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Abstract Interface automata are one of the prominent for-
malisms for specifying interface behaviors of component-
based systems. However, only one-to-one communication
is allowed in the composition of interface automata. This
paper presents multicast interface automata which general-
ize the classic interface automata and accommodate multi-
cast communication mechanism. The multicast interface au-
tomata endorse both bottom-up and top-down design method-
ologies. Theoretical results on compatibility and refinement
are established for incremental design and independent im-
plementability.

Keywords interface automata, multicast communication,

component interaction, verification

1 Introduction

Interface automata [1,2] are a model for specifying
component-based systems. They are defined based on labeled
transition systems and syntactically similar to input/output
automata [3]. The interface automaton model is considered
as a light-weight formalism for specifying temporal aspects
of software component interfaces.

The essential feature of interface automata against tradi-
tional models lies on the fact that they can model both the
input requirements and the output behaviors of a system. Two

components are compatible if there exists an environment
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such that their input assumptions can be simultaneously sat-
isfied. This feature distinguishes the interface automata from
many traditional models, such as input/output automata [3].
In these formalisms, the models are required to be input-
enabled, thus being unable to block inputs from the environ-
ment. The compatibility checking requires that the compo-
nents work correctly in all environments. Since some inputs
can be blocked, this formalism usually leads to a simpler and
more abstract model.

In the theory of interface automata [1,2], only two inter-
faces are allowed to be composed at one time. As a result,
only one-to-one communication between two components
can be directly modeled in interface automata. Such limita-
tion hinders the application of interface automata to com-
plex distributed systems. For instance, consider a commu-
nication system shown in Fig. 1(a), the component Py pub-
lishes a message e simultaneously to components P;, P, and
Ps. This is a typical multicast communication which occurs
in distributed systems. To model such a system with interface
automata, we have to use appropriate relabeling shown in Fig.
1(b). After relabeling actions, the message e is relabeled into
three messages, ej, ez, and e3. As a result, the publish action
is divided into three one-to-one actions. The resulting model
in interface automata may cause state space expansion with
auxiliary relabeling. A more direct and convenient modeling
is desirable.

In this paper, we present a new theory of multicast in-
terface automata. It extends the classical interface automata
to model multicast synchronism and communication. For
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Fig. 1 An example of using interface automata to model multicast communication

instance, the communication system shown in Fig. 1 can be
modeled directly with our automata. Each component (in-
cluding Py, Py, P», and P3) is modeled as an automaton, and
the message passing from Py simultaneously to P, P;, and
P3 is modeled as a one-to-many communication directly. The
proposed model avoids using relabeling actions to specify
multicast communication and thus is more suitable for speci-
fying complex distributed systems.

The proposed automata are syntactically based on the clas-
sical interface automata. Each system component is modeled
as a multicast interface automaton, which is essentially a la-
beled transition system. The actions of an automaton are clas-
sified as input actions, output actions and internal actions.
The interface of a component is composed of input and out-
put actions. A collection of automata can be composed to
yield another interface automaton. For composition, the con-
current automata synchronize on input and output actions,
while they interleave asynchronously on internal actions. As
multicast interface automata are not required to be input en-
abled, we need to distinguish the concepts of composability
and compatibility of a collection of automata. A collection of
automata is compatible if there exists an environment such
that they can work together properly.

We demonstrate that the proposed automata theory sup-
ports both incremental design and independent imple-
mentability. These properties guarantee our formalism sup-
ports both bottom-up and top-down system design process.
In a bottom-up design process, the compatibility test of two
or more interfaces can be performed, even before all compo-
nents are assembled in the final design. In a top-down design
process, an individual component can be implemented inde-
pendently, as long as the implementations conform to the pre-
defined interfaces.

The paper is organized as follows. In Section 2, we address
related work. In Section 3, we introduce multicast interface
automata. In Section 4, we define the refinement relation be-

tween a collection of interface automata. We show several
fundamental theorems in multicast interface language theory
in Section 5. Finally, Section 6 concludes the paper.

2 Related work

I/O automata [3,4] are defined based on labeled transition
systems, and suitable for modeling distributed and concurrent
systems. I/O automata can be used not only for system mod-
eling, but also for algorithm correctness proving and com-
plexity analysis [5].

From its inception, a multitude of work has been done
on extending and improving I/O automata. In [6,7], a timed
I/O automaton model is proposed for modeling real-time sys-
tems. In [8—10], a probabilistic I/O automaton model is stud-
ied. It extends I/O automata with the ability to describing
probabilities. Moreover, in [11], Lynch et al. present a hy-
brid I/O automaton model, which supports modeling of both
discrete and continuous behaviors of hybrid systems.

The interface automata were first proposed in [1]. The for-
malism of interface automata is syntactically similar to I/O
automata, and is suitable for capturing the temporal aspects
of component interfaces. Theories of interface and compo-
nent algebra are presented in [12]. The interface algebra ad-
dresses compositional refinement, while the component al-
gebra underpins compositional abstraction. In [12], the au-
thors proved that the interface automaton model is an instance
of interface algebra and the I/O automaton model is an in-
stance of component algebra. In [2], the interface-based de-
sign methodology was suggested for developing component-
based systems. To support interface-based design, the inter-
face language needs to meet two requirements, i.e., incremen-
tal design and independent implementability. The interface
automaton model was proved to be an instance of an inter-
face language. In [13], a method for transforming interface
automaton to I/O automaton is presented. In the original the-
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ory of interface automata [1,2], each automaton is required
to be input-deterministic. This restriction has been relaxed in
[14] by slightly revising the definition of parallel composition
of interface automata.

Various extensions of interface automata are proposed in
[15-18]. In [17], a timed interface automaton model is pre-
sented, which is suitable for specifying real time systems.
The timed interface supports specifying timing constraints of
both input assumptions and their output behaviors. In [18],
the resource interface automaton model is investigated. In this
model, it is possible to check if a collection of components
work well together with limited resources. The sociable in-
terface model is proposed in [19]. It fuels a wide spectrum of
communication paradigms.

3 Multicast interface automata

Definition 1 An interface automaton [1] is a tuple
P = (Vp, v, AL AG AE Ap),

where

Vp is a finite set of states;

vg € Vp is an initial state;

AL, AQ and A% are pairwise disjoint sets of input, output

and internal actions, respectively. Let the set of actions
— Al 0| AH.-

Ap=Ap, UAZ UAY;

Ap C Vp X Ap X Vp is a set of transitions.

