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Abstract. This paper proposes a formalism for reasoning about dis-
tributed object-oriented computations. The formalism is an extension of
Milner’s CCS with the notion of local time. It allows to describe and
analyze both locally temporal and behavioral properties of distributed
objects and interactions among them. We introduce timed bisimulations
with respect to local time. These bisimulations equate distributed ob-
jects if and only if their behaviors are completely matched and their
timings are within a given bound. The bisimulations provide a method
to verify distributed objects with temporal uncertainties and real-time
objects with non-strict time constraints.

1 Introduction

Distributed systems consist of more than one processor loosely coupled by com-
munication networks with inherent delay®. The notion of concurrent object-
oriented computation [25] is considered as a powerful means to design and de-
velop distributed systems. This is because objects are logically self-contained
active entities interacting with one another through message passing. Recently,
many programming languages for distributed systems were developed based on
this notion [1, 22].

Communication delay is the most featuring characteristic of distributed sys-
tems. It prevents objects from sharing a global clock among all processors. Many
distributed systems need real-time facilities to manage time critical responses
and interactions with the real world. These facilities have to be materialized by
clocks on local processors instead of the shared global clock. However, such clocks
can never run at the same rate. Relative differences among clocks that cannot
be ignored may lead cooperations among local processors to failure. In order
to develop correct programs for distributed systems, we must take this problem
into consideration. Hence, we need a theoretical model for describing and ana-
lyzing both locally temporal properties and functionally behavioral properties
of distributed object-oriented computing,.
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A number of computing models for describing and verifying distributed sys-
tems have been proposed based on temporal logic, automata, and process cal-
culi. However, most of them are intended to model only behavioral aspects in
distributed computing and thus lack in the ability of representing temporal prop-
erties. Others can manage only temporal properties based on the global time
which cannot be essentially realized in distributed systems. Consequently, they
can not model the notion of local time in distributed systems. In the fields of
artificial intelligence and real-time systems, some logical systems to deal with
different time scales have been proposed in [4, 7, 16]. However they cannot suffi-
ciently model time based on local clocks which may drift in distributed systems.
Also, some researchers have explored methods for agreement on processes’ time
by using clock synchronization [10, 13] and for maintaining local time based on
causality by using time-stamps [9, 12]. However the former methods cannot cope
with systems where communication delay is unpredictable. The latter methods
lose real-time duration between events.

The goal of this paper is to develop a formalism for reasoning about dis-
tributed object-oriented computations, in particular, local time properties in
computation. The formalism is based on an existing process calculus, CCS [14].
This is because CCS allows us to easily model many features of concurrent ob-
jects by means of its powerful expressive capabilities [8, 18]. For example, objects
can be viewed as processes; interactions among objects can be seen as communi-
cations; and encapsulation can be modeled by the restriction of visible commu-
nications. However, CCS essentially lacks in the notion of local time and thus
we need to extend CCS with it. Indeed the authors introduced a timed extended
process calculus, called RtCCS, for real-time concurrent (but non-distributed)
object-oriented computing in an earlier paper [21]. RtCCS is an extension of CCS
[14] with timeout operator and timed observation equivalences. The extensions
make RtCCS unique among other timed process calculi [5, 6, 15, 17, 24]. However,
the extensions are based on the global time and thus RtCCS, like other timed
calculi, cannot represent the notion of local time in distributed systems. In this
paper, we develop a process calculus called DtCCS (Distributed timed Calculus
of Communication Systems), by extending CCS with the notion of local time in
order to explicitly describe and analyze both temporal properties based on local
time and behavioral properties in distributed object-oriented computing*. Based
on DtCCS, we furthermore develop theoretical proof techniques for distributed
objects.

The organization of this paper is as follows: in the next section, we first
informally introduce our approach to extend CCS with the notion of local time.
Section 3 defines the syntax and the semantics of DtCCS and then presents how
to describe distributed objects along with some examples in DtCCS. In Section
4 we present timed bisimulations based on local time and study their basic
theoretical properties, and then we present some examples to demonstrate the
usefulness of our formalism. The final section contains some concluding remarks
and future works.

* There have indeed been some process calculi for distributed computing [2, 3, 11] but
they are extensions of CCS with the concept of process locations and not local time.
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2 Basic Framework

In this section, we present a brief introduction to our formalism.

