequence of transactions. When the
sequence is empty, then the result is trivially satisfied. Let ¢ = o107 where o7 is
a sequence of transactions exhibited in both concrete and symbolic executions,
o denotes concatenation, 7 is a single transaction which can be executed in
concrete execution. Then we just need to show that 7 can be executed in
symbolic execution after the behavior ¢, is exhibited.

We first consider the case in which no association is involved. From the
assumption that oy is exhibited in both concrete and symbolic executions and
T is executable in concrete execution after o1, we can find concrete objects
to satisfy the guard of 7 in the concrete execution. And after the execution
of g1, for every concrete object o which will take part in the transaction T,
being in control state s and DFA states si,--- , sy, and state valuation v, we
can construct a behavioral partition b = (s, sy, ,sg,v), which contains at
least the objects that has control state s and satisfies the corresponding guard
condition of 7. From Definition 6, we know that o(b) at least equals to the
number of objects taking up the same role r as o.

Thus for every agent z involved in transaction 7, there exists a behavioral
partition b which satisfies the guard condition of . From Definition 5 we can
easily know that b is the witness partition for the role r» of x in transaction
T at the configuration cfg after the symbolic execution of oy. Furthermore, b
contains at least the objects taking up role r. So 7 is enabled at cfg according
to Definition 6. Therefore 7 is executable in symbolic simulation.

For static associations, if there is a static association between two objects 0;
and o, involved in a concrete transaction sequence, then we need to show that
there is also an association between their corresponding behavioral subclasses
in the symbolic execution. In fact, we can construct the behavior subclasses
corresponding to o; and o by using their control states and the DFA states,
and the association should be kept as a reference in the subclasses. Therefore the
static association also exists between the subclasses in the symbolic execution.
Moreover, static associations are not affected by execution. So the symbolic
execution is still correct w.r.t. the concrete execution.

We now consider the case for dynamic associations. We need to show that
the effect of symbolic execution of any transaction sequence o preserves the
concrete execution. We prove the result by induction on the length of o. For
length 0, the association contains no object pairs and the result trivially holds.
Suppose 0 = o1 o7 and the trace oy is exhibited by both concrete and symbolic
executions. If the dynamic association a between o, and o is introduced in 7,
then in concrete simulation, the pair (o1,02) is added to a,. In the symbolic
simulation, let b; and by be the behavioral partitions corresponding to the ob-
jects o1 and oo respectively. According to the semantics, we just need to add
the pair of their destination partitions (b},b5) into a,. If it already exists in
Qyg, then nothing is modified in «a,. If a is removed between o; and o5 in T,
then in concrete simulation we simply remove the pair (0;1,02) from «,. For
symbolic case, if there remains objects of the behavioral partitions b; and b,
then we just keep (b1,bs) in o, since we do not know if the remaining objects
in these subclasses are related or not. And (b}, b)) will not be added in «a,. If
a pair of objects taking part in the transaction is in a, then in concrete simu-
lation nothing is changed and only the entry for the pair will be checked. In
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symbolic case, the pair of destination subclasses (b],b5) will be added into «,
if it is not in. Therefore, whenever 7 can be executed in the concrete setting,
it is executable in the symbolic simulation and the objects involved in dynamic
associations may still be associated to some objects in the behavioral subclasses
to which its witness subclass is associated with. This completes the proof of the
theorem. O

Next we address the following problem: For a given symbolic execution o,
could we always find a concrete execution? In other words, is there any choice
of objects such that they can execute the trace concretely?

If we consider the executions where only static associations are permitted,
then we can find that the concrete execution can be found. We prove it by
induction on the length of ¢. For length 0, the result trivially holds. Let
o = o1 o1 and for o the result holds, then after the execution of o1, for every
behavioral partition b = (s, s1, -+, sg,v), we can always find at least one object
o of the subclass, having control state s and DFA states sq,--- ,sg. Since the
transaction 7 is enabled in the symbolic execution after o1, both the guards and
static associations should be satisfied. Because the guards are encoded in the
DFA states, the objects corresponding to the behavioral partitions involved in
7 also satisfy the guard condition. For static associations, if there exists a static
association asc between behavioral partitions b; and by, then we can always find
objects 01 and o of them respectively, such that they are statically associated
by asc. So we just need to choose 0; and o for the concrete execution, thus
both the guard condition on history and static associations are satisfied in the
concrete execution, and hence the trace can be executed concretely.