To distinguish the traditional interface automaton which al-
lows one-to-one communication only, we call the interface
automaton which participates in a multicast communication
the multicast interface automaton.

The automaton P is closed if it has only internal actions,
ie., A, = A9 = 0, otherwise it is open. We denote A} =
AL U A9 as the set of external actions, and A5 = A9 U AY
as the set of local actions. We call a transition (v, a, V') the
input (resp. output, internal) transition if a is an input (resp.
output, internal) action. The set of all input (resp. output, in-
ternal) transitions is denoted by Al (resp. A9, a%).

An action a is enabled at a state v if there exists an-
other state v/ € Vp such that (v,a,v') € Ap. We denote
AL(1), A9(v), All(v) the set of input actions, output actions
and internal actions enabled at state v, respectively. Like in-
terface automata, we do not require multicast automata to be
input enabled, i.e., we do not require that AL(v) = A%, hold at
all states.

Given vi,v, € Vp,a € Ap, a, € Ai.f, and two sequences of
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actions @ = ajar---a, € (Ap)",B=b1by---b, € (Ai.f)” with
n > 1, we define operators “—"" and “=" as follows:

a .
o vy —p wniff (vi,a,v2) € Ap;

T . . .
e v —p v, iff there exists an action b € AII;I , such that

b
Vi —p V2,

03 . ap a an

o v —pwniffvi —p—p - —p v
€ . T

o vy =p naiff vi(—p)*v2;
ay . € ay

o vy =p vy iff vy =p—p vy;

B . by b by
® V| —p V) 1ffv1 —p=—p ' =—p V2.

where (7)* returns the reflexive and transitive closure of 7.
For simplicity, we usually ignore the subscripts of relation
operators.

Given two states v;, v, of automaton P, we say v, is reach-
able from v, if there exists a sequence of action @ € (Ap)*
such that v, N vy; especially if the sequence a consists
of only internal actions, i.e., @ € (A;’ )*, we say v, is invisibly
reachable from vy; and if @ consists of only local actions, i.e.,
a € (A UA9)*, we say v, is autonomously reachable from
vi. We say a state v, is (invisibly, autonomously) reachable
in automaton P if v, is (invisibly, autonomously) reachable
from the initial state v}, of P.

We illustrate our definitions by modeling a software com-
ponent which provides job processing service. Component
Treater has a method job for the user to assign jobs. When
this method is called, the component returns either done or
fail. To provide this service, the component needs to con-
sume some necessary resources such as CPU and memory.
When a job is given, the component first outputs an action
alloc for requesting resources, then it expects to receive al-
located results from the resource management components.
The multicast interface automaton modeling this component
is drawn in Fig. 2. The automaton is surrounded by a rounded
corner rectangle, whose ports correspond to the interface.
With an automaton, we denote the input (resp. output, in-

ternal) action by appending a symbol of “?” (resp. “!”, *;”),
l job i done ifail
job? alloc! cpu_ok?
1 2

5
Talloc T mem_ok Tmemfail T cpu_ok Tcpufail

Fig. 2 Multicast interface automata T reater
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where circular node represents compatible state, and square
node represents error state.

As mentioned before, multicast interface automata need
not to be input enabled. There are input actions of T reater
which are not accepted at some states. For example, the in-
put action job is only accepted at state sy, which reveals an
assumption made by T reater about its environment: after the
user calls the job method, he will wait without calling this
method again until he gets the method result.

In the automaton T'reater, it makes no provisions for han-
dling resource allocation failure. In other words, Treater ac-
cepts only success results of resource allocation, and does not
accept failure results. This reveals another assumption made
by Treater about its environment that all resources are al-
ways allocated successfully.

Consider two resource components: CPU and Memory.
They are in charge of allocation of computation resource and
storage resource, respectively. The alloc request is simultane-
ously transmitted to these two components. With the assump-
tion that system has unlimited memory resource and limited
computation resource, we draw multicast interface automata
shown in Figs. 3 and 4 for these two components, respec-
tively. When component CPU receives the alloc request, it
calls the method ger_cpu to get the current usage status of
CPU. If CPU is busy, it returns cpu_ fail; otherwise cpu_ok.

l alloc l cpu_ok lcpu_fail
( N\

cpu_fail!
O
3
\ alloc? get cpu! busy?
O O C
0 1 2 | idle?
cpu_ok!
O
4

\ J
T get cpu T busy T idle

Fig.3 Multicast interface automata CPU

The automaton of a complex system can be constructed by
composing automata modeling each of its components. We
now define composition of multicast interface automata. Let
I C N be a finite and nonempty set of natural numbers.

Definition 2 A collection {P;};c; of multicast interface au-
tomata is composable if, for any i, j € I,i # j,

alloc mem_ok mem_fail
( )
\ alloc?
0 1
cpu_ok?
mem_ok! 2
\ Y,
cpu_ok! cpu_fail

Fig. 4 Multicast interface automata Memory

Ap NAZ =0,
Ap NAp, =0.

Note that the definition of composability is different from
that of interface automata. In interface automata, only two
automata are allowed to be composed at one time. Here we
allow composition of any finite number of automata. As we
do not require that the input actions of different automata be
disjoint, components with the same input actions are compos-
able. Recalling the job processing example, the collection of
automata T reater, CPU, and Memory are composable.

We first define the product of multicast interface automata.
As in classical automata theory, the participating automata
synchronize on shared actions, and interleave asynchronously
on other actions. We then define the composition of automata
which is obtained from the product by eliminating incompat-
ible states.

Definition 3 Given a composable collection {P;};c; of mul-
ticast interface automata, their product automaton £ =
[Tics Pi is defined as follows: D

* Vp = [lies Vp;:
e Y is a vector, where v [i] = V% ;
P ’ P P

b Aé = Uier Aél\ Uier A%;

° Ag = Uier Ag,?

b Ag = Uler AHI;

e Ap C Vp X Ap X Vp is a set of triples (v, a, V") such that,
foralli € I, if a € Ap, then (V[i], a,V'[i]) € Ap,, and if
a ¢ Ap,, then v'[i] = v[i].

For simplicity, we denote [[;c; P; as [[; P;. Given a state v

D For simplicity, we use the symbol “x” to denote both product between automata and Cartesian product between sets
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of []; P;, itis considered as a vector with the i-th element v[i]
being the value in P;. Let v|i be the image of v on P;. More-
over, given a subset J C I, let v|J be the image of v on []; P},
which is obtained by deleting v[k] from vector v if k ¢ J.