2.1 Time in Distributed Computing

Before giving an exposition of our formalism, we first present the basic idea
for modeling local time. If relative motion of all processors is negligible, from
Einstein’s Relativity, the passage of physical time in every processor elapses at
the same rate. On the other hand, each local clock progresses at its own rate.
Clock rates are different from each other and these rate may vary within a certain
bound. Hence, we can envisage local clocks as follows: each actual local clock
reads its own current time by translating the passage of the global time into its
own time coordinate according to its own measurement rate. Therefore, local
times which are measured by different clocks may be different from one another,
although the clocks share the same global time. Summarizing this discussion, we
give the following two basic assumptions on time in distributed computing: (1)
all processors in a distributed system share the conceptual global time, and (2) the
local clock of each processor measures the global time according to its own time
unit and precision. We will hereafter call a clock running at a given constant
rate as a constant clock, and call a clock running at a dynamically drifting rate
within a given bound as a variable clock.

2.2 Extensions of CCS

According to the above assumptions, we develop a formalism for reasoning about
behavioral and temporal properties of distributed objects by using a language
based on CCS. In order to represent the temporal properties of distributed sys-
tems, we need to extend CCS with the ability of representing local time prop-
erties in distributed systems. To do this, we introduce three temporal primi-
tives: timed behavior, global time, and local clock. We briefly summarize these
extensions® as follows:

o Timed Behavior. The behavior of distributed systems is dependent on the
passage of time, such as delaying process and timeout handling. Particularly,
in distributed systems timeout handling is a crucial part for failure detection
in communication network and other processors. Therefore, we introduce a
special binary operator having the semantics of timeout handling, written
as {, )i, and called a timeout operator. For instance, (P, Q); behaves as P
if P can execute an initial transition within ¢ units of time, and behaves as
Q if P does not perform any action within ¢ units of time.

5 The extensions, except for local clock, are essentially equivalent to ones in RtCCS
in [21].
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o Global Time. We assume that all processors share the conceptual global
time. The passage of the global time is represented as a special action. The
action is a synchronous broadcast message over all objects and corresponds
to the passage of one unit of the global time. It is described as a v/, called
a fick action. Please note that, in our formalism, the existence of the global
time does not implies the existence of an actual global clock: it only provides
the time that each local clock may measure.

o Local Clock. Local clocks are given as special mappings from time instants
on local time into corresponding time instants on the global time, according
to its own time unit and precision. The mapping defines how many time
instants on the global time corresponds to the length of one time unit in the
local time. Conversely, local time on each processor is given as a collection
of all the time instants which can be translated into the global time by the
mapping. In order to represent a variable clock, the clock may be given as
a non-deterministic mapping.

In our formalism, descriptions of objects with respect to local times are trans-
lated into ones in the global time. The descriptions are interpreted based only
on the global time. Thus, we obtain a uniform way to easily analyze distributed
objects with their own local times. As a result, we can use many pleasant proper-
ties of timed process calculi based on global time, including the proof techniques
of RtCCS presented in [21]. The translation maps time values with respect to
local time in the descriptions into values with respect to the global time. Qur
method of interpreting the descriptions on local time may seem to be similar to
that of [4, 16]. However, the latter is intended to deal with different time scales
in specification and cannot sufficiently model time based on variable clocks in
distributed systems.

3 Definition

This section first presents the basic definitions for time related notations and
then defines the syntax and the semantics of our calculus.

3.1 Time Domain

In our formalism, time is represented as a time domain composed of time in-
stants. An instant represents a time interval from an initial time and we restrict
the instants to be discrete, instead of continuous. Each time domain corresponds
to a local time measured by one local clock. We assume a special time domain
which is a finest and absolute reference time basis for all local times and is called
the global time domain.

Definition 3.1 Let 7 denote the set of the positive integers including 0. We
call 7 a time domain.

7 = NU{0} where N is a set of natural numbers.
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Especially, the global time domain is denoted as 7¢. O

All occurrences of any instant times on local time domains correspond to instant
times-in the global time domain. The linkage between a local time domain and
the global time domain is given as the following mapping.

Definition 3.2 Let 7z be a local time domain and 8.min, émaz € T : 0 <
6min < 6maz. A clock mapping 8 : T, — T is defined as follows: for all t € 7Ty,

6(t)d£f ift=0
T 10(t—-1)46ift >0 where § € {d €T |bmin <d< bmas}

where we call 8 a clock mapping, or simply a clock. We let {6()} denote { tg | Vi
€ T¢ : tg = 6(t)}. Particularly, if énin = émaz, We call 6 a constant clock and

hereafter will sometimes abbreviate the definition of ¢ as 6(t) 4 5t 0

In above definition, é§ corresponds to the interval of one time unit on the local
time domain according to the global time domain. énin is the lower bound of
that interval and §,,4, the upper bound of that interval. Also {#(t)} means the
set of the whole time values can be evaluated in 8(t).