However, for dynamic associations, the situation is not so simple. In fact,
it is not always possible that a concrete execution can be found for a behav-
ior in the symbolic execution. We now give an example in which a behavior
observed in the symbolic simulation (in the presence of dynamic associations)
does not correspond to any actual system run. Consider the system consisting
of 3 process classes: A, B and C, as shown in Figure 4, together with the effect
of transactions T'1, T2 and T3 on the dynamic associations Asc; and Ascs.
Assume that all the action labels shown in the example have trivial guards,
i.e. they do not impose any restriction on the execution history or state of the
object to play that lifeline (of course object should be in appropriate control
state). Also, initially process class A contains object ol in the initial partition
ba1, B contains objects 02 & 03 in initial partition bg; and C contains o4 in
initial partition bo.

The given system then executes the trace: 71.72.7'3 in a symbolic run, such
that:

e 0l, 02 execute T'1, playing role in the lifelines 7'1,; and 71,5 respectively
and move to behavioral partitions bas and bgs. Also, (bas, bge) is inserted
in Ascy.

e 04, 03 execute 12, playing role in the lifelines 724, and 7'2,» respectively
and move to behavioral partitions bas and boe. As a result (bes,bps) is
inserted in Ascs. Note that bgs now contains two objects: 02 and 03.

e Now when T'3 executes, as per the requirements on the dynamic relations
as imposed by T'3 (refer to Figure 4), behavioral partitions bas, b2 and
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T1l inserts (pl,p2) into Ascl
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T3 checks (rl1,r2) belongsto Ascl
and (r3,r2) belongsto Asc2

Figure 4: An example

bco are assigned as witness partitions to the lifelines 73,1, 73,9 and T'3,3.
Then an object is chosen from each of the partitions (it can be any one
of those present in the partition) to execute T'3. Note that, from bs and
bco only ol and 04 can be chosen, whereas either 02 or 03 can play the
role in T3,5.

However, as we can observe, though all the constraints in the symbolic
simulation have been met, this trace can never be executed in concrete
simulation, since for process class B, neither 02 nor 03 satisfy both the
relational requirements imposed by 7'3. In other words, there is no object
o' € B, such that (01,0') € Ascy and (04,0') € Ascy when T3 is executed.

5 Checking a Symbolic Execution Run

From the discussion given previously, we know that we can not always find a
concrete run which corresponds to the behavior presented by a symbolic exe-
cution when dynamic associations are involved. In the following we show an
approach to construct a check of the existence of the concrete run correspond-
ing to the symbolic one w.r.t. dynamic associations. In the symbolic execution,
the simulation only keeps track of the behavioral partitions instead of object
identities, and dynamic association a contains the pairs (b,b') of behavioral
partitions in which the objects associated by a reside respectively. To find a
concrete run for a symbolic one, for the system moving from a configuration to
another one by executing a transaction sequence ¢, we must be able to assign
to each lifeline an object which is at the appropriate control state and satisfies
the guard associated with the corresponding role. One possible approach is to
check all possible object identities. However, this will be too exhaustive because
of the huge number of possible object pairs involved in dynamic associations.
Therefore, we use symbolic variables instead of concrete object identities in the
checking process. The details of the approach is given as follows®:

For a sequence of transactions 7,7, - , T, suppose each 7; has k; separate

5For simplicity, here we only consider binary associations.
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lifelines, then we construct a set of symbolic variables V; for each 7;:

Vl :{Uia"' 77)]%1}

Va :{U?v T vvlrcln}

Each variable v;'- corresponds to a lifeline j in 7;. Every variable has a domain of
values that it can take. The domains of these variables are the possible identities
of the objects involved in the transaction. Then we develop constraints on
possible values of variables in V; based on dynamic associations.