The above definition shows the main difference between
our automata and interface automata. Here we are allowed
to have a product of any finite number of automata and the
shared actions are not merged into internal actions immedi-
ately. The treatment on actions is similar as that in I/O au-
tomata. When computing the product of a collection of au-
tomata, the shared input actions are removed, but the shared
output actions are kept. The motivation behind this decision
lies on the fact that there may be many participants in a mul-
ticast communication. It is necessary to keep shared output
actions to make the product automaton composable to other
components involved in the same communication.

We prove that the product operation of a collection of mul-
ticast interface automata is associative.

Theorem 1 Given a composable collection {P;};; of mul-
ticast interface automata. Let I = I; U, where I; NI, = 0,

then
[1r=[17x[]7.
I I L

Proof According to Definition 1, to prove equivalence of
two multicast interface automata, we need to prove that the
values of V,1°, A/, A°, A" and A are equal, respectively.

Recalling the job processing example, the product of au-
tomata Treater and CPU 2 is shown in Fig. 5. The shared
actions between Treater and CPU are alloc, cpu_ok and
cpu_fail. Each state in the product consists of a state of

ljob ldone lfail
.
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Treater and a state of CPU. Each transition is either a syn-
chronization step between Treater and CPU, such as the
transition from state (1,0) to state (2, 1), and the transition
from state (2,4) to state (3,0); or an interleaving step be-
tween Treater and CPU, such as all other transitions. Note
that only reachable states are plotted in Fig. 5.

Since multicast interface automata do not need to be in-
put enabled, when computing the product of a collection of
automata, one of the automata may output an action that is
an input of another automaton, but is not accepted. An error
state is a state where such a situation happens. In Fig. 5, state
(2,3) is an error state, where the component CPU can out-
put an action cpu_fail while the other component T reater
cannot accept it.

Definition 4 Given a composable collection {P;};c; of mul-
ticast interface automata, a state v € Vpy, p, is an error state if
there exist i, j € I such that

(i #j)A (Ela € shared(P;, P)).a € Af (v[i]) A a ¢ A}, 0 j])),
where shared(P;, P;) = Ap, N Ap,.

For I/O automata, if the product automaton contains any
reachable error state, then the participated automata are not
compatible. The situation is different in interface automata.
In interface automata, we know that the participated automata
are not compatible only when there is no environment such
that all error states are unreachable in the product automaton.
In Fig. 5, state (2, 3) is an error state. However, there are some
environments where state (2, 3) can become unreachable. For
example, the component S cheduler shown in Fig. 6 frames
one of such environments.

\ job?

0,0)

2.3 get_cpu
busy?
alloc! get_cpu! cpu_ok! mem_ok? busy
(1,0 (ENY)] 2.2 (2,4) (3,0) (4,0)
treat; idle
done!
(5,0

\
Talloc Tmenok T men_fail Tcpuok Tcpufail

Fig. 5 Product Treater x CPU

2 Just for illustration purpose, we show the product of two automata here. With the definition, we can also compute the product Treater x CPU x Memory.
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Fig. 6 Multicast interface automata Scheduler

Note that the environment can only affect the component
by synchronizing with its input actions. If an error state is
autonomously reachable from a state s, there is no way for
the environment to prevent the automaton from going from s
to the error state. Therefore, we have the following definition
for compatible states.

Definition 5 Given a composable collection {P;};c; of mul-
ticast interface automata, a state v € V[y,p, is a compatible
state of []; P; if there exists no error state e € error([[; P;)
such that e is autonomously reachable from v.

Let Cmp([]; P;) be the set of all compatible states in
[1; P;- Given a compatible state v, all states that are au-
tonomously reachable from this state must also be compatible
states.

Definition 6 A collection {P;};c; of multicast interface au-
tomata is compatible if they are composable and the initial
state of []; P; is compatible.

To define the composition of a collection of automata, we
introduce the concept of dangerous transitions [14]. The com-
position is obtained by eliminating all dangerous transitions
in the product automaton.

Definition 7 Given a composable collection {P;};c; of mul-
ticast interface automata, a transition t = (v, a,V’) € Aqy, p, is
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dangerous if the following conditions hold:

1) vis a compatible state of []; P;,

I
2) a EAHIP,

3) V' is not a compatible state of [[; P;.

is an input action of Ay, p,,

Let AP

m, P be the set of all the dangerous transition in

Ay, Py

Definition 8 Given a composable collection {P;};c; of mul-
ticast interface automata, their composition ||;c; P; (for short,
|7 P;) is defined as:

— 0 —_ 4,0 .
* Ve, = Vi po Ve, =V, e
1 _ Al
° AHIPi - AHIP,"A
— D
® App, = AT P \A[, By

O _ A0 H _ AH .
P — AHIPI’AHIP,‘ - Al_[1Pi’

When all components participated in certain communica-
tion have been composed, we need to explicitly “hide” the in-
volved output actions by converting them to internal actions.

Definition 9 Given a multicast interface automaton P and a
set of actions XZ(C A}?), the hidden automaton of P with X is
defined as follows:

P\X = (Vp, V9, AL, AQ\Z, AL U S, ap).

Note that there is no “hide” operation in classical interface
automata where the shared actions of involved automata are
immediately merged to an internal action.

Figure shows the composition Treater||CPU obtained by
eliminating all dangerous transitions in product T'reater X
CPU. Note that the error state (2,3) becomes unreachable
in the composition. Moreover, since the actions cpu_ok and
cpu_fail are only related to the components Treater and
CPU, we change them to internal actions using the “hide” op-
eration. Figure 8 shows an implementation of the U ser com-
ponent. Figure 9 gives the composition of all the automata in
the system which is closed after applying the hide operation.

l job £ done L fail

\ job?

0,0)

alloc!

@0

get_cpu!

\
(1,0) 2,2)

get_cpu
idle? cpu_ok; mem ok?
O busy
2.4 (3,0) (4,0)
done! idle
(5,0)

Talloc TmemokTmemfail

Fig.7 Composition (T reater||CPU)\{cpu_ok, cpu_fail}
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\ job!
O —Q
0 1
done?

T job T done Tfail

Fig.8 Multicast interface automata User

4 Refinement relation

The refinement relation provides a way to check consistency
between different abstraction levels of a component. Similar
to the classical interface automata, we define a refinement
relation of multicast interface automata based on alternating
simulation [20]. Automaton P refines Q if all input steps of Q
can be simulated by P, and all output steps of P can be simu-
lated by Q. To give a formal definition, we need the following
concepts.

