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A Temporal Approach
for Testing Distributed Systems

Ahmed Khoumsi, Member, |IEEE

Abstract—This paper deals with testing distributed software systems. In the past, two important problems have been determined for
executing tests using a distributed test architecture: controllability and observability problems. A coordinated test method has
subsequently been proposed to solve these two problems. In the present article: 1) we show that controllability and observability are
indeed resolved if and only if the test system respects some timing constraints, even when the system under test is non-real-time; 2)
we determine these timing constraints; 3) we determine other timing constraints which optimize the duration of test execution; 4) we
show that the communication medium used by the test system has not to be necessarily FIFO; and 5) we show that the centralized test
method can be considered just as a particular case of the proposed coordinated test method.

Index Terms—Conformance testing, distributed systems, controllability, observability, reaction time, waiting time.

1 INTRODUCTION

TESTING, which aims to ensure the quality of the
implementation, is realized by generating test se-
quences and applying them to the implementation which
is referred to as an Implementation Under Test (ZUT). In this
article, we consider the case when the ZU7 is distributed
and we study the test execution phase (i.e., the phase when
test sequences are applied). Here are the few works which
inspired us:

e In [1], a distributed architecture for testing distrib-
uted ZUT s has been studied. In this architecture, the
ZUT contains several ports and the test system (7'S)
consists of a local tester for each port of the ZUT.
Each local tester communicates with the ZUT
through its corresponding port (see Fig. 1b). Two
important problems which occur in the phase of fest
execution are determined in [1]: synchronization and
fault detectability problems.

e In [2], [3], the problems of synchronization and fault
detectability have been defined in terms of controll-
ability and observability, respectively, and a coordi-
nated test architecture is proposed to solve them (see
Fig. 1c). The approach of resolution consists of
allowing the local testers to exchange coordination
messages with one another, through a reliable
communication medium which is independent of
the ZUT.

e In [4], certain timing constraints are given and it is
stated, without any proof, that controllability and
observability problems can actually be resolved if
and only if the 7'S respects these timing constraints.
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In this article, we propose a testing method which
validates and improves [4] as follows:

1. Correctness of all timing constraints of [4] are
proven. In other words, we prove that the timing
constraints of [4] solve controllability and observa-
bility problems. Certain errors in [4] have also been
corrected.

2. We determine other timing constraints which opti-
mize duration of test execution. More precisely, we
determine the minimal times the 7S has to wait for
expected outputs of the ZUT before deducing
whether the ZUT is faulty.

3. We show that our test method does not require a
FIFO communication medium.

4. We show that the centralized test method can be
considered just as a particular case of the proposed
coordinated test method. This implies that:

- itis useless to do another study for a centralized

test architecture and
- the 78 must respect timing constraints even

when the test architecture is centralized.

Several other works have been written for testing
distributed systems [5], [6], [7], [8], but they do not resolve
the problems we will consider. In [5], the authors propose a
coordination procedure between testers and they study
how the test is affected by the transmission between the 78
and the ZUT . In [6], the authors more thoroughly study the
influence on testing of the transmission between the 7S and
the ZUT. There are several limitations of [5], [6] in
comparison with our study. First, in [6], concrete results
are obtained only when the ZU7 and the 7S communicate
through a single port. Second, in [5], [6], only the order of
events is taken into account, while the causality relation
between inputs and outputs is ignored. A consequence of
this limitation is that controllability and observability
problems are not resolved. Third, in [5], [6], the duration

of test execution is not studied.
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Fig. 1. Architectures for testing distributed systems. (a) Centralized test
architecture. (b) Distributed test architecture. (c) Coordinated test
architecture.

In [7], the authors study the generation and selection of test
cases which maximize resources utilization. In [8], the
authors study the generation of test cases for a particular
distributed routing protocol for Internet. In comparison
with our article, in [7], [8], the execution of test cases and the
coordination of testers are not studied.

The rest of this article is structured as follows: In
Section 2, we introduce the communication model, the
model used to describe the ZUT, and several hypotheses
and concepts related to testing. In Section 3, we present in
more detail the concepts of controllability and observability.
In Section 4, we give a few definitions and present our
objective. In Section 5, we present the coordinated test
method, define reaction times and waiting times of the 7S,
and define our objective more accurately. In the same
section, we prove that our method is insensitive to the fact
that the communication medium respects or does not
respect the FIFO discipline (first-in, first-out). In Section 6,
we present constraints of reaction times and waiting times
of the 7S which resolve controllability and observability
problems and optimize duration of test execution, respec-
tively. We also show that the centralized test method can be
considered just as a particular case of the coordinated test
method. In Section 7, we conclude by summarizing our
contributions and discussing some future research issues.
For clarity, the proofs of all results of Sections 5 and 6 have
been put in Appendices A, B, and C.

2 MODELING AND TESTING CONCEPTS

As we will see later, in this study, we adopt a coordinated
test architecture. In the present section, we first present the
communication model used in this architecture. Then, we
present the np-FSM model that is used to describe the
specification of the ZUT . After that, we present hypotheses
and concepts related to testing.

2.1 Communication Model
A local Tester, communicates with port p of the ZUT
through a reliable communication medium denoted as
CM,. Two testers Tester, and Tester, communicate with
one another through a reliable communication medium
denoted as CM?,. Each CM,, and C M, is assumed reliable
(i.e., no message loss and finite transmission delay).

The transfer times in all C M, (respectively, C’Mts) are
assumed bounded by a finite value 77" (respectlvely,
TT;7**) that can be determined. This hypothesis is realistic
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Fig. 2. Two examples of np-FSMs. (a) Specification and (b) faulty
implementation.

because the advent of real-time middlewares such as real-
time CORBA [9] is foreseen, probably in a near future.

We assume that each tester and each port of the ZUT
uses its own local clock and that the local clocks are not
synchronized, that is, there is no global clock. This
implies that the transit time of a message (in CM, or

CM,?) cannot be measured by reading the local clocks of
the sender and of the receiver, at instants of sending and
reception, respectively.

As we will prove it in Section 5.6, our test method
guarantees that at any time each C'M,, and C'M;;, contains at
most a single message and, thus, our method is insensitive
to the fact that the communication medium respects or does
not respect the FIFO discipline.

2.2 Finite State Machine with n Ports np-FSM
A np-FSM is a 6-tuple (Q, 1,0, 6,0,q), where n > 1 and:

e () is a finite set of states and ¢y € @ is the initial state.

e [isan-tuple (I1,I,...1,), where [; is a finite set of
inputs of porti, I; N I; = P fori # jandé,j=1,---,n
Then,letZ =L UL U...UI,.

e Oisan-tuple (O1,0,...0,), where O; is a finite set
of outputs of port i, O;NO0; =0 for i#j and
i,j=1,---,n. Then, let

O = (0,U{e}) x (02 U{e}) x ... x (0, U{e}),

where ¢ stands for the empty output.
e ¢ is a transition function: D—(@), and ¢ is an output
function: D—O, where D C @ x 7.
Two 3p-FSMs are represented in Fig. 2, with I} = {a},
[2 = {b}, 13 = {C}, 01 = {w, IL’}, 02 = {y}, and 03 = {Z} The
nodes are the states and the directed edges are the
transitions linking the states. A label a/y on an edge
linking ¢ and ¢ means 6(¢,a) =¢ and o(g,a) =~. For
example, if gy is the current state and the input a is received,
then the state changes to ¢; and the outputs « and z are sent
in ports 1 and 3, respectively.

Notation 1 ('z, 7z, T, y*, I, ?Y). The sending (respectively,
reception) of an input or output x is denoted !z (respectively,
?x). Let T = (y1,---,y") be a n-tuple, where y* is an output
(possibly empty) in port k. Formally, Y € O. The sending by
the TUT (respectively, reception by the T S) of all the outputs
of Y, in any order, is denoted 'Y (respectively, 7T).

2.3 Hypotheses and Concepts of Testing

Conformance testing consists of checking whether an ZUT
conforms to a specification SPEC.
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Fig. 3. Projection of a global test sequence.

Hypothesis 1. Similarly to [1], [2], [3], SPEC is assumed to be
described by a deterministic np-FSM. And similarly to [10],
we assume that the behavior of the TUT (even when it is
faulty) can be described by the model used to describe its
specification SPEC, in our case a deterministic np-FSM, but
the latter can be unknown.

Property 1. From the assumption that the ZUT can be described
by a np-FSM, we deduce that the ZUT is reactive, that is,
outputs are sent only in response to the reception of an input.
In other terms, outputs are not spontaneous.

Property 2. From the assumption that the TUT can be described
by a np-FSM, we deduce that the TUT reacts to an input by
sending at most a single output in each port.

In the following two definitions, we consider an np-FSM
A=(Q,1,0,6,0,q) which describes SPEC (specification of
the ZUT), and A = (x1/Y1){xs/Ls) - (x:/Y;) which is a
transition sequence of A, where z; € Z and T; € O.
Definition 1 (¢(\), conformance). We consider the sequence

d(A) = 2101 22! Ty - - 221y A TUT is conformant to A

iff: When the TUT receives the input sequence xy,xs - - Ty,

then it executes ().

Definition 1 holds only with Hypothesis 1. An TUT is
conformant to A iff it is conformant to every transition
sequence of A.

Definition 2 (w()), global test sequence (GTS)). The
sequence w(A) =z 7L 1z ?Yy - - - 1z, ?Yy is called global test
sequence (GTS).

¢(A) and w(X) can be defined intuitively as follows:

e The ZUT is conformant to A if the ZUT can execute
P(A).
e With a centralized test method (see Fig. 1a), the 7S

deduces that the ZU7T is conformant to A if the 7S
can execute w(A).

The centralized test method is therefore correct if we
have the following equivalence: The ZU7 executes ¢(\) iff
the 7S executes w(\). Actually, the equivalence holds iff
certain timing constraints are satisfied by the 7S. An
example of timing constraint will be given in Example 4
(Section 5.5).