We consider the case for a sequence 7,73, --- , T, of transactions. First, an
intuitive constraint is that if a behavioral partition appears in different trans-
actions in the symbolic execution, then the corresponding symbolic variables
should also be identified. In general, let 7; and 7; be two arbitrary transac-
tions in the sequence, without loss of generality, we suppose j < I. Suppose

in the symbolic execution transaction 7; involves lifelines r{,--- ,r} , and the
J

corresponding witness behavioral subclasses bf,- - - , b}, , we have symbolic vari-
2

ables v{ o ,véj for the lifelines respectively. And similarly, 7; involves lifelines

rt,- ,7“;6 , and the corresponding witness behavioral subclasses b}, - - ,bi , we
l 1

have symbolic variables v, .-, v} for the lifelines respectively. If there exists
a sequence of behavioral subclasses bg,---,b—; such that by = bi. for some
1 <m < kj, by, = dest(bp—1,Tjn, 711 "), and b_; = b., then we should derive
the equations ‘

el ==l
In general, for a sequence of transactions we can get a family of such equations
and use them also as constraints on the symbolic variables.

Additionally, we consider the dynamic associations involved in the sequence
of transactions 7,72, -+, 7,. For an arbitrary association a, we need to use the
pair T, = (a, X,) to record the information, where a is the name of the associa-
tion, X, consists of the pairs of symbolic variables corresponding to the objects
contained in the association a. If for a dynamic association a and transaction
7;, the symbolic execution insert the pair of behavior partitions (b/,,b4) into
the association, then after the execution of 7;, the corresponding pair of vari-

ables (vi,,v) is put into X,. Suppose we have another transaction 7; and the

operation checks(bi,bi,) € a, and the set X, contains a family of variable pairs
{(h vl ), -, (vlk ,vlk )} before the execution of 7;, then we should derive

that at least one of the following pairs of equations should be satisfied:

i g1 [ 11
v = Uml, Uy —’Un1
i __ o dk Tk
v = vk v = vk

On the other hand, if the symbolic execution delete the pair of behavior parti-

tions (b7, b)) from the association a, then we just need to check that the pair of
variables should exist in X, and remove it from X,. Therefore we should derive
a similar family of equation pairs as before and at least one of them should be
satisfied.

From the previous discussion, we can find that for each transaction 7; in the

sequence 71,7, ,Tn, We have a set of equations E over the variables V; as the
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constraints for dynamic associations involved in the sequence. Furthermore, a
family of equations E’ is used to link the symbolic variables involved in different
transactions. Thus to find a concrete execution of the transaction sequence
equals to find a solution to the equations in F U E’ which satisfies the guard
condition of the corresponding lifelines in the transaction sequences.
Theorem 2 For a sequence of transactions Ti,- -+ , Ty, if b}, ..., }c are the be-
havioral partitions for the different agents of transaction 1; in the symbolic ex-
ecution, there does not exist any run of 71, - , T, in the concrete system where
the object playing the role of the j-th agent in transaction T; is in behavioral
partition b; for all i, j iff the set-constraints system we set up does not admit a
solution.

Proof: For a given symbolic simulation of the sequence of transactions
Ty, T, ,Tn, if there exists a corresponding concrete simulation, then we have
a family of concrete objects which must satisfy the guard condition of the corre-
sponding lifelines in each transaction to make the transaction be executed. First
we consider the equations links different transactions. If object o is involved in

the concrete execution, suppose in transaction 7; it is the value of variable v;-,
i+1
j/

tition b;Tl is the destination partition of b’ since object o moves from b to

, then the behavioral par-
bt
. . J J

Thus o is the value of both v} and U;JH, so it satisfies the equation vj = v;JH
By induction we can easily find that o satisfies a sequence of similar equations.
Now suppose object o plays the role of the m-th agent in 7, i.e., 0 is in the
behavioral partition b7, then we first investigate the dynamic associations in
7; in which b/, is involved. If the behavioral partition b/, is involved in some
associations a in the symbolic simulation, i.e., for some behavioral partition 7,