Definition 10 Given a state v of multicast interface automa-
ton P, the e-closure of v (written e-closurep(v)) is the set of
states which are invisibly reachable from v.

Assume that v is the current state of P. Since the internal
action of P is invisible, the environment only knows automa-
ton P stays at a state in the set e-closure(v), but does not know
exactly at which state automaton P stays. Thus, when the au-
tomaton P interacts with its environment, we need to consider
situations where P can be at any state in e-closure(v).

Definition 11 Given a state v of automaton P,

ExtEng(v) = {a|3u € e-closurep(v).a € AIOJ(u)},

ExtEné(v) = {a|Vu € e-closurep(v).a € A;(u)}.

Generalized interface automata with multicast synchronization 7

Let ExtEnk(v) (ExtEn9(v)) be the set of externally en-
abled input (output) actions of P at state v.

We use ExtEn}y(v) = ExtEnk(v) U ExtEn9(v) as the set of
externally enabled actions of P at state v.

Definition 12
ExtEnﬁ(v), the set of externally enabled destination states of
P is defined as

Given a state v of automaton P, for any a €

ExtDestp(v,a) = {u'|A(u,a,u’) € Ap. u € e-closurep(v)}.

Definition 13 Let P and Q be two multicast interface au-
tomata. A binary relation < (C Vp X V) is an alternating
simulation from P to Q, if for any state pair (u,v) €<, the
following conditions hold:

1) ExtEnf,(u) 2 ExtEnIQ(v), ExtEng(u) c ExtEng(v),

2) For any action a € ExtEn9(u) U ExtEn’Q(v), and
any state u’ € ExtDestp(u,a), there is a state v/ €
ExtDestg(v,a) such that u” < v'.

Consider condition 1 in the above definition. An input ac-
tion of an automaton can be viewed as a service provided by
this component. The environment can call this service by syn-
chronizing with the corresponding input action. On the other
hand, an output action of an automaton can be seen as a ser-
vice calling to the environment, and the environment should
provide some service to satisfy this call.

Definition 14 Given two multicast interface automata P
and Q, P refines Q (written P < Q) if

I I 0 0
1A QAQ,AP QAQ,
2) There is an alternating simulation < from P to Q such

that ¢ < ¢,

It is easy to understand the condition 1 in the above def-
inition. In component-based design, a component A refines

\ job;

(0,0,0,0,0)

alloc; ~ get_cpu; Aidle; mem_ok;
(1,0,0,0,) ~ QLL01) ~ Q2LLD) “@4101) = ™~ (4,0,0,0,1)
treat;
done;
(5,0,0,0,1)

Fig. 9 Composition (T reater||CPU||Memory||S cheduler||U ser)\Z, where X is the set of all output actions
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a component B only when A provides more services to the
environment, and requires less invocation from the environ-
ment.

Theorem 2 The refinement relation between multicast in-
terface automata is a preorder relation.

Proof The refinement relation is obviously reflexive. We
need only to prove that it is also transitive, i.e., given any

automata P, Q and R, if P < Q, Q <R, then P < R holds.

1) According to Definition 14, we have Afp 2 AIQ 2 Aé,
0 0 0.
Ap C A, C AR

2) From the premise, there exists an alternating simulation

< from P to Q such that v?, <1 v%, and an alternat-

ing simulation <, from Q to R such that v% <2 vg. We
construct a binary relation <3 from P to R as follows:

<3={(u,w) € Vp X Vg|Av € Vg, (u,v) €51 A(v,w) €55}

Obviously, vg <3 V?e holds. Given any (u, w) €<3, there ex-
ists v € Vp, such that u <y v and v <, w. We then need to
prove <3 is an alternating simulation.

e From u <y vand v <, w, we get

ExtEnp(u) 2 ExtEnjy(v) 2 EXtEng(w),
ExtEng(u) c ExtEng(v) c ExtEng(w).
e Given any action a € ExtEnQ(u) U ExtEnk(w), and

any state u’ € ExtDestp(u,a), from ExtEnk(w) C
ExtEnIQ(v), we know

ace ExtEng(u) U ExtEné)(v).

Since u <; v, there is a state v’ € ExtDesty(v, a) such that
u’ <y v'. Similarly, from ExtEn$(u) C ExtEng(v), we get

a € ExtEnQ)(v) U ExtEng(w).

Moreover, since v <o w, and v € ExtDesty(v, a), there is
a state w’ € ExtDestg(w, a) such that v’ <, w’. Thus u’ <3 w’
holds.

5 Interface language theory

An interface language should support incremental design and
independent implementability [2]. We show that our multi-
cast interface automata meet these two requirements.

The property of incremental design requires that the com-
patibility of the interfaces be not changed when an interface

is added in subsequent design phases. More precisely, if a
collection of interfaces are compatible, then any subset of the
collection are also compatible. We demonstrate that multicast
interface automata adhere to incremental design.

Theorem 3 Let {P;};c; be a composable collection of multi-
cast interface automata. If J C I, then {P;},c; are composable.

Proof Leti,je J,andi # j. Note that J C I, thus i, j € I.
Since {P;};c; are composable, we have: AI?; NAS =0, and
A;’I N Ap, = 0. According to the definition of comjposability,
{P;}ic; are also composable.

Theorem 4 Let {P;};; be a compatible collection of multi-
cast interface automata. If J C I, then {P f}jeJ are compatible.

Proof Since {P j}jej

3), we only need to prove the following proposition: if v

0
. . H" Pj
proved by contradiction.

is composable (according to Theorem

0
[1; Pi

is compatible, then v is also compatible, which can be

Assume the above proposition does not hold, then there
exists an error state e in [], P; such that e is autonomously

reachable from v Let

0
[, P;°

do ap Ap—1
VooV D s > Yy,

be a path from v to e, where vy = V(l)'lj ppVn =€ and

0

[, P;
Aj—

Vi-1 = Vi € A, Py forl <k<n.