We present some examples of clock mappings.
Example 3.3 Ezamples of clock mappings

(1) The clock mapping of a constant clock whose time units is three units of
the global time, is denoted as follows: 6(t) TS

(2) The clock mapping of a variable clock whose time unit varies from two to
four units of the global time is given as follows:

H(t)d_e__f 0 ift=20
T 1 8(t—1)+6ift >0 where 6€{2, 3, 4}

As previously mentioned, time is discrete in our formalism. Therefore, if an
event is executed between two consecutive time instants, we say that the event
occurs at the earlier time instant. Also, if two or more events occur between two
consecutive time instants, we say that the events occur at the same time.

Here, we present the inverse of clock mapping. It maps a time instant on global
time into the coordinates of local time.

Definition 3.4 The inverse mapping of 8: 7, — T is defined as follows:

(071 (te)} & {t |Vt € T, : min{0(1)} < t¢ < max{6(t + 1)} }

where tg € 1g. 0
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To demonstrate how 671(t) works, we show an inverse mappings.

Example 3.5 FEzamples of clock inverse mappings

Recall # in (2) of Example 3.3. We present a few of the possible results of its in-
verse mapping 61(¢) as follows: {6~1(1)} = {0}, {6‘ (2)} = {0,1}, {0 1(3)} =
{01}, {6719} = {1,2}, {671(6)} = {1,2,3}, {67'(8)} = {2,3,4},.

We show an alternative definition of the inverse mapping below.

Proposition 3.6 Let §: 7, — 7 and ¢ : Tg — 7; be the following functions.
We have that for all t¢ € Tg: {¢(tg)} is equivalent to {61 (tg)}.

0(t)d£f 0 ift=0
T 0t —1)+6ift >0 where § € {d€ T | bmin < d < bmax}
def

{¢(te)} = {t |Vt € Te: |te/bmas] <t < |t /bmin] }
where ‘Sm:’n, ‘Sma;c € TG :0< 6min S (Smax' O

Note that the definitions of the clock mapping and its inverse mapping are
different from that of usual functions in mathematics.

3.2 Notation and Syntax

Here we present the syntax of DtCCS. The syntax is an extension of Milner’s

CCS [14] by introducing a tick action, a timeout operator, and clock translation
rules.

A few preliminary definitions are needed before giving the definition of the syn-
tax. We first define notation conventions which we will follow hereafter.

Definition 3.7

o Let A be an infinite set of communication action names, ranged over by
ab,. ..

o Let A be the set of co-names, ranged over by @,b,... where an action @ is
the complementary action of a, and @ = a.

¢ Let £ =AU A be a set of action labels, ranged over by £, ¢ . . ..

e Let 7 denote an internal action which is unobservable from the outside.

e Let / denote a tick action which represents the passage of one time unit.

o Let Act = LU {7} be the set of behavior actions, ranged over by «a,8,.. ..

o Let Actyr = Act U {/} be the set of actions, ranged over by u, v

PRI
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In our formalism, distributed objects are described by means of expressions as
defined below. In order to clarify our exposition, we divide the expressions into
two groups: sequential expressions for describing objects on a processor (or a
node) with one local clock, and interacting expressions for describing interactions
among distributed objects following different clocks.

Definition 3.8 The set S of sequential expressions, ranged over by S, 51, So, ..
is the smallest set which contains the following expressions:

S:=0 (Terminated Process)
| X (Process Variable)
| «.S (Sequential Erecution)
| S1+ 52 (Alternative Choice)
| recX:S (Recursive Definition)
| (Si,S2): (Timeout)

where t is an element of a time domain. We assume that X is always guarded 6.
We shall often use the more readable notation X def S instead ofrec X : 5. O

Intuitively, the meaning of constructors on S are as follows: 0 represents a ter-
minated and deadlocked object; .S performs an action « and then behaves like
S: S + S, represents an object which may behave as either Sy or S3; recX :S
binds the free occurrences of X in S; {S1, S2): represents an object such that it
behaves as S; if S; can execute an initial transition within ¢ time units, whereas
it behaves as Ss if S; does not perform any action within ¢ time units.

We now define the syntax of expressions for interactions among different proces-
sors with local clocks as shown below. We assume that [-]J4 is a clock translation
mapping which will be defined later. It allows sequential expressions following a
local clock 8 to be translated into expressions on the global time domain 7¢.