Let us consider the ZUT of Fig. 2b, which contains four
faults (which are underlined) with regard to the specification
of Fig. 2a. Let us consider the following sequence which
corresponds to the sequence of transitions Tr1 Tr3 Tr2 Tr4 Tr5
of Fig. 2a:

A= (a/(z,e,2))(b/ (z,y,€)) ¢/ (w, &, 2)){a/ (x,¢,2))(c/2, Y, 2))-
(1)
Its corresponding GTS is:

w(A) =la?(z, e, 2)07(x,y,€)!c?(w, g, 2)la?(z, €, 2)c? (g, y, 2).
(2)

With a centralized test method, the conformance of the
faulty ZUT to A can be checked as follows, according to
w(A). The ZUT being initially in state g, the 7S sends a and
then receives the expected outputs x and z, in ports 1 and 3,
respectively (transition Trl). After that, the 7S sends b and
receives the outputs w and y, in ports 1 and 2, respectively.
The nonconformance is detected because the expected
output in port 1 is x instead of the received w.

Definition 3 (Local test sequence LTS in a distributed
architecture). With a distributed test architecture (see
Fig. 1b), conformance to a sequence A cannot be checked by
using directly the corresponding GTS w(\). Instead, each
Tester, (tester in port p) uses a local test sequence (LTS)
which is obtained by projecting the GTS in port p. We might
think that a TUT is conformant to a sequence A iff each
Tester, executes its LTS. We will see in Section 3 that this
view is incorrect.

The LTSs obtained from the GTS (2) are represented in
Fig. 3, where each input is linked by arrows to the outputs
of the same transition.

We obtain therefore the following LTSs w;, ws, and ws for
testers 1, 2, and 3, respectively:

wp = la?z?z?wla?x
wy = 1byly (3)
wy = 72?2721z

3 CONTROLLABILITY AND OBSERVABILITY ISSUES

In this section, we present controllability and observa-
bility that are two important issues in testing because
they have an effect on the capability of the 7S to check
the conformance of an ZU7 . In this section, we assume a
distributed test architecture and the use of LTSs. For
clarity, we will consider the specification and the faulty
IUT of Fig. 2.

Definition 4 (Controllability). Controllability is the cap-
ability of the TS to force the TUT to receive inputs in a
given order. During conformance testing to a given sequence
A= (z1/T1){xa/ o) - - (@;/X,), a controllability problem
arises when the TS cannot guarantee that the TUT will
receive x; before x;y1, for i <t. With a distributed test
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architecture, such a problem arises when there exists i <t
such that the port q of xiy1: 1) is different from the port p
of z; (i.e., ¢ # p) and 2) is not included in the set of ports
of T; (ie, y! =e¢) [1].

Example 1 (Controllability problem). The sequence (1)
requires that when state ¢; is reached (see Fig. 2a), the
TUT receives b (sent by Testery) before it receives c (sent
by Testers). To guarantee this order, Testers needs to
receive a message informing it that b has been received
by the ZUT. With a distributed architecture, such a
message may only come from the ZUT. Since Testers
does not receive any output of the ZU7 in response to b
(see Tr3 of Fig. 2a), then Testers cannot receive the
information it needs. In other terms, Testers has no
means to determine the order of inputs b and c. Here is
an example which shows the effect of this problem on
fault detectability. From state g;, the three testers (i.e., the
7TS) observe the same outputs in the following two
situations: 1) a correct ZUT receives c before b and 2) the
faulty ZUT receives b before c¢. The 7S cannot deduce
whether the ZU7T is correct or faulty because it is not
aware of the order of inputs b and c.

Definition 5 (Observability). Observability is the capability of
the T S to observe the outputs of the TUT and to determine the
input which is the cause of every output. During conformance
testing to a given sequence X = (x1/Y1){(xo/Ya) - - (z¢/Yy),
an observability problem arises when the T S receives a € Y;
and cannot determine whether a has been sent by the TUT
after the latter has received x; and before it (the ZUT) receives
iy [1]. With a distributed test architecture and with our
model where a transition contains at most a single output for
each port, such a problem arises when, for a port p, X contains
two consecutive transitions such that only one of the two
transitions contains an output in port p [1].

Example 2 (Observability problem). In Fig. 2b, let us
consider the consecutive transitions Tru and Trv, from ¢;
to ¢» and from ¢, to gy, respectively. If we compare with
the specification of Fig. 2a, x has been “shifted” from Tr4
to Tr5, and y has been “shifted” from Tr5 to Tr4. With a
distributed architecture, these faults are not detected
because, although the ZU7T is faulty, all the testers
execute (and observe) exactly the LTSs (3) generated
from GTS (2).

4 CERTAIN TIMING DEFINITIONS
AND OUR OBJECTIVE

Here are a few definitions and conditions which will be
necessary to define our objective in a clear and concise
manner. We consider a sequence

A= (@1 /Ti)(wa/To) -+ (e Tr).

Definition 6 (Instant, 7. and 7z). In this article, the term
“instant” means “instant relatively to a fictitious global
clock.” This implies that the delay which separates two of any
events (possibly distant) is the difference of their instants.
Since the local clocks of the ports of ZUT and of the testers are
not assumed synchronized, the delay between two distant

events cannot be measured just by reading the local clocks
corresponding to the two events at their instants of occurrence.

Let e be an event and E be a set (or n-tuple) of events. 7,
denotes the instant of e and T denotes the instant when all the
events of E have occurred.

Definition 7 (Reaction time of the ZU7, RT;,). Reaction

time of the ZUT, denoted RT},, is an upper bound of the time
separating: 1) any instant when an event e is received by the
IUT and 2) the instant when the TUT has terminated to send
all the outputs (if any) in response to the reception of e. We
emphasize the word “all” (also in Definition 8) because the
definition includes possible unexpected outputs (in the case of
a nonconformant TUT ). In an execution conformant to X, this
definition implies, for i <t: RTu; > (nr, — ™). R,
which is guaranteed by the TUT, is assumed finite.
Intuitively, RT;,, quantifies the promptness of the ZUT to
react to an input.

Definition 8 (Waiting time of the ZU7T, WT;,). Waiting

time of the ZUT , denoted WL}, is an upper bound of the time
separating: 1) any instant when the TUT has terminated to
send all the outputs (if any) in response to the reception of an
input a and 2) the instant when the next input must be
received by the ZUT . If there is no output in response to a,
then WT,y is an upper bound of the time separating the
instant when the ZUT receives a and the instant when it must
receive the next input. In an execution conformant to X, this
definition implies, for i < t:if Y; # e Wiy > (Tog,,, — Tr1;)
and if YTi=e Wl > (Tog,, — ;). Wiy, which is
required by the TUT, is not assumed necessarily finite.
Intuitively, WT,,, quantifies the patience of the TUT for
receiving the next input after it has finished to sent its outputs
(if any) or after it has received an input (if the latter causes no
output). Therefore, an infinite W, means that the TUT is
infinitely patient.

Definition 9 (Transfer time between the ZU/7 and the 7S,

[TT™n; TT™*), ATT). Transfer time between the ZUT and
the TS is assumed to fall within a bounded interval
[TT'min; TTmar]. Formally, TTmin < (7_79 _ 7_!5) < TTmax,
where e is any input or output. We use notation
ATT = (TT™ — TT™™). Intuitively, the transfer time of
every message exchanged between a tester and a port of the
TUT is bounded by finite values.

Definition 10 (Transfer time between testers, [T7]"";

TT), ATT,). Assuming a coordinated test architecture,
transfer time between testers is the time which separates
the sending and the reception of a message exchanged
between two testers. This time is assumed to fall within a
bounded interval [TT/™";TT/*]. We use notation
NTTy = (TT — TT™"). Intuitively, the transfer time
of every message exchanged between two testers is bounded
by finite values.

Remark 1. 777", TT™* TTmn TT"* make sense because

the communication between testers and between the
TUT and testers is assumed reliable. Recall that the FIFO
assumption is not necessary for the reason given in
Section 2.1.

Condition 1. During conformance testing to every sequence

A: 1) the ZUT receives inputs in the desired order
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(controllability) and 2) output faults are detected by the 5.1 Coordinated Test Method Proposed in [2], [3]

TS (observability). This condition means a resolution of
controllability and observability problems.

Condition 2. Waiting time W7Tj, (when it is finite) is a
requirement of the ZU7 and must be guaranteed by the
7T S. Note that this condition may be guaranteed only if
TT™* is finite. More intuitively, we have to respect the
upper bound of the patience of the ZUT.

Condition 3. The 7S waits for every expected output of the
IUT during a delay which is necessary and sufficient
before to deduce whether the ZU7 is faulty. The term
“necessary” means an optimization of the test duration.
Note that this condition may be guaranteed only if RT;,;
and 77" are finite.

We can now define our objective as follows:

Hypothesis. RT;,, WTy, [TT™", TT™*],and [TTQ’"”; T
are given.

Objective 1. To use a TS with a coordinated architecture (see
Fig. 1c) and determine timing constraints of the TS which
guarantee Conditions 1, 2, and 3.

For simplicity, the objective presented in the abstract and
in Section 1 did not include the guarantee of Condition 2.

5 COORDINATED TEST METHOD, REACTION, AND
WAITING TIMES OF THE 7 S

In this section, we first present the coordinated test method
which has been proposed in [2], [3] to solve controllability
and observability problems which may arise in a distrib-
uted test architecture and we show that this method may
generate incorrect results. Then, we propose a modification
of coordination messages. After that, we define reaction
times and waiting times of the 7S. We then propose
another objective which guarantees Objective 1 presented at
the end of Section 4. We terminate the section by proving
that our method is insensitive to the fact that the commu-
nication medium respects or does not respect the FIFO
discipline. In the present section, conformance is implicitly
checked with regard to a given transition sequence
= (oY1) e/ T1) - (a/X).

5.1.1 Approach to Solve the Controllability Problem
The controllability problem arises when, for a i <t, the
tester which sends z;,; cannot know whether z; has been
received by the ZUT . The solution proposed by [2], [3] can
be explained as follows, for every i < t. Let Tester, and
Testery, be the testers sending z; and x;;;, respectively. If
T, # ¢, let Tester,, be defined as follows:

o if yf # e: Tester,, = Testery;
. k- _ . . . .

o if y’ =e: Tester,, is any tester (arbitrarily selected)
such that y" # e.