0

Hl PA ’ . .

path from vy to v; (k < n), there exists a corresponding path

, , 4 k-1, . o
vy — Vi — --- — v in []; P;, such that v, = vj|J, for
0 < I < k. Now consider the transition (v, ax, vi+1) in [1; Pj,

Letvy =v then W0 = vglJ holds. Assume for the sub-

there are two cases of ay:

e qy is an internal action of []; P;. Let v, [i] = g1 [1] if
i€J,and v, [i] = v [i]ifi¢ J, then (v, a, v, ) must
be a transition in []; P;.

e q; is an output action of ], P;. For any automaton P;
(i ¢ J) which takes a; as its input action, a; must be
enabled on its state v;[i], otherwise according to Def-
inition 4, v is an error state. Let v;, [i]] = viqr[i] if
i € J, and equal to one of the successors of vl’([i] on ay
ifi¢ Janda; € A;’n and equal to vl’c[i], otherwise, then
(V,» ax, v}, ) must be a transition in [], P;.

In both cases, either we prove v,’( is an error state, or we

, , . e , .

prove (v, ak,Vv,,,) is a transition in [], P;. If v} is an er-

;% , A

ror state, we stop here and report the path vj — v —
-1, . . . .-

= V. Otherwise, we continue to consider the transition
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(Vk+1, Gx, Vk+2)- In the worst case, until k£ = n we get

do ay -1

7 7 7
vo_)vl_)..._)v

s
which is a path in [, P; satisfying vy = v;|J, for 0 < k < n.
By Definition 4, v}, is also an error state in []; P;. Therefore,
no matter what cases, we prove that there is an error state v;
which is reachable from the initial state in []; P;.

According to the definition of composability, the output or
internal actions remain to be output or internal actions after
being composited. So the action ¢; is still an output or inter-
nal action of v; for (O < I < k). Then the error state v, is

and thus v?, , is not a

0
[l P’ [, Pi
compatible state. This conflicts with the premise. So the as-

autonomously reachable from v

sumption is not true, and the proposition holds.

Independent implementability is supported if the individ-
ual components can be implemented independently, as long
as the implementations conform to the predefined interfaces.
More precisely, given three multicast interface automata P,
P’ and Q with certain interacting relation, if P’ and Q are
compatible and P < P’, then P and Q are also compatible
and P||Q < P'||O.

To verify our multicast interface automata supports inde-
pendent implementability, we need to prove several lemmas.

Lemmal Let P, P/, Q be three multicast interface au-
tomata such that P’ and Q are composable, P < P’. If
shared(P, Q) C shared(P’, Q) and Ag N Ag, = ( hold, then P
and Q are also composable.

Lemma?2 Let P, P/, Q be three multicast interface au-
tomata such that P’ and Q are composable, P < P’, A;’ N
APQ, = (0, and shared(P, Q) C shared(P’, Q). Let < be an al-
ternating simulation from P to P’, and (sp/, sg) € Cmp(P’, Q)
be a compatible state in P x Q. Given a state 5, € Vp suth
that sp < spr, we have:

1) If there is a sequence of actions o € (AO )* and a state

PxQ
a
(8ps s'Q) € Vpxp such that (sp, s9) = pxo (s},, s'Q), then
there must be a state s, € Vp and s}, € Vp such that
@,
sp € e-closure(sy), Sp < Sp, (5P, S0) = prxg (5p, s'Q)
and (s}, s'Q) e Cmp(P’, Q).

2) (sp,sp) € Cmp(P, Q).

Lemma3 Let P, P/, and Q be three multicast interface au-
tomata such that P and Q are compatible, P’ and Q are com-
patible, and P < P’. Given states sp € Vp, spr € Vp such that
sp < sps, then, for any sp € Vy, the following relations hold:

ExtEnﬁ,XQ ((sp,80)) 2 ExtEnﬁ,,XQ ((sp550)),

Generalized interface automata with multicast synchronization 9

ExtEng, , ((sp.50)) € EXtEng,,, ((sp. 50)) -

The following theorem and corollaries show that our multi-
cast interface automata endorse independent implementabil-

ity.

Theorem 5 Let P, P, and Q be three multicast inter-
face automata such that shared(P, Q) C shared(P’, Q) and
AN A9 =0.1f P’ and Q are compatible and P < P’, then P
and Q are compatibleand P || Q < P’ || O.

Proof We first prove the compatibility of P and Q. Based on
Lemma 1, P and Q are composable. From the compatibility
of P’ and Q, we get (VOP,,V%) € Cmp(P’, Q). From P < P/,
we know vg < vg,. According to Lemma 2, we conclude
(vg, v%) € Cmp(P, Q). Thus P and Q are compatible.

We then prove P || Q < P’ || Q holds.

1) From P < P’, there are A}, 2 AL, A9 C AY. Then
ALu AIQ DAL U AIQ and A9 U A‘Q) CAf U Ag. Thus

A% < A9

1 1
Abig 2 Apig- Ao € Apro-

PlQ = “TPQ°
2) Construct a binary relation from Vpyg to Cmp(P’, Q) as

<'= {((Sp, SQ), (Spr, SQ)) € VP><Q X Cmp(P', Q)|

Asy, € Vp, sp € e-closure(sp) A sp < spr}.

Then we can prove <’ is an alternating simulation.

3) Let vg, v%, and vg, be initial states of P, Q, and P’, re-
spectively. Since P and Q, and P’ and Q are compatible,
there is

(9. v9), V. v)) € Cmp(P, Q) x Cmp(P', Q).

Since P < P’, then V%) <vY,. Therefore,
0.0 0 0
Vp,v) =1 (Vprs )

Corollary1 Let P, P’, Q, and Q' be four multicast inter-
face automata such that

shared(P, Q) C shared(P’, Q) C shared(P’,Q’).

If P/ and Q' are compatible, P < P, Al n A9, = 0,
0<0, Ag ﬁAg, = 0, then P and Q are also compatible, and
PllO=P|Q.

Proof With the premises, we know that Q < Q’, Q" and
P’ are compatible, and shared(P’,Q) C shared(P’,Q’),
Aj NAY, = 0. Then according to Theorem 5, we conclude
that Q and P’ are also compatible, and P’||Q < P’||Q" holds.
Since P < P’, shared(P, Q) C shared(P’, Q), AI}",I N Ag, =0,
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by applying theorem 5 again, we get that P and Q are compat-
ible too, and P||Q < P’||Q holds. According to the transitivity
of alternating simulation relation, P||Q < P’||Q’ holds.

Given a collection {P;};c; of multicast interface automata,
we denote the set of shared actions as

shared({Pien) = | ] (Ar, 0 Ap).
i,jEN,i#
For instance, in our our job processing example, we have:

shared(Treater, CPU, Memory)
= {alloc, cpu_ok, cpu_fail, mem_ok, mem_fail}.
Corollary 2 Let Py, Ps,...,P, and P}, P),..., P, be two

collections of multicast interface automata such that

shared(Py, P, . ..
C shared(P}, Py, Ps, ...