Definition 3.9 The set P of interacting expressions on local time, ranged over
by P, Pi, Py, .. is defined by the following grammar:

P ::=[S]y (Local Object)
| PP, (Parallel Composition)
| PLf] (Relabeling)
| P\L (Encapsulation)

where 8 is a clock mapping. We assume that f € Act — Act, f(f) = Ji}
f(r)=7,and L C Act. O

® X is guardedin S if each occurrence of X is only within some subexpressions a.S

in S where a is not an empty element; c.f. unguarded expressions, e.g. rec X : X or
recX : X +65.
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The informal meaning of constructors of P is as follows: [S]y represents a se-
quential expression S executed on a processor (or a node) with a local clock 6;
Py |P; allows P; and P, to execute in parallel; P[f] behaves like P but with the
actions in P relabeled by function f; P\ L behaves like P but with actions in
L U L prohibited.

3.3 Semantics

As we noted already, the definition of the semantics of DtCCS consists of two
parts: clock translation rules, written as [S]g, which translate expressions on a
loca) time into expressions on the global time, and structural transition rules
which define the mean of all constructors in expressions on the global time.

Expressions on Local Time

We here define the clock translation rules [S]g. We first present the key idea
of the rules. In order to translate expressions on local time into expressions on
the global time, we translate all local time values in expressions on local time
into time values on the global time. In our formalism only the deadline time
of the timeout operator corresponds to such time values. We introduce special
translation rules which map each deadline time on local clocks in expressions
into deadline time based on the global time, by using the clock mapping.

Definition 3.10 Let 7; be a local time domain and 8 be a clock mapping from
7¢ to T¢. The clock translation rule [-]g is recursively defined by the following
syntactic rewriting rules.

[0l —©
[Xlp — X
[o-Slg — a.[S]y
IIS1 + Sz]]g — [Slllo' + [[52]]0/
[rec X : S]g — rec X : [S]y

[(S1, S2)tlg — ([S1lys [[52]]g")gl(t)

where @', 0" % 0 such that Vt, € Ty : '(te) = 8(te), 0"(te) + 6(t) = 0(t¢ +1). O

We briefly explain the intuitive meaning of the main rules. The third rule trans-
lates an unpredictable synchronization time for waiting for « into an unpre-
dictable time on the global time domain. The fourth rule shows that all alterna-
tive subsequences in a processor share the same clock. The last rule means that
the deadline time t on local clock @ is mapped into deadline time on the global
time.

We show some notable points on the above clock translation rules.
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o Hereafter we will often omit the — translation if it is understood from the
context.

¢ By the definition of P, expressions applicable to [[]]9 are restricted to expres-
sions in §. This means that expressions to model internal interactions, such
as concurrency and encapsulation, among objects sharing the same clock
cannot be translated into the global time by [-]g. However, this restriction
never results in unavoidable difficulties in describing distributed systems.
This is because any expression for interaction on the same clock can be
reduced to an equivalent sequential expression in S by using the expansion
rules shown in Corollary 1 and Proposition 10 of [21]. Therefore, we first
translate expressions for interacting objects following the same clock into
expressions in § using the expansion rules and then we can apply [-]4 to
the translated expressions.

Expressions on Global Time

The clock translation rules can completely eliminate all [-]g from expressions in
P. Therefore, in order to define the operational semantics of DtCCS, we need to
give semantics to all syntactical constructors in P except [-]g. The semantics is
given in terms of a labeled transition system [20]. The operational semantics of
the language which consists of the translated expressions on the global time, is
given as a labeled transition system ( P, Actr, { =~ |u € Acty }) where £,
is a transition relation (—+C P x P where P contains no constructor [S1g)- The
definition of the semantics is structurally given in two phases. The first phase
defines the relations —— for each a € Act. The inference rules determining ——
are given in Fig. 1. This is based on the standard operational semantics for CCS
except for the addition of the timeout operator. The new action v does not effect

any rule. The second phase defines the relation £, by inference rules given in
Fig. 2.

Let us give some remarks on the definition of the semantics.

o The syntax and the semantics of the translated expressions on the global
time domain essentially coincide with these of RtCCS [21]. Therefore, the
translated expressions enjoy proof techniques presented in [21] for RtCCS,
such as timed strong equivalence and timed observation equivalence.