The controllability problem is then resolved by the use of a
message C (Control) as follows:

e if (T; =¢) and (h # k)): after it sends x;, Tester,

sends a message C to Testery;

o if (Y; # €) and (m # k)): after it receives y}", Testery,

sends a message C' to T'estery.
In the above two cases, after it receives message C, Testery,
sends ;1.

This approach may generate incorrect results. For exam-
ple, when Y; = ¢ this approach guarantees (n,, < 7,,),
while controllability problem is resolved if (m,, < m,,,,).
This incorrectness is illustrated in Fig. 4, where each event is
represented with its instant of occurrence relative to a
fictitious global clock (see Definition 6). —Cj means “send
coordination message to Testery,” and +C), means “receive
coordination message from T'ester;.” Intuitively, in certain
cases, the above approach guarantees only the order in
which inputs are sent by the 7S, instead of guaranteeing the
order in which inputs are received by the ZUT. Recall that
the local clocks of Port;, and Port; are not synchronized
and, thus, the incorrectness represented in Fig. 4 is not
observable by reading the local clocks of Port;, and Port;, at
the moment of time when ?z; and 7z;;; occur, respectively.

5.1.2 Approach to Solve the Observability Problem

The observability problem arises when, for a port p and
i < t, either T; or Y;;1 (this is an exclusive OR) contains an
output in port p [1]. The solution proposed in [2], [3] can be
explained as follows, for every i < t. Let:

e Tester; be the tester sending x;1;

e Tester, be any tester such thatp # k, i} #¢, 40, =¢,
and, after it receives y?, Tester, does not send a
message C to Testery;
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Fig. 5. Adding coordination messages.

e Tester, be any tester such that: ¢ # F, yl=¢, and
Yl # e
Before it sends x;11, Tester; sends a message O (Observa-
tion) to every Tester, and Tester,. In [2], the following
proposition is stated:

Proposition 1. In an execution conformant to A, every Tester),
receives i} before it receives O and every Tester, receives
y},, after it receives O.

With Proposition 1, the 7S can determine the input
which is the cause of every output, ie., output faults are
detected. Henceforth, messages C and O are called
coordination messages.

Example 3 (Adding coordination messages). For the
example of Fig. 3, the obtained messages C' and O are
represented in Fig. 5. —X, (respectively, +X,) means
“message X is sent to (respectively, received from)
Tester,,” for X = C, O.

This approach may generate incorrect results. In fact, with
Proposition 1, the authors of [2], [3] assume (implicitly and
unduly) that “crossings,” like the one represented in the
example of Fig. 6, are impossible. In this example, z;.; is
sent by Testery, to the ZUT, y! , is sent in Port, by the ZUT
in response to the reception of z;;;, and we assume that
y! = e. Since Tester, expects no output of T; and an output
of 141, then Tester;, sends O to Tester, just before sending
2;+1 to the ZUT. The crossing of Fig. 6 illustrates the fact
that Proposition 1 does not hold. We see that this crossing
can be avoided if the delay between —O, and +0O}, is smaller
than the delay between !z;1; and ?y? 1. Intuitively, this
implies that crossings can be avoided if the transmission

(1) 2) 3)
X ig1 it

Port k - .
time axis

| T~y lime axis
q
!yiq+1 ?yi+l +Ok

@ ® ©

Port q

Crossing which illustrates the fact
that Proposition 1 does not hold

Fig. 6. Incorrect resolution of the problem of observability.

time between testers is always smaller than the response
time of the ZU7. Since we do not use this (unrealistic)
hypothesis, we consider that crossings are possible.

Therefore, the method in [2], [3] does not guarantee
Condition 1. In Section 6, we will show how this condition
can be guaranteed.

5.2 Enrichment of Coordination Messages with
Information
Let us now enrich coordination messages with information
as follows:
Messages C: The sending by T'ester, of C is replaced by:

e the sending of C1 if it is preceded by !z; (corre-
sponds to Case Y; = € of Section 5.1.1),

e the sending of C2 if it is preceded by 7y
(corresponds to Case Y; # € of Section 5.1.1).

Messages O: The sending by T'ester, of O is replaced by:

e the sending of Ol if it is preceded by !z;,
e the sending of O2 if it is preceded by 7y,
e the sending of O3 if it is preceded by the reception of
C1, and
e the sending of O4 if it is preceded by the reception
of C2.
Intuitively, a tester that receives an enriched coordination
message X is informed about the type of event that
precedes the sending of X. The interest of this enrichment
is that it will allow us to obtain weaker timing constraints of
the 7'S that guarantee Conditions 1 and 2.

5.3 Reaction Times of the 7S

During the testing of any A = (1 /Y1) (xo/Ys) - - - (z¢/T}), we
have determined eight possible situations of z;, Y, z;+1, Yit1,
fori < t. From these situations, we have determined 14 types
of reaction times of the 7S. Each reaction time separates
instants of events of a same tester. For a given i < t, let Tester;,
and T'estery, be the testers sending z; and x;.1, respectively,
and let T'ester,, (if any) be the tester which must receive an
output 3" € T; and send a message C to Testery.

Situation 1 (Y; =¢, h=Fk and Vp#k : /., =¢). In this
situation, there is neither message C nor message O (see
Fig. 7a). We have determined one type of reaction time,
illustrated in Fig. 7a by rty ), which separates !z; and
lziy1. Let [RIY', RT{"*] denote an interval which
contains 7ty .

Situation 2 (Y; = ¢, h = k, and Jp # k such that ¢/, | # ¢). In
this situation, there is no message C and at least one
message O1 (see Fig. 7b). We have determined two types
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Tester k IX; Xy, time axis
h=k :
.................. >
Tl ’
(@)
9 . .
+01 : y" | timeaxis
Tester k =
P 7
e
d
Tester k X —-Qt, Xin time axis
h=k) e Bt >
oIty o o1
(b)

Fig. 7. Reaction times in Situations 1 and 2: T; = ¢ and there is no
message C.

of reaction times, illustrated in Fig. 7b by 1) rti, _o1 which
separates lz; and —O1, and 2) rt_p; ), which separates
—01, and !z;y,. Let [RT})",; RT|!*, ] and

min ., max
[RT—Ol.!z’ RT Ol,!w}

denote two intervals which contain 7t _o1 and 7t_p1.1.,

respectively.

Situation 3 (yf #eand Vp # k: (yf =¢) < (yf,, =¢). In this
situation, there is neither message C nor message O (see
Fig. 8a). We have determined one type of reaction time,
illustrated in Fig. 8a by rts, 1, which separates ?y* and
lzip1. Let [RT3)V; RT)G7] denote an interval which
contains 7ty,1,.

Situation 4 (y} # e and 3p # ksuch that (yf = ) XOR(y!,, =
¢) (XOR denotes the exclusive OR). In this situation, there
is no message C and at least one message O2 (see Fig. 8b).
We have determined two types of reaction times,
illustrated in Fig. 8b by 1) rts, _o» which separates 7y
and —02, and 2) rt_p2 1, which separates —02, and !z;;.
Let [RT}0™ 03 RT3 op) and [RT™; | s RTS5 ] denote two

intervals which contain 7t _02 and rt_p2 1, respectively.

Situation 5 (Y; =¢, h# k, and Vp#k : 3, =¢). In this
situation, there is a message C'1 and no message O (see
Fig. 9a). We have determined two types of reaction times,
illustrated in Fig. 9a by 1) rt), _c1 which separates !z; and
—C1y, and 2) 1ty 1,1, which separates +C1;, and !z;;;. Let
(RT} "y RT) ] and [RTYE 3 RTVE,) denote two
intervals which contain rt, ¢ and 7t 1 1., Tespectively.

Situation 6 (Y; = ¢, h # k, and 3p # k such that 3!, # ¢). In
this situation, there is a message C1 and at least one
message O3 (see Fig. 9b). We have determined three types
of reaction times, illustrated in Fig. 9b by 1) 7t1, _c1 which
separates lz; and —C'1y, 2) 1t ¢1, —o3 which separates +C1,,
and —03,, and 3) rt_p3,, which separates —O3, and !z; ;.
Let [RT".,:RTp™., ) [RTUS o RIS o, and
[RT™in, : RT™s?, | denote three intervals which contain
rtgz_,,olv, rt+01_,,0'3, and rt_ps),, respectively. Note that
rtie—c1 and [RT)"™ ., ; RT{"*" ] have already been defined
in Situation 5.

Situation7(Y; # €,yF = ,andVp # k: (¢} = ¢) & (/' =¢))
or (p = m). In this situation, there is a message C2 and no
message O (see Fig. 10a). We have determined two types of
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Tester k ?yik !X,»IH time axis
B S EETEEETRRPPR =
1t Iy,
(@)
Only one of them is present
P A
=Y +02 “Yinl time axis
Tester p ~
s
7
¢ 7z
Tester k ?yik -0 Xiy time axis
s ST o
© Ty o It o215
(b)

Fig. 8. Reaction times in Situations 3 and 4: Y, # ¢ and there is no
message C.

reaction times, illustrated in Fig. 10a by 1) rt», _c2 which
separates 7y and —C2;, and 2) rt s, which separates
+C2,, and !z; 1. Let

min
7y,—C2>»

(R RT3, o)

and [RT}¢ ,; RTS ] denote two intervals which contain

Tty _co and rti o)., respectively.

Situation 8 (Y, #¢ yf=¢ and Jp#k such that
() =e)XOR(y},, =¢)) and (p # m). In this situation,
there is a message C2 and at least one message O4 (see
Fig. 10b). We have determined three types of reaction
times, illustrated in Fig. 10b by 1) rt, 2 which
separates ?y!" and —C2, 2) rtice_o4 which separates
+C2,, and —04,, and 3) rt_p41, which separates —0O4,
and !z;,1. Let [RT}"™ o3 RT3 o), [RTTE 043 RTVES o4l
and [RT"3),; RT"E]),] denote three intervals which

contain rtz, _c9, rtice,—o4, and rt_oa ., respectively. Note

that 7ts, _co and [RT})™ ;3 RT7* ,] have already been

defined in Situation 7.

max

The eight situations are illustrated in Fig. 11, by adding
coordination messages to the transition sequence

+Cl, Xi41
Tester k h —— .
4<>. time axis
/ rt \
rt!x,—Cl L +C1,'x
ey
Tester h
! i —Clk time axis
(a)
9
+03 K
Tester p k Ner
/4 time axis
/7
-03% X4
Tester k +Cl ad I e
e oo o e e = time axis
tye-c1 7 Moz Toosnx
Tester h—- -
e —Cly time axis
(b)

Fig. 9. Reaction times in Situations 5 and 6: T, = ¢ and there is a
message C.
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'x time axis
Tester k +C.2'“ el
=R RETIES
My, S e
Test ; 4 time axis
ester m:
e —C2,
(@)
Only one of them is present
e RN
2 PaAvY . .
Tester p : YF -i;;)“-k ~YLI time axis
7
7
—O4 X time axis
Tester k +C.2m O il e
//1<>< -------- =
1 Theona 0 Tlooax
rt -2 !
oo = time axis
Tester m o '2
'yi —C k

(b)

Fig. 10. Reaction times in Situations 7 and 8: T, # ¢ and there is a
message C.