we have insert(bl,, b)) to a in 7;, where the concrete object o of b7, is associated
to some object of behavioral partition b, by a, then to make the transactions
be enabled, if we have checks(bi,bi,) € a in some transaction 7; after 7;, then
the object o should provide a value for both vli and v}, which satisfies the corre-
sponding equation v} = v, in E. Therefore, the family of concrete object taking
part in the concrete execution forms a solution of the set-constraints system.
We now consider another direction. If there exists a solution of the con-
straint system as given previously, let it be v; = oéi fori = 1,2,--- ,n and
ji = 1,2,---  k;. First of all, we can easily know that all these objects sat-
isfy the guard conditions of the corresponding lifelines. Furthermore, if there
is a family of dynamic associations in the symbolic execution for transaction 7;
and different associations links to the same behavioral partition b;, then since
v; = o;'-i forms a solution of the constraint system, all the equations as the corre-
sponding constraints for dynamic associations should be satisfied if the variables
v, ,v,ii are substituted by of,--- 7021' So all the dynamic associations are

satisfied, each object oé» is associated to those objects which reside in the cor-

and in transaction 7;4; it it the value of variable v

responding partitions being associated to bé- by these associations. Moreover, if
two variables v;'- and U;,, are equal to each other in the constraint system where
i # 4’ (which means they are not in the same transaction), j # j', then they
must correspond to the same concrete object because they have the same value
(the object’s identity). So oé» plays the role of the j-th agent in 7; where it is in
the behavioral partition b;-, and the same object plays the role of the j'-th agent
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in transaction 7 where it is in the behavioral partition b;-;, and we can easily
build the destination partition relation between the different behavioral parti-
tions. Therefore, the solution of the restrictions £ U E’ provides the concrete
objects that can execute the transaction sequence. d

6 Benchmarks

We have implemented our symbolic execution method by building a simulator
in Ocaml, a general purpose programming language supporting functional, im-
perative and object-oriented programming styles. We briefly discuss here the
examples that we have modeled and used for experimenting with the simulator.

SW_SW_connect

ect
ph_sw_comnect | 1 St com
1 1 1
Phonel Switchl SW_SH_connect
1 1 1

1
SW_SW_connect Switch3 Phone3
1 1 1
1
1 1 o ph_sw_connect
Phone2 Switch2 17 SH-t-conm
ph_sw_connect 1 1
SW Sw connect

Figure 5: Class diagram for Telephone-switch example.

For initial experiments, we modeled a simple telephone switch drawn from
[8]. It consists of a network of switch objects with the network topology showing
the connection between different geographical localities. Switch objects in a
locality are connected to phones in that locality as well other switches as dictated
by the network topology. The network topology is represented using the class
diagram as shown in Figure 5. To make a call, a phone connects to a switch in
its area, which then establishes connection with another switch in the area being
called. This second switch then sends the ring to called phone, and connection
is established if the called phone is not busy. Note that a call made can be local
(that is within the same area) or remote (from one area to another).

Besides the basic features of local/remote calling, we extended the model
with call-waiting and three way calling features. This extension was done on
top of the existing model by adding some extra states and transitions. These
features allow a phone to be connected to two different phones simultaneously
such that, it is in active connection with one phone and other phone is put on
hold. This common phone can switch between the two by pressing flash button.

Next we modeled the rail-car system whose behavioral requirements have
been specified using Statecharts in [5] and using Live Sequence Charts in [3].
The class diagram containing the main components of the system is shown in
Figure 6. The numbers at the top right corner of each class box gives the number
of objects of that class in our system. They can be changed easily with minor
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Figure 6: Class diagram for Railcar example.

modifications to the specification. This is an automated rail-car system with
several cars operating on two parallel cyclic paths with several terminals, as
shown in Figure 7.

Terminal 3

o e il
A
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==

. e

Figure 7: The cyclic path in the Railcar example.

The cars run clockwise on one of the cyclic paths and anti-clockwise direction
on the other. This example is a substantial sized system with a number of
components in different process classes, for instance a given system configuration
could contain: 24 cars, 6 terminals, 24 cruisers (for maintaining speed of a rail-
car), 0..24 car-handlers (a temporary interface between a car and a terminal
while a car is in that terminal), etc.

We have also modeled the requirement specification of two other systems -
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one drawn from the rail transportation domain and another taken from air traf-
fic control. These systems have been proposed in the software engineering com-
munity as case studies for trying out reactive system modeling techniques (for
example, see http://scesm04.upb.de/case-studies.html). We now briefly
describe these two systems.

shAg_shPr_connect shAg_bnk_connect
Shuttle Process Shuttle Agent Banking Agent
1 N N 1
N
sh_br_connect
1
Broker Agent

Figure 8: Class diagram for Automated shuttle example.