¢ As previously mentioned, there have been many time extended process cal-
culi. The syntax and the semantics of the expressions translated into the
global time domain (i.e. RtCCS) are somewhat similar to some of them.
Detail comparisons can be found in [21]. V

e In DtCCS, external actions cannot be performed before their partner ac-
tions in other objects are ready to communicate it. Objects must perform
V actions, while waiting for partner actions corresponding to their external
actions. If an object can perform any executable communication (includ-
ing 7), it must perform the communication immediately, instead of idling
unnecessarily.
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aP =P

P LN Pl, implies P1 + P> = Pl', P+ P = Pll
P, = P implies P,|P, %+ P{| P, P;|P\ =+ P;|P]
P, =+ P/, P, >+ P} implies P,|P, —— P||P}

pap implies P[f] 22 P'[f]

PP a¢ LUL implies P\L-> P'\L
P{rec X : P/X} =+ P' implies rec X : P = P’
PP t>0 implies (P, P,); — P{
P, p implies (P, P,)o — Pj

Fig. 1. Operational Rules of P on Global Time

0-Lo

epXoop

P, pl P, L P! implies P, + P, -4 P! + P}

P P}, P, -4 P}, P,|P, A implies P|P; - PJ|P}

P2 p implies P[f] - P'{f]

P p implies P\ L -4 P\ L
P{recX :P/X} L P’ implies rec X : P -4 P’
L Pl t>0 implies (P, Py)¢ L+ (P}, P2)i—
P, L P} implies (Py, Py)o -4 P}

Fig. 2. Temporal Rules of P on Global Time

3.4 Examples on Description of Distributed Objects

In order to illustrate how to describe distributed object in DtCCS, we present
some simple examples.

Example 3.11 Interaction between Distributed Objects
We suppose interaction between a client object and a sever object on different
processors by means of remote procedure call.

¢ The client object (Client) sends a request message (7¢g) and then waits for
a return message (ret). If the return message is not received within 6 units
of local time, then it sends the request message again.

e Upon reception of a request message (reg), the server object (Server) sends
a return message (7et) after an internal execution of 5 units of local time.



336

These objects are denoted as follows:

Client 7eq.(ret.0, Client)s
Server & req.(0, Tel.Server)s

We assume that the client and server objects are allocated to different processors.
The time unit of variable clock 8. for the client varies from 4 to 6 units of the
global time. The time unit of variable clock 8, for the server varies from 3 to 5
units of the global time. 8, and f, are defined as follows:

def | O ift=0

.(t) = {0c(t—1)+5c £t 0 where 6. € {4,5,6}
def | 0 ift=20

65(t) = {0,(t—1)+63 £1>0 where é, € {3,4,5}

By []g mapping rules, the client and the server are mapped on the global time
domain as shown below. From the definition of 6. and 6, there are multiple
results for 6.(6) € {24, 25,..36} and 6,(5) € {15,16,..25}:

[Client]lg, — ---— Teg.(ret.0, IICIient]]gc)oc(ﬁ)

[Server]lg, — ---— req.(O,m.[Server]]gs)65(5)

The interaction between the objects is described as the following parallel com-

position:
([Client]g_|[Server]g ) \ {req, ret}

where \{req, ret} makes internal communications encapsulated from the envi-
ronment. The result of the interaction is dependent on the evaluated values of
6.(6) and 0,(5). Here we show some of the possible results:

(1) In the case of .(6) = 30 and 6,(5) = 20:

([Client]y_|[Server]y, Y\ {regq, ret}
LN ((ret.O,i[CIient]lgc):;ol(O,m.[[Server]]es)go)\{req,ret}
(=5)20 ((ret 0, [Client]g_)1o[ret.[Server]g )\ {req, ret}
= (0f[Server]g ) \ {req, ret}
(successful)

In the above case (i.e. 8.(6) > 8,(5)), the client can always receive the
return message before it goes into timeout.

(2) In the case of 8.(6) = 24 and 6,(5) = 25:

([Client]g_|[Server]g, )\{req, ret}
L. ({ret.0, I[Clientﬂgc)ul(o, m.[[Server]]ga)%)\{req, ret}

(—‘/>)24(|[Clz'ent]]9c|(0,'re—t.|[5'erver]]93)1) \ {reg, ret}
(=51 ([Client]g_|ret.[Server]g )\ {reg, ret}
(failure)
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In the above case, the client goes into timeout before receiving a return
message ret because of 6.(6) < 8,(5). Thus, the objects goes into a deadlock.

DtCCS allows us to analyze explicitly how the differences among local clocks
affect the result of interactions in distributed computing. a

Note that the deadline time of the timeout operator in Server means execution
steps for handling the request in the server. 4, in [[Server]}g represents an index
on the performance of a processor executing the server. For example, the larger
b5 in B, is, the faster the processor is. The result shows that the clock translation
rules []4 allows us to represent differences among processors’ performances as
well as differences among processors’ clocks.

Example 3.12 Embedding Asynchronous Communication with Delay

We illustrate an embedding of an asynchronous communication mechanism in
DtCCS. The key idea of the embedding is to express asynchronous communi-
cation in terms of synchronous communication and a messenger creation, i.e.
asynchronous message sending is represented by creating a process which can
engage only in an input action with the same name of the message. Note that
this embedding is very similar to the ways to express asynchronous communica-
tion developed in [8, 11].