A=(al/e) (0" [e)(c! /(a, B))(d" (4, 6%)
(e /e)(f2/e)(g" /() (h! /(2 p7)) (k' fe),

where the superscript of each event indicates the tester
which sends or receives it.

5.4 Waiting Times of the 7S

During a testing process, every tester may receive two types
of events: outputs of the ZU7T and coordination messages.
The aim here is to define the amounts of time testers have to
wait for receptions before considering that an execution is
nonconformant.

Theorem 1. If a tester does not receive an expected coordination
message, then there exists at least another tester which has not
received an expected output of the TUT .

Let us prove this theorem ad absurdum.

Proof.

1. We assume that Theorem 1 does not hold, that is,
the following two points 1la and 1b are satisfied.

a. There exists a Tester, that does not receive
an expected coordination message from a
Testery, .

b. There exists no tester which does not receive
an expected output of the ZUT.

2. A tester does not receive an expected coordina-
tion message X from another tester iff the latter
does not send X.
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3. A tester does not send an expected coordination
message iff it has not received an expected output
of the ZUT or a coordination message.

4. TItems 3 and 1b imply that a tester does not send
an expected coordination message iff it has not
received an expected coordination message.

5. Items 2 and 4 imply that any Tester,, which has
not received an expected coordination message is
preceded chronologically by another Tester,,
which has not received an expected coordination
message.

6. Items la and 5 imply that there exists an infinite
chronological suite:

-+, Testery,,,, Tester,,, Tester,, |,

..., Testery,, Testery,

of testers which have not received expected
coordination messages.
7. Item 6 is an absurdity because it means that the
testing has begun in an infinite past. 0
From Theorem 1 and the fact that the ZUT is
considered faulty iff at least one tester generates a verdict
fail, we will only consider waiting times for the
receptions of outputs of the ZU7. For a given test
sequence A = (x1/Y1)(xa/Ys) - (x;/Ys), we will consider
waiting times for the receptions of outputs of Y;, i <t.
We have determined four situations. Let Tester, and
Testery, be the testers sending z; and z;,;, respectively,
and let Tester,, be any tester which must receive an
output y/* € T;. In all of these situations, y" # e.
Situation A (m # h and i = 1 (see Fig. 12a)). Let the starting
instant be the instant of !z;. We assume that there exists a
mechanism which allows Tester,, to know the starting
instant. W1, is an upper bound of the time wt.>,
separating the starting instant and ?y}". If T'ester,, cannot
know the starting instant, a solution consists of trans-
forming this Situation A into Situation C as follows:
Before it sends z;, T'ester), sends a coordination message
O (O can be O1,02,03, or 04) to Tester,,.
Situation B (m = h (see Fig. 12b)). Wi, is an upper
bound of the time wty, 7, separating !z; and ?y".
Situation C (m # h, i >1, and y", =¢ (see Fig. 12c)).
WT, 02, is an upper bound of the time wt o, separating
+0), and 7y

: : 7B K ! . w ! time axis
Tester 2 — //1 //1 //1 N //1 :

L0l ; 02 1 Cy o Cl\\ 5 ; 04,
Tester 1 !i:i !.b [ e 5?0‘ !dE?Y / !:e // © N N 'g y th y // Ik time axis

. : . :
o3 i 2/
. / / . .

Tester 3 : : N . . , time axis

Lo : : : : b 7P

'sit, 1 Sit.2 1 Sit3: Sit4 vogic 5 Sit6 Sit. 7 Sit. 8

Fig. 11. The eight situations illustrated in one view.
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7y time axis
Tester m -
. Wie oy
[ = . .
: time axis
Tester h v
X,
(@)
: Wlhix,2y .
e >
: : time axis
Testerh=m ' -
IX; 2ym
(b)
+Oh 7y time axis
Tester m T
7
A Wt 10,2
s G R =
7/ . . .
’ time axis
Tester h o
—Ou TX;
()
ym, 7ym time axis
Tester m g -
Wiay
|.< ........... .y. .y ........ >
time axis
Tester h 7
Xi-1

Fig. 12. Waiting times in Situations A, B, C, and D.

Situation D (m # h, ¢ > 1, and ", #¢ (see Fig. 12d)).
Wy 2, is an upper bound of the time wt»,+, separating

7y, and Tyt
The four waiting times are illustrated in Fig. 13, by

adding coordination messages to the transition sequence
A= (al/(a, B)) {0/ (7%, 6)).

5.5 Objective 2

Let us now propose another objective which guarantees

Objective 1 (see end of Section 4).

Proposition 2. The TS sends an input to the ZUT only after it
has received all the outputs (if any) of the ZUT in response to
the preceding input. We emphasize the word “all” because
there may be possible unexpected outputs (in the case of a
nonconformant TUT). In an execution conformant to A, this
proposition implies for i < t: n,,, > T,. When this proposi-
tion is not satisfied, controllability and observability problems
may arise, even with a centralized test method (see Example 4).

Example 4 (Fault detectability problem resolved by
Proposition 2). We consider the specification and the
faulty implementation of Fig. 14, where a and =z
(respectively, b and y) are the input and output of the
IUT on port 1 (respectively, port 2). We assume a
centralized test architecture and we consider the se-
quence: X = (a/(z,€))(b/(e,y)). With the faulty imple-
mentation, a possible “scenario” is the following;:
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wt : :
,,,,, ey : Wiay 2y :
: : time axis
Tester 2 .
7B 7y
' 20 1h time axis
Tester 1 a - T
Whix oy - )
SNy OZ\\ ’ p )
: ime axis
Tester 3 \‘\ -
wt +0.%y

DERERRE: =

Fig. 13. The four waiting times illustrated in one view.
(X, /17()(—)/)\
0

R ql
qW a b/(g,g) !

Specification Implementation

Fig. 14. Example of fault detectability problem resolved by Proposition 2.

instant | event
0 | la * la and ?a (resp. !b
and ?b) denote
1 | ?a  + the sending of a
(resp. b) by the TS
and
2 Ix  + its reception by
the IUT,
respectively.
3 | ?X  * Ix and ?x (resp. !y
and ?y) denote
4 | b * the sending of x
(resp. y) by the IUT
and
5 ly  + its reception by
the TS,
respectively.
6 | Ry ¥ Events of TS are
indicated by *
7 | ?b o+ Events of IUT are

indicated by +

According to Definition 1, this execution is nonconfor-
mant to \' because the ZUT does not execute the sequence
of events ¢(\') = ?alz?bly (see events “+”). The fault is not
detected because the 7S executes the GTS w(X) = la?z!b?y
(see events “*”). Intuitively, the 7S cannot determine that y
is a response of the ZUT to a and not to b. When
Proposition 2 holds, the above scenario never occurs
because the 7S sends b only after it has received all outputs
in response to a, i.e., z (expected) and y (unexpected). The
fault is detected because the TS receives an unexpected
output.

Theorem 2. With the coordinated test method, Propositions 1
and 2 guarantee Condition 1."

1. See proof in Appendix A.
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Objective 2. With Theorem 2, Objective 1 (see end of
Section 4) is achieved if Propositions 1 and 2 and
Conditions 2 and 3 are guaranteed. Our new objective
(which guarantees Objective 1) is as follows:

1. In Section 6.1, we determine constraints of reaction
times of the 7S which guarantee: Proposition 2 and
Condition 2 in all cases, and Proposition 1 when a
message O is used.

2. In Section 6.2, we determine waiting times of the 7S
which guarantee Condition 3.

5.6 FIFO Communication not Required

We have now all the elements which allow us to prove the
following lemmas and theorem which were already
introduced in Section 2.1.

Lemma 1. Let CM,, denote the reliable communication medium
through which Tester, communicates with port p of the ZUT .
At any time, each CM,, contains at most a single message.

Proof of Lemma 1. Let us prove that, between the sendings
of any consecutive inputs z; and z;,, each CM, contains
at most a single message. (“+” means “any value < n,”
where n is the number of ports). Let Tester, and Tester,
be the testers which send z; and z;;1, respectively.

Proposition 2 implies that T'ester, sends x; to the ZUT
(through C'M,,) only when all the CM, (including CM,)
are empty. Therefore, Property 1 implies that, while z; is
in CM,, (i.e., before the reception of z; by the ZUT), CM,,
does not contain another message and all the other CM,
are empty. When C'M,, becomes empty (i.e., when z; is
received by the ZUT), Property 2 implies that the ZUT
sends at most a single output to each tester and, thus,
each CM, will contain at most a single message.
Proposition 2 implies that Tester, sends x;y; to the
IUT (through CM,) only when all the nonempty CM,
become empty (i.e., after the receptions by the 7'S of all
the outputs in response to z;). a

Lemma 2. Let C M, denote the reliable communication medium
through which Tester, and Tester, communicate with one
another. At any time, each C M, contains at most a single

message.

Proof of Lemma 2. During the testing of any

A= (21 /Y1) {(xa/Ta) - -+ (w:/Ty),

the eight possible situations of x;,Y;, x4, Y41 are
presented in Section 5.3 and illustrated in Figs. 7, 8, 9,
and 10. We clearly see in these figures that in none of the
eight situations does a Tester, send a message to a
Tester, before the reception by Tester, of a previous
message from Tester,. This implies that, at any time,

each CM}?, contains at most a single message. ]

Theorem 3. From Lemmas 1 and 2, we deduce that our method is
insensitive to the fact that the communication medium either
respects the FIFO discipline or does not.