The automated rail-shuttle system [16] consists of various shuttles which
bid for orders to transport passengers between various stations on a railway-
interconnection network. The successful bidder needs to complete the order in
a given time, for which it gets the payment as specified in the bid; the shuttle
needs to pay the toll for the part of network it travels. If an order is delayed
or not started in time, a pre-specified penalty is incurred by the responsible
shuttle. A part of network may be disabled some times due to repair work,
causing shuttles to take longer routes. A shuttle may need maintenance after
travelling a specified distance, for which it needs to make payment. Also, in
case a shuttle is bankrupt (due to payment of fines), it is retired. The class
diagram for this system is shown in Figure 8, showing its main components.

itsWCP connected

WCP CM Clients
1 1 1 0.N

Figure 9: Class diagram for Weather controller example.

The weather update controller [2] is a an important component of the Center
TRACON Automation System (CTAS), automation tools developed by NASA
to manage high volume of arrival air traffic at large airports. The case study
involves three classes of objects: weather-aware clients, weather control panel
(WCP) and the controller or communications manager(CM). The class diagram
is shown in Figure 9.

All the clients are initially disconnected from the weather control panel and
can individually get connected via controller. The latest weather update is
then presented by the weather control panel to various connected clients (again
via the controller). This update may succeed when all these clients are able
to receive and update themselves with the new weather information or, fail in
case any of these clients is either unable to receive or unable to update itself
using the weather update information. Furthermore, all connected clients get
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disconnected in case any one of them fails to update itself as mentioned before.

7 Simulation Results

Our simulator can be used for random as well as guided simulation. We used
guided simulation on each of our examples to test out the prominent use cases.
We give an example of a use case from each of the examples below:

e Telephone-switch example: With call-waiting feature, a call is made and
conversation starts between two phones, then a second call is made to one
of the busy phones, invoking the call-waiting feature.

e Rail-car example: Cars move from source to destination terminal, without
stopping at intermediate terminals.

e Automated rail-shuttle system: A shuttle successfully bids for an order,
but is unable to complete it in given time, leading to payment of penalty.

e Weather-update controller: Some weather-aware clients connect to the
weather controller and are successfully updated when new weather infor-
mation is available.

We now summarize these simulation runs. For each example, we summarize
the results of three test cases in Table 1.

We simulate the following test cases for the Rail-car example— (a) cars mov-
ing from a busy terminal to another busy terminal (i.e. a terminal where all the
platforms are occupied, so an incoming car has to wait) while stopping at every
terminal, (b) cars moving from a busy terminal to less busy terminals while
stopping at every terminal, and (c) cars moving from one terminal to another
while not stopping at certain intermediate terminals.

In the rail shuttle-system example, again we report the results for three
test runs corresponding to (a) timely completion of order by shuttle leading
to payment, (b) late completion of order leading to penalty, and (c) shuttle
being unable to carry out order as it gets late in loading the order. Finally,
for the weather update controller, we report the results of simulating three test
cases corresponding to (a) successful update of latest weather information to
all clients, (b) unsuccessful weather update where certain clients revert to older
weather settings, and (c) unsuccessful update leading to disconnecting of clients.

The results from simulating all the above-mentioned test cases are reported
in Table 1. For each test case of each example, we report the number of concrete
objects for each process class as well as the maximum number of behavioral par-
titions observed during simulation. Of course, we have reported the results for
only process classes with more than one concrete object. Since we are simulat-
ing reactive systems, we had to stop the simulation at some point; for each test
case, we let the simulation run for 100 transactions — long enough to exhibit the
test case’s behavior.