Let Ta.P and | a.P denote asynchronous sending and receiving expressions,
respectively. Ta.P sends a message to the target name a and continues to execute
P without waiting the reception of the message. | a.P behaves like P after
receiving a message with a target name a. These expressions are encoded by
expressions of DtCCS as follows:

(1) First we describe the case we can neglect the transmission delay of the

communication.
1a.P = (¢.P|c.a.0)\ {c} (Asynchronous Sending)
laP=aP (Receiving)

where we assume that newly introduced name ¢ does not appear in P.

Note that {a.P can continue to execute P without blocking before Ta is
received by another object.

(2) Next we take communication delay into consideration. In the above expres-
sion ¢.@.0 corresponds to a communication channel for the message and
thus we extend ¢.@.0.

Ta.P = (¢.P|[c.(0,2.0)1]g ) \ {c} (Asynchronous Sending)

e | 0 ift =0
Ba(?) d_f{9d(t—1)+6d frao where 84 € {d | dmin < d < dmas)
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where dp,;n and dy, 4, correspond to the minimum and maximal delay of the
transmission, respectively. The multiple results of 84(1) allows us to model
uncertain delay time within a given bound (dnin < d < dymaz)-

(3) We extend the server object of Example 3.11 with asynchronous communi-
cation.

Server & lreg (0, Tret .Server)s

We derive an expansion of Server as follows:

[Server]g, = req.{0, (E.[Server]]aa|c.(0,m.0)gd(1)) \ {e}he.(5)
-, (0, (?.I[Ser‘uer]]g’ {c.{0,7et.0)g,(1)) \ {c})s.(5)
(=5)8+®) (z.[Server]g | (0, 7et.0)g,1)) \ {c}

—  ([Server]g, |0, 7¢1.0)6,(1)) \ {c}

req
—_—

where 6, were already defined in Example 3.11.

The server can receive the next req message while 7ef is being transmitted,
and thus not yet received. a

4 Bisimulation Based on Local Time

This section defines two timed bisimulations. In the earlier paper [21], the au-
thor provided temporally strict equivalences in which timed equivalent objects
must completely match their time properties as well as their functional behaviors.
However, the temporal properties of any two distributed objects may not com-
pletely match one another because local processors may not compute at exactly
the same speed and local clocks may not run at the same rate. It is natural and
practical that two objects on different processors can be treated as equivalent
only if their behaviors are completely matched and differences in their timings
are within a given bound. Therefore, we develop such equivalences by extending
the notion of bisimulation [19, 14] and study some theoretical properties of them.
Hereafter we will only deal with expressions with no occurrences of free” process
variables.

Definition 4.1 Optimistically Timed Bisimulation
A binary relation Ry is a optimistically timed bisimulation on clock 8 (6 : T, —
Tg) if (P,Q) € Ry implies, for all a € Act,

(i) Vm € Tg, YP': P(-L)™ 5 P/ 5 3n € Tg, 3Q: Q(-5)" - @
AT m)} N {87 (n)} #0 A (P',Q') € Re.

T An occurrence of a variable X in an expression P € P is called boundedif it occurs
in a subexpression of the form rec X : P’. Otherwise it is called free.
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(i) Vn € Ta, ¥Q": Q(-5)* =% Q' D 3m € Tg, 3P P(-Ly» = P!
Ao~ Hm)} N {67 (n)} £ 0 A (P, Q') € Ry.

We let “~p” denote the largest optimistically timed bisimulation, and call P and

Q optimistically timed bisimilar if P ~g Q. Also if 6(t) % ¢, we let ~ denote

~0- O

Let us describe the informal meaning of ~g- If P ~g Q, an observer following
clock ¢ cannot distinguish between the behavioral contents and the timings of
P and Q. Especially, when the running rate of the clock drifts, there may be
measurement errors due to the drift. The observer leaves these errors out of

consideration. Therefore, ~g optimistically equates the temporal properties of
two objects.

Proposition 4.2 V5,5, €8, Si~S8: ff [Silg~p[S:2]g a

This proposition shows a relationship between the optimistically timed bisimi-
larity and the clock translation rules.

Next we define the pessimistic counterpart of ~p.

Definition 4.3  Pessimistically Timed Bisimulation

A binary relation Ry is a pessimistically timed bisimulation on clock 8 (8 : T, —
g and Vt € 7 : max{8(¢)} < min{é(¢t + 1)}) if (P,Q) € Ry implies, for all
a € Act,

(i) ¥m € 7g,Vi € {§=(m)}, YP: P(-5)™ =25 P' > 3n € T, 3Q": Q
(<L) =5 @ A max{8(i)} < n < min{0(i + 1)} A (P, Q') € Rs.