Proof of Theorem 3. The FIFO discipline is not relevant
because, at any time, the communication medium
between a sender and a receiver contains at most a
single message. 0
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6 CONSTRAINTS OF REACTION TIMES
AND WAITING TIMES OF THE 7 S

Constraints of Reaction Times of the 7S and
Their Resolution

In this section, we reach Point 1 of Objective 2. The reader
who is just interested by a systematic method to compute
constraints of reaction times, without any explanation, may
directly go to Section 6.1.9. In the following, for each
situation, the reader may refer to the corresponding figure
of Section 5.3. sup(a; b) denotes the greatest of a and b.

6.1

6.1.1 Situation 1: Constraints of [RT""; R

'Nlafl,']
x,le

lz\z
Proposition 2 is guaranteed by”
R nin > (TTmal' + RTh: + TTmar).

Izl

Condition 2 is guaranteed by’

R max _'_TTmll”L‘ _

lzlx

TTmin < W/I"iut’

These two inequations may therefore be combined as
follows:

[ RTmin . R

)

maz] C [RTiut + QTTma‘T; Wi — ATT] (4)

lzlx

Solutions exist for (4) iff:*
Wiy > (RTy + 3TT™ — TT™™). (5)

min_ .

6.1.2 Situation 2: Constraints of [RT}]"";;

[RT"G1 5 RIS,
By analogy with Situation 1,° Proposition 2 and Condition 2
are guaranteed if:

max
11,701] and

min min . mazxr
[RT[;" o) + RT"G1 5 RT 0, + R

max }
—-01,!z

satisfies the same constraints for [RT"; RT/"7] (see (4)).

Therefore, Proposition 2 and Condition 2 are guaranteed by:

min min max max
[RT" 0 + RITGL . RT Y0 + RTTG ] C

6
[RT}y + 21T Wy — ATT. (©)
Since there is a message O, we must also guarantee
Proposition 1, i.e., +01; is before 7y ,. A sufficient
condition for that is:®

RT", > (TR = 2TT"™), )
Solutions exist for (6) and (7) if and only if:”

Wﬂut 2 sup

8
(Rn“t _|_ BTTm(lx _ ( )

TTmin; Tﬂ;mx 4 mer 3TTmin)'

6.1.3 Situation 3: Constraints of [RT:""; RT4]

Tyl Tyl
Proposition 2 is guaranteed by®

(TTmz'n + RT?IZL'Z) Z (RTiut + TTmaw).

. See proof in Appendix B.1.1

. See proof in Appendix B.1.2.

. See proof in Appendix B.4.

. For details on the analogy, see Appendix B.2.1.
. See proof in Appendix B.2.2.

. See proof in Appendix B.2.3.

. See proof in Appendix B.3.1.

PO U W



KHOUMSI: A TEMPORAL APPROACH FOR TESTING DISTRIBUTED SYSTEMS

Condition 2 is guaranteed by’
(TT™" + RT3 + TT™) < WThy,.

These two inequations may therefore be combined as
follows:

[ RTmin . R

Tyl

m(ﬂ] C [Rﬂut + ATT; Wy — QTTma;v]'

?y,lw

9)
Solutions exist for (9) iff (5) of Section 6.1.1 holds.'®

6.1.4 Situation 4: Constraints of [RT;)™ ,;
[RTT(BZ')“’ RTT(%;,!:)J

By analogy with Situation 3,"' Proposition 2 and Condition 2
are guaranteed if:

RT3 0] and

min min ., max max
[RT7)" 09 + RT"05 ;s RT3, 0y + RT"(3 ]

satisfies the same constraints for [RTM""; RT"4*] (see (9)).

Tyl Tylx

Therefore, Proposition 2 and Condition 2 are guaranteed by:
[RT‘Z/L,Tm +R + RT"55,,) €
[RTyui + ATT; W,y — 2TT™).

min max
-02,)2° RT:’y,—Oz

(10)

Since there is a message O, we must also guarantee
Proposition 1, i.e.,

o +02; is after 74/ (if any). A sufficient condition for
that is:*?
RT3, 0,

> (RTy + ATT — TTM™). (1)

e 102y is before 7y, (if any). A sufficient condition
for that is:"?

RT3, > (T — 2TT™™). (12)
Solutions exist for (10), (11), and (12) if and only if:'*
Wy > sup(RTy + 3TT™" — TT™"; TT]'"" + (13)

OATT; RT,y + 3ATT + ATT,,).

6.1.5 Situation 5: Constraints of [RT}"".,; R
(R et B Igf,!x}
By analogy with Situation 1,1 Proposition 2 and Condition 2

] and

are guaranteed if:

maxr

min
R lz,—C1

[RT}" ¢y + TT!"™ + RTE +TT™ + R

max ]
+C1,lz

satisfies the same constraints for [RT;7";

Iz 2

R, Therefore,
Proposition 2 and Condition 2 are guaranteed by:

min max

(RT3 ™y + RT3 RT 0, + RIS ) €
[Rj—;ut + QT _ Tﬂr:m7 an _ATT — Tj—vtr;mr]

if:10

(14)

Solutions exist for (14) if and only

9. See proof in Appendix B.3.2.

. See proof in Appendix B.4.

. For details on the analogy, see Appendix B.5.1.
. See proof in Appendix B.5.2.

. See proof in Appendix B.5.3.

. See proof in Appendix B.5.4.

. For details on the analogy, see Appendix B.6.1.
. See proof in Appendix B.6.2.
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Whiu 2 Sup(Rﬂut + 37T — TT”Li7L+

o (15)
ATT,; ATT + TT]").

6.1.6 Situation 6: Constraints of [RT))"",; RT;?*,],
[RTYEL, 033 BTYET _gy], @nd [RT7(G5 5 RTG |

By analogy with Situation 5,"” Proposition 2 and Condition 2

are guaranteed if:

[RT)™ ) + RTVER o+ BTG 5
R + R + R

max
lz,—C1

max

max ]
+C1,-03

—-03,\z

satisfies the same constraints for

min min -, max max
(R} cy + RTYEH s R 0y + RTVE ]

(see (14)). Therefore, Proposition 2 and Condition 2 are
guaranteed by:

min max
+ RT3 1,5 RT; Mg +

+ RT7S5,) € [RT+ 27T~

min min
[RT7 "y + RTVEL o3
max
RTJrCl.fOS

Tjwtzzin; Wi — ATT — TTtZ“””}

(16)

Since there is a message O, and by analogy with
Situation 2,'8 RT[’g’g ., must satisfy the same constraint for
RT™  (see (7)). Therefore, we obtain:

min

RT"Gy,, > (TT™ = 2TT™™). (17)

Solutions exist for (16) and (17) if and only if:*?

W > sup(RTh + 3TT™ — TT™" + ATT,; ATT+
T]‘;gl(lﬁ; TTTYL(1$ _ 3TTmin + 2T1‘LT;L(1$) .

(18)
6.1.7 Situation 7: Constraints of [RT;" -,; RT3 ,] and
[R -T(Z‘g,’r’R fgg,!.’t]

By analogy with Situation 3,%° Proposition 2 and Condition 2
are guaranteed if:

min min min . max
[RT7,"co + TT™ + R BTy, ey

+C2,\z) + TT’fIZLaI + R

maz }
+C2,lx

satisfies the same constraints for [RTJZZ,Z, RT7)97]. Therefore,
Proposition 2 and Condition 2 are guaranteed by:

(RT3, ooy + RT3 RT3 0y + RIS ,] C o
[RTus + ATT =TT W,y — 27T — T[],
Solutions exist for (19) if and only if:*!
W > Sup( RT, + 37T — 7™ (20)

ATT,; 2TT™ + TT} ).

6.1.8 Situation 8: Constraints of [RTy)" ,; RT})™ ),
(RTIE, o0 RTYE i, and [RT7,,; RT7E: )

By analogy with Situation 7,%2 Proposition 2 and Condition 2

are guaranteed if:

17. For details on the analogy, see Appendix B.7.1.
18. For details on the analogy, see Appendix B.7.2.
19. See proof in Appendix B.7.3.
20. For details on the analogy, see Appendix B.8.1.
21. See proof in Appendix B.8.2.
22. For details on the analogy, see Appendix B.9.1.
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min min min
(RT3 oy + RIS oy + RT704 5

max

RT3 0o + RTVES o4+ R

mazx
704.!1]

satisfies the same constraints for
(RTG" cy + RTLS 3 BTGy + RTIE, ]

(see (19)). Therefore, Proposition 2 and Condition 2 are
guaranteed by:
(RT3, co + BTG oy + RTG,
RIT g, + RIS ou+ RT785,] €
[RJ’VMH‘ + ATT _ Tj’;f”;”n; Wj’;_/“t _ 2TT”L(I.’E _

(21)

)
Since there is a message O and by analogy with Situation 4:*
° RTZ’””CZ + TT"" + RT% _, must satisfy the same

constraint for RT"“”O2 (see (11)). A sufficient condi-
tion is therefore:

min min
RT3, "oy + RT 5 _04 2

> (RTjy + ATT — 2TT)"™).
(22)

e RT"j,, must satisfy the same constraints for
RT™5 . (see (12)). A sufficient condition is therefore:

RT"’& W > (TT — QTTT"’"'”)_ (23)
Solutions exist for (21), (22), and (23) if and only if:**
W > sup(RTy + 37T — TT™""+
ATThs; 2TT( + 2ATT; RT i+ (24)

3ATT + 2ATT,; 2T + TT").

6.1.9 A Scenario for Resolving Constraints
of Reaction Times

We have determined seven conditions for existence of
solutions: (5), (8), (13), (15), (18), (20), and (24). Actually, (24)
is the global condition for existence of solutions because it
implies the other six equations.”> Here is a scenario of
resolution of reaction times constraints.

Step 1: Check the existence of solutions. If (24) holds then
continue, Else send a message “There is no solution !”
and terminate.

Step 2: Resolve constraints of Situation 2. Compute intervals
[RT,’;””Ol,RT,T“”OI] and [Rngi‘ 13 RT7ST ] which satisfy
(6) and (7).