,P,) C shared(P}, P, ..., P,)

If P, P,..., P, are compatible, P; < P} and A;’i NAY =0
hold for 1 € i < n, then Py, P», ..
and I, P; <", P.

., P, are also compatible

Proof
corollary 1.

This corollary can be proved in a similar way as for

Consider the job processing example in Fig. 2. The design
of Treater requires action cpu_ok being taken before the ac-
tion mem_ok. This constraint would be unreasonable in some
circumstances. To solve the problem, we need to refine the
original design. For example, the automaton BetterT reater
in Fig. 10 gives a refinement of the Treater component.

Before inserting BetterT reater into the system, we need to
prove its compatibility with the system. We define a relation:

<={(0,0),(1",1),(2,2),(3",3),(4,4),(5,5)}.

It is easy to prove that this relation is an alternating sim-
ulation from BetterT reater to Treater. Then by Theorem 5,
we can prove the compatibility of BetterT reater.

i job idone ifail

J

5
J
alloc Tcpu_ok Tcpu_fail Tcpu_ok Tcpu_fail

Fig. 10 Multicast interface automata BetterT reater

,P,) C--- C shared(P|,P,,...,P.,).

6 Conclusion

We presented multicast interface automata in this paper. The
formalism extended the classical interface automata by in-
troducing multicast communication, and therefore is more
suitable for specifying complex distributed systems. The pro-
posed model endorses both incremental design and indepen-
dent implementability methodologies and can be used in both
bottom-up and top-down design process.
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Appendix
A.1 Proof to Theorem 1

Proof According to Definition 1, to prove equivalence of
two multicast interface automata, we need to prove that the
values of V, 0, A/, A%, A and A are equal, respectively.

For simplicity, we use left and right to denote the left and
right parts of the above formula respectively.

VHIIPA XVlepi = l_[VP; X I_IVP; = l_[VP; = Viefr.
I L I
0 _ .0 0 _ 0 0 _ 0 _ .0
Viight = V11, £ X VI, P T 1_[ Vp, X 1_[ Vp, = 1_[ Ve, = Viet:
I b 1
_ A0 o _ o o _ O _ 40
right AHzl P; UAFI;2 P UAR U UAP; - UAR = Aiqe
I 0] Ji
H _ AH H _ H H _ H _ s\H
Avigne = Ay, p YA, P = Jaf vl Jaf = Jaf = afi.
I )] Ji
1 1 o o
right = (Anll YA, Pi) \ (An,1 YA, Pl)
s A Jag | s Uag
I I L 4}
\{U AS U UAg_]
1, I

(o)

_ Al
- Alefl'

Viight =

=,
|

As to the set of transitions A, we need to prove that for any
transition 7, if 7 € Ajeqr, then T € Agn, and vice versa.

1) Given T = (v,a,V’) € Ajs. According to Definition 3,
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foralli € I, if a € Ap, then (v[i],a,V'[i]) € Ap,; and if
a & Ap, then Vv'[i] = v[i]. Since I} € [ and I, C I, we
have

Wi, a, V’|Il> S Anll p;, O vl = V/|Il.

O, a,Vh) € Aqy,, Pis OF vl = VL.
Then we conclude (v, a, V') € Agght.
2) Given v’ = (u,b,u’) € Argni. Since u and u’ are states
in [, Pix ], Pi,and Iy UL, = I, u and u’ are also
states in []; P;. No matter if b is an action in [, P; or

in [, P;, since Iy € I and I, C I, b must be an action
in 1_[1 P;. Thus, (i, b, u’)y € Ajefy.

A.2  Proof to Lemma 1
Proof Since P’ and Q are composable, then
shared(P', Q) = (AL, N AQ) U (A, N Ap) U (Ap N Ap).
Since Ag = Ag U Ag, we have
shared(P, Q) = (Ap N Ag) U (Ap N AD).

Note that there is no element of Ag in shared(P’, Q). By
applying this fact to shared(P, Q) C shared(P’, Q), we get

Ap N AT = 0. (1)
Note
shared(P, Q) = (Ap N AY) = (A} NAD) U (Ap NA).

We now prove A N Af = 0 by contradiction. Assume
Al n Ag # 0. There exists an action a € A¥, and a € A’Qf.
Obviously a € shared(P, Q) holds. Note shared(P,Q) C
shared(P’, Q), then a € shared(P’, Q). Consider following

cases of a.

1) ae Ag: In a similar way, with a € Ag, we get a ¢ AIQ.
Applying this to Eq. (2), we get a € (Af,, N Ag), then
a € AL, Since a € A, so we have AL, UAH + 0. As

P< P, ALDA]

pr» WeE obtain AfD U Ag # (. Here comes

contradiction.

2) a € Ay Since a € Aj, then a ¢ AJ. Applying this
to Eq. (2), we have a € (A9 N Ag) U (AL n AIQ),
then a € A9 U Al

Ag, N Ag # 0. This conflicts with the premise.

ie, a € A%, Note a € AY, so

In both cases, the assumption conflicts with the premise,
so the assumption does not hold, that is

AFNA=0.
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Comparing this formula with equation Eq. (1), we get
AlnAg=0. )
Note

shared(P, Q) = A§ N A§ = (AL, N Ap) U (A}
NAQ) U (A7 NAp) U (A7 N AD).

By considering the elements in shared(P,Q) and
shared(P’, Q) which belong to AY, we have

(AL NAQ) U (A7 N AD) € Ap N AY.

Since AL, > Al

pr» We have AL, N AZ 2 A}, N A7, and

AZNAJ =0, ALNAY=A}L NAY. 3)

By considering Egs. (1), (2), and (3) together, we conclude
that P and Q are composable.

A.3 Proof to Lemma 1

Proof Based on Lemma 1, P and Q are composable. We
now prove these two propositions as follows.

1) Let |a| = n, we prove the proposition 1 by induction on
the length of a.

a) The base: the proposition holds when n = 0,
ie., if (s},,s'Q) € e-closure((sp, sp)), then there
must be a state s, € Vp and s}, € Vp such
that s, € e-closure(sy), sp =< Sp, (s},,sé) €
e-closure ((sp', sg)) and (s;,,,s’Q) € Cmp(P,Q).
Since (s}, s’Q) € e-closure ((sp, sg)), then

sp € e-closure(sp), and sy, € e-closure(sg).