(i) Vn € 7,¥j € {671 (n)}, VQ": Q(-5)" =% @ D 3m € Tg, AP P
(=5)™ < P A max{0(j)} < m < min{0(j + 1)} A (P',Q’) € Rs.

We let “~p” denote the largest pessimistically timed bisimulation, and call P

and @ pessimistically timed bisimilar if P ~y Q. Also if 6(t) def t, we let ~
denote =g. O

We show the informal meaning of ~p. If P and Q are pessimistically timed
bisimilar on #, an observer according to clock # cannot distinguish between
their behavioral contents and between their timings. When 6 is a variable clock,
there may be measurement errors due to the drift of §. The observer in ~g
takes these errors into consideration and equates only objects whose temporal
and behavioral properties cannot constantly be distinguished by the observer,
regardless of whether the errors affect the measurement result of # or not. Hence,
=g pessimistically equates the temporal properties of two objects.

Since 2y is a particular instance of ~p, we have the following relationship be-
tween ~p and >y
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Proposition 4.4 VP;,P, € P, If Py~p P;, then Py~ Ps. O

The above proposition shows that ~ is more strict than ~g. Another interesting
fact is that ~p coincides with = if clock # is a constant clock.

We show some useful relations for proving substitutability between two dis-
tributed objects.

Proposition 4.5 VP, P, € P : Py ~g P2, VQ € P such that () € P contains
no timeout operator.

(1) CY.Pl ~g O,’.Pg (2) P1+Q~9 P2+Q
(3) PiI\L~g P2\L (4) Py[f] ~¢ P:[f]
(5) Pi|Q ~g P2|Q
where the same results holds for ~. a

Since distributed object-oriented computing is based on interaction among ob-
jects executing concurrently, the following substitutability for parallel composi-
tion provides a method to verify interactions among distributed objects.

Proposition 4.6 VP, P,eP,VSES,

[f P1 20 Pg, then PIII[S]|6 ~g P‘z“IS]]g
a

This proposition shows that if an object according a clock § interacts with one
of two objects which cannot be distinguished by an observer following the same
clock @, the object itself cannot notice any difference in its interactions with
either object.

Preorder on Clocks

It is well known that any actual clocks are different in their measurement unit
and precision. Based on such unit and precision, we here formulate some order
relations over local clocks and further study interesting relationships between
the preorders and the timed bisimulations.

We define order relations over clock functions.
Definition 4.7 Let Ty, 73, 7; be local time domains,

(i) Granularity Preorder Let 6, : T; — T and 62 : To — 7.
If Vty € To,3t; € T, : {61(t1)} = {62(¢2)}, then 61 is finer than 8.,
written as ) < 0.

(ii) Precision Preorder Let 8; : Ty — Tg, and 65 : T, — Tg.
If Vte € Tp: {0:1(te)} C {02(te)}, then 6y is more précise than 05,
written as 6; C 65. 0
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Intuitively, §; < @, means that one time unit of 8, corresponds to more than one
time unit of #;. #; C 6, means that 8, is less accurate than 6.

Proposition 4.8 < and C are preorder relations. O

We here show relationships between < and timed bisimilarities.

Proposition 4.9 VP, P, € P, 6; 4 85, then
(1) If P ~9, Py, then P ~0, Py
(2) If P1 :61 Pz, then P1 ’:02 Pz 0

Intuitively, this property will be exemplified by the following example: if two
objects cannot be distinguished by an observer following an accurate clock whose
time unit is one second, then they cannot be distinguished by another observer
having an accurate clock with the unit of one minute.

Below we present relationships between C and timed bisimilarities.
Proposition 4.10 VP, P, € P, 61 C 8, then

(1) If P1 ~91 PQ, then P1 ~02 P2

(2) If P ~9, Py, then P ~g, P ]}
From Proposition 4.9 and 4.10, we assume 6; < 8, and §; C 3, then for any P
and @, if P, ~0, P, then P ~f, P,

The strictness of ~g (and 2~g) depends on clock §. The orders of clocks are
available in specifications with respect to different time scales and precisions.

Example 4.11 We suppose two clocks 8459 and 01109 whose worst measure-
ment errors are +5% and +10% respectively.

def | O ift=0

O1s%(t) = {315%@—1)4‘515% 150 Oxsw € {95,..100,..105}
def [ O ift=0

Bx10%(t) = {9110%(1 — 1) 4 bsr0%ift >0 81109 € {90,..100,..110}

Immediately we have 8154 T 61+10%. Also, from Proposition 4.10, ~g 5% 1s
0

more strict than ~0p10%" We have for any P, and P, if P, ~0.59 P,, then
P ~0410% P,. Clearly the converse is not true. O
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Examples on Verification of Distributed Objects

For the remainder of this section we will present some examples of verification
of distributed objects by using the timed bisimilarities. We first illustrate how
to equate two objects whose temporal properties are different.