Step 3: Resolve constraints of Situation 1. Compute an
interval [RT"”” RT'Y] which satisfies (4). By analogy

lzlz) \zlz

with Situation 2, we can take:

1'1’

”LL’L max — VILL’L ”L['U . nmax max
[RT} RTYY ] = [RT o) + RT3 RT 0, + RTVGH L

Step 4: Resolve constraints of Situation 4. Compute intervals
[RTTTOQ,RTZZMOQ] and [R %g,!;x? RTT&“!A which satisfy

(10), (11), and (12).

23. For details on the analogy, see Appendix B.9.2.
24. See proof in Appendix B.9.3.
25. See proof in Appendix B.10.

IEEE TRANSACTIONS ON SOFTWARE ENGINEERING, VOL. 28, NO. 11,

NOVEMBER 2002

Step 5: Resolve constraints of Situation 3. Compute an
interval [RTy'; RT;"] which satisfies (9). By analogy
with Situation 4, we can take:

[RTmITI

ot RT3 = (RT3 0 + RTVG, 1 RT3 0 + RTTG5 )

Step 6: Resolve constraints of Situation 6. Compute
intervals [RT[" ; RT; |, [RTYE o5 RTYS] o5, and
[RT’””§ s RT"53 1,] which satisfy (16) and (17).

Step 7: Resolve constraints of Situation 5. Compute an
interval [RTfé’{,r;RTfC“{ ;) which satisfies (14). (Note
that [RT}"",; RT|}*,] has been computed in Step 6). By

analogy with Situation 6, we can take:

TYLZYL max _ 7Tlin "”n .
[RTVE s RTYET ) =[RTYE o3 + RT703,,5

RTYEY o3 + RT"G3),]-

Step 8: Resolve constraints of Situation 8. Compute
intervals [RT}" o5 RT} 0], [RTVE 43 RTTES 4], and
[RT™ s RT™S%, ] which satisfy (21), (22), and (23).

Step 9: Resolve constraints of Situation 7. Compute an
interval [RTJ%% ,J,R "¢5,,) which satisfies (19). (Note
that [RT3)™ ,; RTy)" )] has been computed in Step 8). By
analogy with Situation 8, we can take:

min max min min
[RTV 5,5 BTGy ) =[RTV s o4 + RT™04,,5

max maxr
RTVES oy + RTGS )

Recall that the obtained constraints of reaction times of the
TS must be guaranteed by the 7S. The problem was not
simple because RT;, requires lower bounds and WT;,
requires upper bounds on the reaction times of the 7S. The
obtained conditions for the existence of solutions guarantee
that the lower bounds are smaller than the upper bounds.
The problem is significantly simplified in the particular case
where the waiting time of the ZUT (WTj,) is infinite (i.e.,
the ZUT is infinitely patient).

6.2 Resolution of Waiting Times of the 7§
In this section, we reach Point 2 of Objective 2 (presented at
the end of Section 5.5).

Situation A (W71, (see Fig. 12a)). We assume here that
Tester;, sends x1 and T'ester,, starts waiting for ?y;" at the
same time. The least restrictive constraint of W, », is:%6

WT. 2, = RTy + 2TT™. (25)

Situation B (W1, -, (see Fig. 12b)). Similarly to the preceding
case, the least restrictive constraint of WTi, », is:?”

W2y = RT s + 27T (26)

Situation C (W10, (see Fig. 12c)). The least restrictive
constraint of W7, 5, is:*®

WT+0‘?y =RT;,;: + oTT™maT _ TT,,”-,L

maxr nmax ar max (27)
sup(RT"51 mRT 02, ,x,RT"O3 gy BT 04»)

26. See proof in Appendix C.1.
27. See proof in Appendix C.2.
28. See proof in Appendix C.3.
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Situation D (WT3,-, (see Fig. 12d)). The least restrictive
constraint of W14, is:?

WT.’y,Yy :2R71iut + 3T Tmer _ TTmin+

T + RT“ 0y + R

(28)

+C2,lz

The obtained waiting times of the 7S determine the
delay the 7'S has to wait in each situation before declaring
the ZUT nonconformant (if the 7S does not receive all the
expected outputs).

Remark 2. If Situation A is replaced by Situation C by
sending a first coordination message O before to send
x1 (see Section 5.4), the delay separating the sendings
of O and of z; must respect (7). The similarity of (7),
(12), (17), and (23) shows that this first O can be any of
01,02,03, or 0O4.

6.3 About the Centralized Test Method

With the centralized test method, a single tester commu-
nicates with all the ports of the distributed ZUT (see Fig. 1a).
As we will see, the centralized test method can be
considered as just a particular case of the coordinated test
method. In fact, with the centralized test method:

e Among Situations 1 to 8 of Section 5.3, the only
situations which may occur are the situations where
a single tester is involved, that is Situations 1 and 3.
Two reaction times are therefore defined: rt,1, €
[RT;: RTE] and vy € [RTY0 RTRGE). e,
has the same semantics as in Situation 1 and,
therefore, the constraint of [RI}'\"; RT{"*] is (4).
rtz,1, has different semantics than in Situation 3. In
fact, contrary to Situation 3 where Tester, receives a
single output y¥, the centralized tester receives all
the outputs of Y;. rtsy, is now the delay which
separates the last output of T; from !z;y;. Despite
this difference, the constraint of [RT@’,Z, RT797] s (9)
which is obtained by using the proofs of Situation 3
in Appendices B.3.1 and B.3.2.

And similar to Situations 1 and 3, solutions exist
for (4) and (9) iff (5) is satisfied.

e Among Situations A to D of Section 5.4, the only
situation which may occur is the situation where a
single tester is involved, that is Situation B. One
waiting time W1, -, is therefore defined.

WTi,», does not have the same semantics as in
Situation B. In fact, contrary to Situation B where
Testery, receives a single output y/", the centralized
tester receives all the outputs of Y;. W1, », is now an
upper bound of the time separating !z; from the last
output of Y;. Despite this difference, W1+, is
resolved by (26) which is obtained by using the proof
of Situation B in Appendix C.2.

7 CoNcLUSION AND FUTURE WORK

7.1 Contributions
In this study, we propose a test method for distributed
systems. The main novelty aspects can be summarized by
the following points:

29. See proof in Appendix C.4.
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1. Controllability and observability problems are
resolved.

The finite waiting time of the ZUT is respected.
The duration of test execution is minimized.

No global clock is required.

The communication medium used by the 7S is not
necessarily FIFO.

We also show that the centralized test method can be
considered just as a particular case of the coordinated test
method and correctness of all our results is proven.

Recall that the problem resolved in this article is much
simpler when the waiting time of the ZUT (WT,,) is
infinite, that is, if the ZUT is infinitely patient. In fact, in this
case, there is no required upper bounds for reaction times of
the 7S. Therefore, conditions for the existence of solutions
are always satisfied and do not need to be checked.

7.2 Future Work

In the near future, we intend to investigate the following
research issues:

Nk wn

1. Theorem 2 states that Propositions 1 and 2 imply
Condition 1. The fact that the inverse is not true,
implies that Objective 2 (at the end of Section 5.5 ) is
more restrictive than Objective 1 (at the end of
Section 4). Our method allows us to obtain optimal
solutions which guarantee Objective 2. These solu-
tions guarantee Objective 1 but are not necessarily
the optimal solutions which guarantee Objective 1.
We intend to investigate the computation of optimal
results which guarantee Objective 1.

2. The application of our study to complex examples.
We intend to consider the areas of communications
and robotics.

3. The extension of our study for testing real-time
distributed ZU7T's. Although the present test method
uses a temporal approach, the ZU7T is not real-time,
in the sense that there is no explicit timing
constraints between transitions of the np-FSM that
describes the specification of the ZU7 .

APPENDIX A
PROOF OF THEOREM 2

We consider the coordinated test method and we assume
that Propositions 1 and 2 hold. Our aim here is therefore to
prove that Condition 1 holds.

Let w= (x1/T1){x2/Ya) - {x;/Y¢) be the used GTS, and
b be any response of the ZUT to a given x;.

Va: 1q < Tog.

Since b is a response to z;, 175, < Tip.

Proposition 2 implies 7, < 7y,

Items 1, 2, and 3 imply m,, < 1y < 7 < 7g, < Ty

Therefore, m,, < m,,,,.

Item 4 means that controllability is guaranteed.

6. Proposition 2 assumes that the 7S observes all the
outputs of the ZUT.

7. Items 1, 2, and 3 imply

L=

T, < T, < Ty < T2 < Ty -

Therefore, m,, < ™ < 1y,
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Fig. 15. Situation 1.

8. Proposition 2 and item 7 imply that b is caused by z;.

9. Item 8 and Proposition 1 imply that, when the 7S
observes an output b, it can determine the input x;
which is the cause of b.

10. Items 6 and 9 mean that observability is guaranteed.

11. Items 5 and 10 mean that Condition 1 holds.

APPENDIX B

CONSTRAINTS OF REACTION TIMES

B.1 Situation 1 (Proof of (4))
For clarity, we use the diagram of Fig. 15, where there is
no expected output and z; represents a possible un-
expected output (if the ZUT is faulty). In this figure,
ttlatt27tt3 S [TT7mn7 TTmaT]/ wt!m,?y g Wﬂ;n,?yl Ttiut g Rz—%ut/
wt!l‘,?y = tty + 1l + tho, Tt + Wl = Tt!w,!z + tt3, and

Tt e € [RT 0 R

ma,.r]
lz )z .

lz )z

B.1.1 Proposition 2
The time separating !z; and !z is rty, .. Since

rt!mﬁ!m 2 R .

Izl

then a lower bound of this time is LB = RT}"{".

The time separating !z; and any unexpected 7z; is
tt1 + vty + tto. Since tty, tto < TT™, and rt;; < RT},:, then
an upper bound of this timeis UB = TT™* + RT;,, + TT™"".

Proposition 2 is guaranteed by UB < LB.

B.1.2 Condition 2

The time separating ?z; and 7z, is W = tts + rty ), — t.
Since tt; < TT™, tt; > TT™", and Ttz < RTY, then an
upper bound of this time is UB = TT"* 4 RT"* — TT™".

lzlz

Condition 2 is guaranteed by UB < WTjy,.