We observe that the number of behavioral partitions (the groups into which
objects are partitioned based on behaviors) is much less than the number of con-
crete objects. Furthermore, even if the number of concrete objects is increased
(say instead of 24 cars in the Rail-car example, we have 48 cars), the number
of behavioral partitions in these simulation runs remain the same.
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Example Process # Concrete | # of partitions
Class Objects in Test Case
I|1I 111
Telephone Phone 60 919 7
Switch Switch 30 919 9
Weather Clients 20 3] 3 3
Update
Rail Shuttle 60 6| 5 6
Shuttle Agent
Car 24 9110 12
CarHandler 24 41 5 5
Terminal 6 6| 6 6
Platform 6 1] 3 4
Mngr.
Exits 6 2| 2 2
Mngr.
Rail-Car Entrance 12 1|2 2
Example Exit 12 21 2 2
Cruiser 24 2| 4 4
Proximity 24 2| 2 2
Sensor
cDestPanel 24 111 1
tDestPanel 6 111 1

Table 1: Maximum Number of Behavioral partitions observed during
symbolic simulation

As mentioned earlier, at the heart of our symbolic simulation is the idea
of a behavioral partition, which groups together objects with identical execu-
tion possibilities. And this is done without maintaining object identities or any
other state-information related to these objects individually. Since, one of our
main aim is to achieve a simulation strategy efficient in both time and memory,
a possible concern is whether the management of behavioral partitions intro-
duces unacceptable timing and memory overheads. We measured the timing and
memory usage of several randomly generated simulation runs of length 1000(i.e.
containing 1000 transactions) in our examples and considered the maximum re-
sult for each example. We also compared our results with a concrete simulator
(where each concrete object’s state is maintained separately). For meaningful
comparison, the concrete simulator is also implemented in OCaml and shares
as much code as possible with our symbolic simulator. Simulations were run on
a Pentium-1V 3 Ghz machine with 1 GB of main memory.

The results for various examples appear in Table 2. For each example, the
timing and memory usage is shown for both symbolic and concrete simulations.
Also, for a given example, we compared the results for two different configura-
tions, where 2"¢ configuration is obtained by doubling the number of one (or
more) components; such as for rail-car example with 24 and 48 cars respectively.
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Time Memory
Example (sec) (MB)
Execution Type Execution Type
Symbolic | Concrete | Symbolic | Concrete
RailCar-24cars | 2.1 3.9 83 173
RailCar-48cars | 2.2 7.0 84 353
Shuttle-30 0.44 0.7 18 33
Shuttle-60 0.44 1.2 18 69
WthrCon 0.5 0.6 18 21
10 Clients
WthrCon 0.5 0.8 18 27
20 Clients
SimpleSwitch | 1.5 2.0 63 87
60ph,30sw
SimpleSwitch | 1.5 4.1 64 189
120ph,60sw

Table 2: Experimental observations

We observe that for a given example and configuration, the running time and
memory usage for the concrete simulator are higher than that for the symbolic
simulator. It is in fact more interesting to notice that, for the same example, but
with higher number of objects; in case of symbolic execution, the values remain
roughly the same for both the configurations, whereas they almost double for
the concrete case (except for Weather controller example®).

Further, the graphs shown in Figure 10, compare the growth in timing and
memory usage respectively for the railcar example, for both concrete and sym-
bolic simulations. Each successive configuration is obtain by increasing the
number of cars and its associated components: car-handler, proximity-sensor,

SFor the weather controller example, there is almost no concurrency during execution,
since clients, which are multiple in number, always interact sequentially with the controller.

Execution time comparison Memory usage comparison

25 4 1600 - .

Rail Car Example
1400 -

20 4 1] —O—Symbol!c
=N o Simulation
9 15 2 10004
8 > 800 —— Concrete
2 g Simulation
£ 109 g 600 |

N
S 9
S S

o
o

24 48 72 96 120 24 48 2 96 120

Figure 10: Execution Time and Memory Usage comparison for the Railcar
example.
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cruiser and dest-panel by 24.

We can easily see that the concrete simulator’s timing and memory usage
increases appreciably with an increase in number of objects. This is not the case
for our symbolic simulator. This indicates one of the primary usefulness of our
approach, since users can try out various configurations of the model varying
greatly in the number of objects, without worrying about timing or memory
overheads.

8 Debugging Experience

Finally, we describe some experiences in debugging the NASA’s CTAS weather-
update control system [2] using our simulator. As mentioned earlier, the weather-
update control system consists of three process classes: the communications
manager (call it CM), the weather control panel (call it WCP) and Clients.
Both CM and WCP have only one object, while the Client class has many ob-
jects. In Figure 11, we show a snippet of the transition system for CM. We have
given the transactions names to ease understanding, for example Snd_Init_ Wthr
stands for “send initial weather” and so on. We now discuss two bugs that we
detected via simulation. The first one is an under-specification in the informal
requirements document for the weather-update controller.