Let s} € e-closure(s,) and s}, € e-closure(sp),
then obviously the proposition holds.
b) The inductive step: if the proposition holds for n,
Let =
ay,an, ..., a1, Where a; € Ang forl <i<n+1,

the proposition also holds for n + 1.

and @, = aj,a,...,a, be the nth prefix of a. As-
a, .

sume (sp, sg9) =pxg (5p, s’é), there must exist a

sequence of states s%, sp,,..., sh € Vp, such that

0 _
SP_SP3

s} € ExtDestp(st_l,ai),if a; € EXtEn}ff(sf;l);

and s, = 55!, otherwise.
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There also exists a sequence of states

0 1 n
80280s---150 € Vo, such that

S% =S80,
le € ExthstQ(;gl,ai),if a; € ExtEng(le_l);
and s’Q = le_l, otherwise.

According to the premise, we know there exists
a state s, € Vp and s, € Vp such that s, €

(04
e-closure(sy), sp = S, (Sp, 50) = pxg (sg,,s’é)
and (s}, s’é) € Cmp(P’, Q). As shown in Fig. 11,
let

sp € ExtDestp(sp, ans1),1f ans1 € ExtEng(s’;,);
and sp = s, otherwise,
s'Q € ExtDesto(sy, an+1), if ans1 € ExtEng(s’é);

and s’Q = s"Q, otherwise.

SO ) 8O SO

}
j
1

[ Oyl Oyt
i
j
i

N

Fig. 11 Illustration for Lemma 2
Note a, .1 € ExtEngX Q(sg, s’é), there are two cases:

1) apy € ExtEng(s’;,):
Since s, € ExtDestp(sp,an1), and s, €
e-closure(s}), then s, € ExtDestp(sp,ani1).
According to s}, < s}, there must exist a state
Sp € ExtDestp (%, ap1), such that s, < s%,.
Moreover, since sé € ExtDestQ(s’é,a,Hl), we
have (s}, s'Q) € ExtDestpxg ((s%,, s’é),anﬂ)
and (sp,, 5p) € Cmp(P’, Q). Thus proposition 1
holds.

i) ap € ExtEng(s’é):
We discuss two subcases here.

A) a,y € ExtEnf,(s%):

In this case a, € ExtEnh(s%) N
ExtEng(s’é), then obviously a,,; € Aﬁ,ﬁAg.
Based on Eq. (3), we get a,.1 € AL N
Ag, and thus a € A;,. Moreover, since
(s s"Q) is a compatible state, and a,+; €
ExtEng(s"Q), we have a,.; € ExtEnl, (s},).
From s, < s7,, there must exist a state s}, €
ExtDestp (s}, ans1), such that s, < sp,.
Furthermore, as s'Q € ExtDestQ(s’é,anH),
we get

(8pr» 5p) € ExtDestpixo ((s;,, 50)> a,Hl) ,
(5pr» Sp) € Cmp(P', Q).

Thus proposition 1 holds for this case.
B) a1 ¢ ExtEnfD(s;):

Note P and Q are composable, and a,. €
ExtEn‘Q)(s"Q), we get a1 & ExtEnS(sh).
Then a,,1 ¢ ExtEnj(sp), thus s, = sp.
Based on s}, < s7,, and s}, € e-closure(sl),
there is ExtEnk(s}) 2 ExtEnk,(s%,). Thus
ans1 ¢ ExtEnk(sh). On the other hand,
since P’ and Q are composable, we can
get apy1 ¢ ExtEng,(s’;,,). Thus a,,1 ¢
ExtEn},(s}h,). We set s, = sp,, then obvi-

ously the proposition 1 holds.

2) We prove the second proposition by contradiction. As-
sume (sp, sg) ¢ Cmp(P, Q), there must be a sequence
of actions a € (AgXQ)* and an error state (s}, s’Q) €
Illegal(P, Q) such that (sp.sg) ==pxg (8p.s},). Ac-
cording to the first proposition, there exists a state s}, €
Vp and s}, € Vp:, such that

sp € e-closure(sp), sp < Sp, (spr, 5p) € Cmp(P', Q).
There are two cases for (s}, s’Q) € lllegal(P, Q):

a) da € shared(P, Q),s.t.a € Ag(s},), aé¢ AIQ(S’Q):
From s/, € e-closure(s}), we geta € ExtEng(s}ﬁ .
Then based on s, =< s}, we get a €
ExtEng,(s;,,), i.e., dsy, € e-closure(sy,), such
that a € A9(s}). As a ¢ A’Q(s’Q), therefore
(s, s'Q) € lllegal(P’, Q). Additionally, since
(5% s'Q) éper (s%,, s'Q), then (s}, s’Q) €
Illegal(P’, Q). This conflicts with the premise.

b) da € shared(P, Q),s.t.a ¢ Ai,(s;,), ace Ag(s’Q):
Since a ¢ AL(s},), it must be a ¢ ExtEnb(sp).
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From s} < s}, we know a ¢ ExtEnl,(s)) ie.,
dsy, € e-closure(sp,), such that a ¢ AI,(s},’,). As
ae Ag(s'Q), therefore (s}, s;,) € Illegal(P’, Q).
Additionally, since (sj.s,) ==pxg (Sp.5)).
then (s7,, s’Q) € Illlegal(P’, Q). This conflicts with
the premise too.

In summary, there is a conflict between the conclusion
and premise, therefore the assumption is not true, and
the proposition 2 holds.

A.4 Proof to Lemma 3

Proof We prove the first formula by contradiction. Assume
the first formula does not hold, then

dae ExtEn;,,XQ ((spr,s0)).a ¢ ExtEn;,XQ ((sp,50)) .

Then Js), € e-closure(sp), EIs’Q € e-closure(sg), such that

aé¢ A;XQ ((s},, s’Q)) .
We discuss in the following three cases for a ¢

AL o (s} s'Q)):

e ag¢Al(s))anda ¢ Ag(s’Q):
Since a ¢ A;(s}), then

a ¢ ExtEnb(sp). 4)

For any s, € e-closure(sp), since a €
ExtEnf,,XQ ((spr, 50)), thereis a € AI,XQ(s},,, s)- More-
over, since a ¢ A’Q(s'Q), there must be a € AL (s,).
Then

a € ExtEnb, (sp). (5)

From Egs. (4) and (5), we conclude that ExtEnfg(sP) 2
ExtEn},(sP/) does not hold. This conflicts with the
premise that sp < spr.

e a¢€ Ag(s;,):
Since a € A9(s},), then

ac ExtEng(sP). (6)

Since a € ExtEnj,,, ((sp,s0)), then for any s}, €
e-closure(sp), there is a ¢ A%,(s},). Thus

a ¢ ExtEnd (sp). (7)

From Egs. (6) and (7), we conclude that ExtEng(sP) -
ExtEng,(sP/) does not hold. This conflicts with the
premise of sp < spr.

e a€ A‘Q)(S’Q):
For any sj, € e-closure(sp), since a € Ag(s'Q), then

acAY, 0 ((s;,,, s’Q)). This conflicts with the premise of
aé¢ Aé,XQ ((s},,, S’Q)).