B.2 Situation 2
B.2.1 Analogy between Situations 1 and 2 (Proof of (6))

In Situation 1 (see Fig. 7a), Proposition 2 is guaranteed by
constraints on the delay rt, 1, (see (4)). In Situation 2 (see
Fig.7b), this delay is splitby —O1,, into two delays rt, _o; and
rt_o1,,. Proposition 2 is therefore guaranteed if 7t _o1 +
rt_o1), satisfies the same constraints as i, , in Situation 1.
Therefore, [RT7!",, + RT"3,; R, + RT"S7,] must sa-

tisfy the same constraints as [RT}"i"; RT}").

lg\es

B.2.2 Proposition 1 in Situation 2 (Proof of (7))

For clarity, we use the diagram of Fig. 16. In this figure, the
time separating —O1, and 7y 1 18 Tt_o11z + Ut + Tty + U3,
Since tty, tt3 > TT™", rtyy >0, and 1t_o11 > RT7H,,, @
lower bound of this time is: '
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Fig. 16. Situation 2.
LB = Rnglz, o+ TTmin L0+ TTrm’n.

The time separating —O1, and +01; is tty. Since

tty < TT;'*", an upper bound of this time is UB = T1;*".
The fact that UB < LB is a guarantee of Proposition 1,

i.e, +01; is before 74!, ;.

B.2.3 Existence of Solutions in Situation 2 (Proof of (8))
Let a,b,c be three constants and «, 3,7, 6 be four positive
variables. There exist solutions for:

[ +v; 84 6] € [a; b]
c<vw

if and only if b > sup(a; ¢; 0). If, for instance, a > 0, then the
condition becomes b > sup(a;c). In (6) and (7),

o a= (Rl +2TT"") >0, b= (WTy — ATT), and
c= (Tj’;‘lgna.[ _ QTTHLiH),.
o a=RT", f=RIL",, v = RT",, and

max

6=R —O1,\z*

Therefore, b > sup(a; c) is equivalent to (8) (in Section 6.1.2).

B.3 Situation 3 (Proof of (9))

For clarity, we use the diagram of Fig. 17 where ¢/ is the
last output of Y; to be received by the 7S. In this figure,
tty, thy, tty € [TT™" TT™™], whyoy < Wiy, 7w < RTuw,
’wt]l-’gy = (ttl + 1t + ttz), Wiyt = (ttg + Tt’]yyylv + ttg),
rtoy 1 € [RTI; RTIM).

Tyl y,\z

and

B.3.1 Proposition 2

The time separating !z; and lz; . is tt) + 7t + tta + 7ty 10
Since tty > TT™", rt;y > 0, and rto,, > RT;Z’,’; then, for a
given tt;, a lower bound of this time is:

LB =tt; +0+TT"" + RT}"

Tyl
The time separating !z; and ?y* (possibly unexpected) is
tt1 + rtyg + tte. Since tty < TT™* and rt;; < RT;, then, for
a given tt;, an upper bound of this time is:

UB =tt) + RT;, + TT™M*.

Proposition 2 is guaranteed by UB < LB.

B.3.2 Condition 2

The time separating 'yf and 7z is Wiy = tty + rtoy1, + ts.
Since tty, tty < TT™ and 1ty < RTJZ‘%Z”, then an upper
bound of this time is UB = (TT™* + RT;"* + TT™7).

Ty )z

Condition 2 is guaranteed by UB < WTjy,.



KHOUMSI: A TEMPORAL APPROACH FOR TESTING DISTRIBUTED SYSTEMS 1099
e Whiay -~
Port k —Xi ?Xi 'yIk ?.‘/f( X i+ ?X. i1 time axis
T T T T i
<tht ......... >
Fig. 17. Situation 3.
Port k 'ylk ?ylk —QQD Xiv 7X;4 time axis
= tlut>< i Ty, (>2>§\ 11-()2~x> ~t é>5
Port p !yP 7y1p \\\V'OQk time axis
Portr — < Ha. > < tt2> ttg time axis
i ?Xi

Fig. 18. Situation 4 when: 3 # ¢ and ¢/ ; =e.

B.4 Existence of Solutions in Situations 1 and 3
(Proof of (5))

Let a, b be two constants and «, 3 be two positive variables.
There exist solutions for [a; /] C [a;b] if and only if:
b > sup(a;0). If, for instance, a >0, then the condition
becomes b > a.

In Equation 4 (Situation 1), a= RT}", 8= RIJ,
a = (RT;y +2TT"*) > 0, and b= (WTi — ATT).
In Equation 9 (Situation 3), a:RﬂZﬂ/ ﬁ:RT;;;ﬁ:,

a=(RTy+ ATT)>0,and b = (WT;, — 2TT™*).
In both cases, b > a is equivalent to (5) (in Section 6.1.1).

B.5 Situation 4

B.5.1 Analogy between Situations 3 and 4 (Proof of (10))
In Situation 3 (see Fig. 8a), Proposition 2 is guaranteed by
constraints on the delay rt»,, (see (9)). In Situation 4 (see
Fig. 8b), this delay is splitby —02, into two delays rt+, _p2 and
rt_p2,1.. Proposition 2 is therefore guaranteed if rt», o2 +
rt_o9,, satisfies the same constraints as rt»,, in Situation 3.
Therefore, [RTy)" oy + RT"%3 \,; RT3 0y + RT"S3,,] must sa-

7y, )
tisfy the same constraints as [RT?""; RT;"*

2yl ?y,!zf]'

B.5.2 Proposition 1 in Situation 4: First Case
(Proof of (11))

For clarity, we use the diagram of Fig. 18. The time separating
?x; and +02y, 18 1t + tt + Tty 0o + tts. Since tty > TT™",
tty > TT™", 1ty > 0, and rtz, o2 > RTijﬁm, then a lower
bound of this time is LB = 0 + TT"" + RT3™ oy + TTH™.

The time separating ?z; and 7y is: rt},, + tts. Since tty <
T and rt,, < RT;,, then an upper bound of this time is
UB = RT;; + TT™™,

The fact that UB < LB is a guarantee of Proposition 1,
i.e., +02y is after 7.

B.5.3 Proposition 1 in Situation 4: Second Case
(Proof of (12))

For clarity, we use the diagram of Fig. 19. The time
separating —02, and 7y, is rt_op1, + tty + rt},, + tts. Since
tto, tts > TTnin, 1t), >0, and rt_opy, > RT™S,, then a
lower bound of this time is:

LB=R ln(L),QLlr +TTmi7L +0 +TT77Li7L.

The time separating —02, and +02; is tty. Since
tty <TT"**, then an upper bound of this time is
UB =TT,

The fact that UB < LB is a guarantee of Proposition 1,
i.e, +02; is before 7y, .

B.5.4 Existence of Solutions in Situation 4 (Proof of (13))
Let a,b,c,d be four constants and «, 3,7, be four positive
variables. There exist solutions for:

[ +7; 6+ 6] € [a; 0]
c<
d <.

if and only if b>sup(a;c;d;c+d;0). If, for instance,
a > sup(c; 0), then the condition becomes

b > sup(a; d; ¢ + d).
In (10), (11), and (12):
o a=(RTu+ATT), b= (WTy — 2TT™),
¢ = (RTy; + ATT — TTM™),

and d = (TT"* — 2TT™"); (Note that a > sup(c; 0)).
o a=RI}™",, §=RIy™,, v=RI", , and

max

6= RT"5y),-

Therefore, b > sup(a;d;c+d) is equivalent to (13) (in
Section 6.1.4).

B.6 Situation 5

B.6.1 Analogy between Situations 1 and 5 (Proof of (14))
In Situation 1 (see Fig. 7a), Proposition 2 is guaranteed by
constraints on the delay 7t 1, (see (4)). In Situation 5 (see
Fig. 9a), this delay is split into three delays rt,, _c1, tt;s, and
rticie, Where tt,, is the delay separating —C1;, and +C1,,.
Proposition 2 is therefore guaranteed if 7ty _c1 + tt +
rt.c1,, satisfies the same constraints as rty, ), in Situation 1.
Therefore,
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Fig. 19. Situation 4 when: 4 =¢ and ¢/, # ¢

[RT2 ey + TR + BTV 3 T + T + RTIE, ]

must satisfy the same constraints as [RT}}|"; RT};'{].

B.6.2 Existence of Solutions in Situation 5 (Proof of (15))
The proof here is quite similar to the proof in Section B.4.
Let a, b be two constants and «, 3 be two positive variables.
There exist solutions for [o;(] C[a;b] if and only if
b > sup(a;0). In (14),

[ ] a = (RT;-M/ —+ QT Tmar _ TI;T"’) and

b= (WT,y — ATT — TT]"™).

o a=(RT}" + RTYY,,) and

B = (RT}%0 + RTVE),)-
Therefore, b > sup(a; 0) is equivalent to (15) (in Section 6.1.5).

B.7 Situation 6

B.7.1 Analogy between Situations 5 and 6 (Proof of (16))

In Situation 5 (see Fig. 9a), Proposition 2 is guaranteed by
constraints on the delay rt, _ci +rtici). (see (14)). In
Situation 6 (see Fig. 9b), the delay 7t ¢, is split into two
delays, rtici—o3 and rt_ps),. Proposition 2 is therefore
guaranteed if iy, _c1 + rtic1,—03 + rt_03,1, satisfies the same
constraints as rti, _c1 + rt1c1,, in Situation 5. Therefore,

min min min .
[RT};"cy + RTVCH o3 + RTG53
max max max
RT 0y + RTYEY _o3 + BTG,

must satisfy the same constraints as

[RTL ™, + RTI s RI0, + RTVE )

B.7.2 Analogy between Situations 2 and 6 (Proof of (17))
In Situation 2, Proposition 1 is guaranteed by a constraint on
the lower bound RTT(S% of rt_o1,. (see (7)). The proof (see
Section B.2.2) depends only on instants of events occurring
after —O1, relatively to the instant of —O1,,.

Situations 2 and 6 (see Figs. 7b and 9b) are similar from
the instant when a message O is sent. The only difference is
the use of messages O1 and O3, respectively.

Therefore, in Situation 6, the lower bound RI™/:,  of
rt_ps), must satisfy the same constraint as RTT(Z')’{"!I in
Situation 2.