In Figure 11, the controller CM initially connects to one or more clients by
executing the transactions Connect and Snd_Init-Wthr. In the Connect transac-
tion CM disables the Weather Control Panel (WCP). If the client subsequently
reports that that it did not receive the weather information (i.e. transaction
Not_Rcv_Init_Wthr is executed), CM goes back to Idle state without re-enabling
the Weather Control Panel (WCP). Hence no more weather-updates are pos-
sible at this stage. This results from an important under-specification of the
weather-update controller’s informal requirements document. This error came
up in a natural way during our initial experiments involving random simulation.
Simulation runs executing the sequence of transactions

Connect,Snd_Init_Wthr, Not_Rcv_Init_Wthr, Upd_from_WCP

got stuck and aborted as a result of which the simulator complained and pro-
vided the above sequence of transactions to us. From this sequence, we could
easily fix the bug by finding out why Upd_from_WCP cannot be executed (i.e.
the Weather Control Panel not being enabled). We note that since the above se-
quence constitutes a meaningful use-case we would have located the bug during
guided simulation, even if it did not appear during random simulation. In this
context it is worthwhile to mention that for every example, after modeling we
ran random simulation followed by guided simulation of prominent test cases.
We found another bug during guided simulation of the test case where con-
nected clients get disconnected from the controller CM since they cannot use the
latest weather information. This corresponds to the connected clients executing
the Disconnect transaction with the CM, and the CM returning from Done2 to
Idle by executing Enable. WCP (Figure 11). For this simulation run, even af-
ter all clients are disconnected, the CM executes Upd_from_-WCP (update from
Weather Control Panel) followed by Rdy-for_PreUpd (ready for pre-update).
The simulator then gets stuck at the PreUpd_Wthr (pre-update weather) trans-
action since there are no connected clients. From this run, we found a missing
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Upd_from_WCP
Rdy_for_PreUpd
Rdy_for_Upd 3 :

T PreUpd_Wthr
GO

Rdy \for_PostUpd

Conr:e/cv/

Upd_Wthr

Disconnect Not_Used_Wthr
Chk_Usage

Figure 11: Snippet of Transition System for Weather-Update Controller

corner case in the guard for Upd_from_WCP transaction — no weather updates
should take place if there are no connected clients. In this case, it was a bug in
our modeling which was detected via simulation.

Currently, our simulator supports the following features to help error detec-
tion.

e Random simulation for a fixed number of transactions

e Guided simulation for an use-case (the entire sequence of transactions to
be executed need not be given)

o Testing whether a given sequence of transactions is an allowed behavior.

9 Discussion and Future Work

In this paper, we have studied a modeling and simulation methodology for
interacting process classes; such classes occur in reactive control systems of
various application domains such as telecommunications and transportation.
Our models are based on standard UML notations and our symbolic simulation
strategy allows efficient simulation of realistic designs with large number of
objects. The efficacy of our method for efficient simulation and debugging has
been demonstrated on realistic reactive control systems.

We are currently working on automated test case generation from the given
model of the system. The idea is to do explore the state space of the model such
that all the transactions are executed at least once. This will serve two purposes:
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(a) All the transactions since executed at least once will be verified against any
specification inconsistencies (for example, no receive specified corresponding to
a send), and (b) By examining the execution tree obtained so far, we can list
out traces as meaningful test sequences for the final system implementation.

Further, to verify various properties of the system at model level itself, we
are looking at model-checking the specification. The state-space of a model can
be easily obtained by extending the simulator, using which various temporal
properties can be verified. The main concern here would be keeping in check
the memory consumption due to large state-spaces, which can easily become
worse as we increase the number of objects in various process classes. This
would require us to look for efficient state representations and techniques such
as partial order reduction for reducing the search space itself.

Since we are modeling reactive systems, we would like to be able to specify
timing constraints; for example, minimum or maximum time intervals between
two events etc., and do various kinds of analysis to check against any timing
inconsistencies.

Finally, we want to do automated code generation from our models, which
would really strengthen the whole framework: starting from high level modeling
and analysis facilities, leading to the final implementation of the system, which
can be tested using various test-cases obtained from the model.
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