Since all the cases lead to contradiction, we then conclude

the first formula holds. The second formula can be proved in

a similar way.

References

1.

10.

11.

12.

13.

14.

15.

16.

Alfaro L D, Henzinger T A. Interface automata. In: Proceedings of the
8th European Software Engineering Conference Held Jointly with 9th
ACM SIGSOFT International Symposium on Foundations of Software
Engineering. 2001, 109-120

Alfaro L D, Henzinger T A. Interface-based design. Engineering The-
ories of Software-intensive Systems, 2005, 195: 83-104

Lynch N A, Tuttle M R. Hierarchical correctness proofs for distributed
algorithms. In: Proceedings of the 6th Annual ACM Symposium on
Principles of Distributed Computing. 1987, 137-151

Lynch N A, Tuttle M R. An introduction to input/output automata.
CWI-Quarterly, 1989, 2(3): 219-246

Lynch N A. Distributed Algorithms. Morgan Kaufmann Publishers,
San Mateo, CA, 1996.

Kaynar D K, Lynch N A, Segala R, Vaandrager F. Timed I/O automata:
a mathematical framework for modeling and analyzing realtime sys-
tems. In: Proceedings of the 24th IEEE Real-Time Systems Sympo-
sium. 2003, 166-177

Kaynar D K, Lynch N A, Segala R, Vaandrager F. The theory of timed
I/O automata. Synthesis Lectures on Computer Science, 2006, 1(1):
1-114

Wu S H, Smolka S A, Stark E W. Composition and behaviors of prob-
abilistic I/O automata. Theoretical Computer Science, 1997, 176(1-2):
1-38

Stark E W, Smolka S A. Compositional analysis of expected delays
in networks of probabilistic I/O automata. In: Proceedings of the 13th
Annual IEEE Symposium on Logic in Computer Science. 1998, 466—
477

Stark E W, Cleaveland R, Smolka S A. A process-algebraic language
for probabilistic I/O automata. Lecture Notes in Computer Science,
2003, 2761: 193-207

Lynch N A, Segala R, Vaandrager F W. Hybrid I/O automata. Informa-
tion and Computation, 2003, 185(1): 105-157

Alfaro L D, Henzinger T A. Interface theories for component based
design. Lecture Notes in Computer Science, 2001, 2211: 148-165
Wen Y J, Wang J, Qi Z C. Bridging refinement of interface automata to
forward simulation of I/O automata. In: Proceedings of the 6th Inter-
national Conference on Formal Engineering Methods. 2004, 259-273
Wen Y J, Wang J, Qi Z C. 2/3 alternating simulation between interface
automata. In: Proceedings of 7th International Conference on Formal
Engineering Methods. 2005, 173-187.

Chakrabarti A, Alfaro L D, Henzinger T A, Jurdzinski M, Mang FY C.
Interface compatibility checking for software modules. Lecture Notes
in Computer Science, 2002, 2404: 428-441

Chakrabarti A, Alfaro L D, Henzinger T A, Mang F' Y C. Synchronous
and bidirectional component interfaces. Lecture Notes in Computer



14 Front. Comput. Sci., 2015, 9(1): 1-14

Science, 2002, 2404: 414-427
17. Alfaro L D, Henzinger T A, Stoelinga M. Timed interfaces. Lecture
Notes in Computer Science, 2002, 2491: 108-122

18. Chakrabarti A, Alfaro L D, Henzinger T A, Stoelinga M. Resource in-
terfaces. Lecture Notes in Computer Science, 2003, 2855: 117-133

19. Alfaro L D, Silva L D D, Faella M, Legay A, Roy P, Sorea M. Sociable
interfaces. Lecture Notes in Computer Science, 2005, 3717: 81-105

20. Alur R, Henzinger T A, Kupferman O, Vardi M. Alternating refinement
relations. Lecture Notes in Computer Science, 1998, 1466: 163-178

Fei He received the BS degree from
National University of Defense Tech-

nology in 2002, and the PhD de-

e~ -
e gree from Tsinghua University in 2008.
5.3 He is currently an associate profes-

——
R ‘ sor in the School of Software at Ts-
\ / inghua University, Beijing, China. His
A, .| research interests include satisfiability,

model checking, compositional reason-

ing, and their applications to embedded systems.

Xiaoyu Song received the PhD degree
from the University of Pisa, Italy in
1991. From 1992 to 1999, he was on
the faculty at the University of Mon-
treal, Canada. In 1998, he worked as a
senior technical staff in Cadence, San

Jose. In 1999, he joined the faculty at

Portland State University. He is cur-
rently a professor in the Department of
Electrical & Computer Engineering at Portland State University,

Portland. His current research interests include formal methods, de-

sign automation, embedded system design, and emerging technolo-
gies. He has been awarded as the Intel Faculty Fellow during 2000—
2005. He served as an associate editor of IEEE Transactions on Cir-

cuits and Systems and IEEE Transactions on VLSI Systems.

Ming Gu received the BS degree in
computer science from National Uni-
versity of Defence Technology, Chang-
sha, China in 1984, and the MS degree
in computer science from the Chinese
Academy of Science at Shengyang
in 1986. Since 1993, she has been
working as a lectuer/associate profes-
sor/researcher in Tsinghua University.
Her research interests include formal methods, middleware technol-

ogy, and distributed applications.

Jiaguang Sun received the BS degree
in automation science from Tsinghua
University in 1970. He is currently a
professor in Tsinghua University. He
is an expert in computer graphics,
computer-aided design, formal verifi-
cation of software, software engineer-
ing, and system architecture. He was
elected to the Chinese Academy of En-
gineering in 1999. He is currently serving as the dean of the School
of Information Science & Technology in Tsinghua University, and
the director of the National Laboratory for Information Science &

Technology.