Example 4.12  Vertfication for Real-Time Objects
We consider two server objects as given below. The informal exposition of the
objects has already been described in Example 3.11.

Server 4 = req.(0, rel.Server 4)s
Serverg & 7eq.(0, ref.Serverpg)g

We assume a constant clock 6(t) 4" 6¢. An observer according to # cannot

distinguish between temporal properties of the objects, i.e. their execution times
of 8 and 9 time units, because of {#7'(8)}, {#71(9)} = {1}. Hence, ~ can equate
them even if their temporal properties are different.

Serverp ~p Serverg c.f. Servery o Serverp

This holds on ~g as well as ~g- ]

¢ ~p (and ~p) provides a useful method to verify real-time objects with non-
strict time constraints. For example, let Server s be a specification of the
server object and Serverg be an implementation of the object. The above
result shows that the implementation completely satisfies the behavioral
requirements in the specification, and that the temporal differences between
them is within a permissible bound specified in terms of 6.

¢ Let us suppose a clock ¢ such that § < ¢'. By Proposition 4.9 we can easily

prove Servery ~g Serverp. For example, let 6(t) 47 19¢ then ¢ < 6. Hence,

we have Server, ~6 Serverp.

Next we show an example to illustrate how to equate distributed objects follow-
ing different clocks.

Example 4.13  Verification for Distributed Objects with Variable Clocks
Let the client object be as follows:

Client & 7eq.(ret.0, Client),

We assume that the program is allocated on two processors with local clocks, &
and 64, whose time unit may vary from 9 to 11 and from 10 to 12, respectively.

def | 0 ift=0 def | O ift=0
bu(t) = {ﬂl(t—1)+61 ifr>0 2O = {92(1—1)+52 if1>0

where 6; € {9,10,11} where 6, € {10,11,12}
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An observer according to the following variable clock #'(t) equates these objects.

oo det [ O if1=0 ,
#'(t) = {0'(t—1)+6’ifi>0 where &' € {14,15,16}

[Clientlg ~p [Clieni]y, c.f. [Client]y [Client]p,

This result shows that the timed bisimilarities can equate two distributed objects
even if the units and precisions of their clocks are different. O

We illustrate how to verify whether distributed objects can be substituted for
each other.

Example 4.14  Substitutability between Distributed Objects
Recall the two clients |[Client]]91 and [Client]y, , and clock 6 already presented
in Example 4.13. We have:

[Client]y =~y [Client]y,

We suppose a server object being executed by a processor having the clock 6.
From Proposition 4.6, we have:

Server % req.(0, Tel. Server),

[[Clz'ent]]91 |[Server]y ~g [Client]g, |[Server]

Two pessimistically timed bisimilar objects on  can be substitutable for each
other as long as they interact with any objects on the local clock 8. Therefore the
timed bisimilarities provide a method to verify reusability and substitutability
for distributed objects. O

5 Conclusion

In this paper we have seen a way to formulate local time properties in distributed
computing, along with developing a formalism based on a minor temporal ex-
tension of CCS [14]. The extension is based on the notion of local time and
thus allows us to model various local time aspects in distributed computing,
such as inaccurate clocks on local processors and timeout handling. The for-
malism provides a theoretical framework to describe and analyze both temporal
and behavioral properties of distributed objects with temporal uncertainties and
interactions among them.

Based on the notion of bisimulation [14, 19}, we defined bisimulations with
respect to local time. These bisimulations can equate two objects whose func-
tional behaviors completely match and whose timings are different within a given
bound. The bisimulations are appropriate and useful to verify distributed objects
and real-time objects with non-strict time constraints.
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Finally, we would like to point out some further issues. The formalismis based
on synchronous communication but in many distributed systems asynchronous
communication may seem more appropriate. We plan to develop a calculus based
on asynchronous communication. Particularly, we believe that the study of time
properties for asynchronous communications will provide us with concepts for
programming languages for distributed systems®. We are interested in investigat-
ing timed bisimulation based on observation concept which can ignore internal
behavior, i.e. T-transition. Besides, the extension for representing local time pre-
sented in this paper is essentially independent of DtCCS. We are interested in
whether the extension can be applied to other timed formalisms based on global
time, such as other timed calculi, real-time temporal logic, and timed Petri nets.
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