B.7.3 Existence of Solutions in Situation 6 (Proof of (18))
The proof here is quite similar to the proof of Section B.2.3 .
Let a,b,c be three constants and «, 3,7, be four positive
variables. There exist solutions for:

[+ B+ 6] C [a;b]
c<vy

if and only if b > sup(a;¢;0). In (16) and (17),
o a=(RTy, +2TTm —TT™"),
b= WTy — ATT — TT[*),
and ¢ = (T — 2TT™™");
o a=(RT}"e + BTV o),
B = (RT,"cq + RTVET _o3),

7= RIS, and 6 = RT7gS,,
Therefore, b > sup(a;c;0)
Section 6.1.6).

B.8 Situation 7

B.8.1 Analogy between Situations 3 and 7 (Proof of (19))

In Situation 3 (see Fig. 8a), Proposition 2 is guaranteed by
constraints on the delay 7t (see (9)). In Situation 7 (see
Fig. 9a), this delay is split into three delays, rt», _co, tt;;, and
rtica1e, Where tt; is the delay separating —C2;, and +C2,,.
Proposition 2 is therefore guaranteed if 7t _co + tty +
rtica,), satisfies the same constraints as rt»,, in Situation 3.
Therefore,

is equivalent to (18) (in

min min min
[RT?y,—CZ + Tj;fs + RT+C2,!1¢’

max max max
RT; "o + TT{™ + RTYVES ]

must satisfy the same constraints as [RTy,'; RT;17].

B.8.2 Existence of Solutions in Situation 7 (Proof of (20))

The proof here is quite similar to the proof in Section B.4.
Let a, b be two constants and «, 3 be two positive variables.
There exist solutions for [o;0] C [a;b] if and only if
b > sup(a;0). In (19),

[ ] a = (Rj—‘iut + ATT — Tj—;’;“”) and

b — (W:Flut _ 2TTmam _ Tcz’vtzlaa?);

e a= (RT,’ZT(2 + Rng@,w) and

B = (RT3, o + RT3 ,)-
Therefore, b > sup(a; 0) is equivalent to (20) (in Section 6.1.7).

B.9 Situation 8

B.9.1 Analogy between Situations 7 and 8 (Proof of (21))
In Situation 7 (see Fig. 10a), Proposition 2 is guaranteed by
constraints on the delay 7ty _co +rticon (see (19)). In
Situation 8 (see Fig. 10b), the delay 7t, 2y, is split into two
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delays 7tico_04 and rt_ps1,. Proposition 2 is therefore
guaranteed if rtsy _co + rtico,—04 + 7t_04,), satisfies the same
constraints as rtv, _c2 + rtico,, in Situation 7. Therefore,

min min min -,
[RT3," 0 + BTG5 oy + BTG4 15
max max max
RT7," 0y + BTG5 o4 + RT751 )]
must satisfy the same constraints as

[RT cq + RIS 5 RT g + RTIES )

B.9.2 Analogy between Situations 4 and 8 (Proofs of (22)
and (23))

In Situation 4, Proposition 1 is guaranteed by constraints on
lower bounds RT”;”’O2 and RT"’(’DQ,T of rtoy_02 and rt_pa1,
respectively (see (11) and (12)).

Constraint of RT{’;fﬁOZ: We obtain Situation 8 from
Situation 4 by splitting the delay rt, 02 into three
delays rto, _co, tts, and rtco —04, Where tt; is the delay
separating —C2;, and +C2,,. Therefore, in Situation 8, the
lower bound RT3, +TT/"™ + RTTf o, of rt2, ¢ +
tts + 1tyco,—04 must satlsfy the same constraint as
RT?y_’“jO2 in Situation 4.

Constraint of RT™%, is computed by using an analogy
between Situations 4 and 8 similar to the analogy
between Situations 2 and 6 (see Section B.7.2 ). Therefore,
in Situation 8, the lower bound RT’”g]i l of rt_p41, must

un

satisfy the same constraint as RT”O2 ., in Situation 4.

B.9.3 Existence of Solutions in Situation 8 (Proof of (24))

The proof here is quite similar to the proof in Section B.5.4.
Let a,b,c,d be four constants and «, 3,, 6 be four positive
variables. There exist solutions for:

[a+ ;84 0] C [a; 0]

c<

d<v
if and only if, b > sup(a; ¢; d; ¢ + d; 0). If, for instance, a > ¢,
then the condition becomes b > sup(a;d;c+ d;0). In (21),
(22), and (23):

a = (RTyy; + ATT — TTM™),

b — (Wﬂut _ QTTmaz _ Tﬂ:aw),

¢ = (RTyy + ATT — 2TT"™),
and d = (TT* — 2TT™"); (Note that a > c).
a = RT}"cy + RTI oy,
8= RT;%cy + RTLE o

7y,
min
v = RT"}} 1,

and 6 = RT"5Y .
Therefore, b > sup(a;d;c+d;0) is equivalent to (24) (in
Section 6.1.8).
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B.10 Global Condition
For clarity, we first define the following parameters:

1. Kl — RTiut + 37 Tmaer _ TTmin,

2. K= RT,; + 3TT™ — TT™" + NTTy,,
3. Ks= Ry +3ATT+ ATTy,,

4. Ky = RT,y +3ATT 4+ 2ATT,,,

5. Ll — TZI;L(LL + TTHI(J.:L' _ 3TT7IL’i7L,

6. Ly=TT"™ + ATT,

7. L3 =TT]7"" +2ATT,

8. Ly= TT’”‘” + 277,

9 LE — 2TT"L(L.L + TTIVL(L.L 3TT7]L’£TL,

10. Lg = 2TTW”” + 2ATT.

Equations (5), (8), (13), (1
be written as follows:

5), (18), (20), and (24) may then

Equation 5: WT;,; > K;,

Equation 8: WT;,, > sup(Ki; L1),
Equation 13: WT;,; > sup(K;; K3; L),
Equation 15: WT;,; > sup(Ks; Lo),
Equation 18: WT;,;, > sup(Ky; Lo; Ls),
Equation 20: WT;,; > sup(K>; Ls),
Equation 24: WT, > sup(Ks; Ky; Ly; Lg).

Therefore

N s W~

[—

Equation 8 is stronger than (5) (trivial).
2. Equation 13 is stronger than (8) because L3 > L;.
3. Equation 15 is stronger than (8) because K; > K,
and L, > L.
4. Equation 18 is stronger than (15) (trivial).
5. Equation 20 is stronger than (15) because Ly > L.
6. Equation 24 is stronger than (13) because K, > K,
K4 Z Kg, and LG Z L3.
7. Equation 24 is stronger than (18) because Lj > Lo
and L6 > L5.
8. Equation 24 is stronger than (20) (trivial).
Using transitivity of relation “is stronger than,” we can
easily prove that (24) is stronger than (5), (8), (13), (15), (18),
and (20).

APPENDIX C
CONSTRAINTS OF WAITING TIMES

For clarity, we use diagrams of Fig. 20.

C.1 Situation A (Proof of (25))

For clarity, we use the diagram of Fig. 20a. W1}, is an
upper bound of the time wt.», = tt; + 7tz + tt2 separating
the starting instant (i.e., the instant of !z;) and ?y}". Since
tty, tty < TT™* and 1ty < R, an upper bound of wt. 7, is
TT"MI..L' + RI-‘]uf + TT”L(L’L'.

C.2 Situation B (Proof of (26))

For clarity, we use the diagram of Fig. 20b. W1+, is an
upper bound of the time wt,, », = tt; + 7t + tt2 separating
lz; and 7y". Since tt;,tty < TT™ and rtjy < RTj,, an
upper bound of wty, 2, is TT™"* + RT,, + TT™*.

C.3 Situation C (Proof of (27))

For clarity, we use the diagram of Fig. 20c. WT' o, is an
upper bound of the time wt, o>, separating +0; and 74",
where O may be 01,02, 03, or O4.
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S Wleay . -
Lty . .
Port < lime axis
ort m N oy
: ) . Ty ! 1 . .
Porth I T = time axis
X1 ?Xl
(@)
e Whaay -
Lty W . ‘
0 G B timc axis
Port h =m : - -
[} ; )X, Iy‘m -7}{111
(b)
, WL 10,2y
e PO =
: fty . .
Port P JIE] e < 2> time axis
ort m : :
%O, N
—Ox % X, . time axis
Port h . e = :
T EPE R, e =
S (R tt] Ttiy
{c)
Port s +G X 7% time axis
//'<. . ->>:<-t-t- =
vor 9 / T yeox 4 . .
Port r YRy —C¢ : : time axis
e s S - T
il (I | S S The -
: ‘yym ym ] s . . )
Port m i) Y T=OUTPR fime axis

time axis

Fig. 20. Waiting times. (a) Situation A. (b) Situation B. (c) Situation C. (d) Situation D.

The time separating —O,, and 7y is:

NOVEMBER 2002

Since ttg, tt4, tt5 S TTmuw, ttﬁ S TT;’;LGI, Ttmt,rt/- < RT;jm,,
Tl2y o < RT’;ZH—I('Q/ and rticol: < R

wut —

an upper bound

rt_o,e + tty + 1t + tta.
Since tty, tty < TT™, rt;y < RTj, and
0w < SUp(RTVSY, ; RT"65,, RT3, RT"S:.,),

an upper bound of this time is:

+ TT'!TML’E + Rﬂut _"_ TT'!TL(l.’L"

UB =sup(RT"5y s RT"Gy 1,5 RTG53 RTZG5 ),)

The time separating —O, and +O; is tt3. Since
tty > TT"™, a lower bound of this time is LB = TT;™".

The value UB — LB is an upper bound of the time
separating +Op, and 7y.". We have:

UB — LB =sup(RT"5; 1,3 RT"G3.,3 RTG53 RT65 )
4 TTmer g ijl ut + 7T _ ijtzn'n'

C.4 Situation D (Proof of (28))

For clarity, we use the diagram of Fig. 20d. WT%,», is an

upper bound of the time wt», -, separating 7y" , and ?y!".
The time separating ?x;_; and ?y}" is:

Ttiw + tty + Tty oo + tle + 1t oo + thy + 1L, + th.

ut

of this time is:

R Zlcazly‘l +TT’max + Rﬂut +TTmlw)

The time separating ?z;_; and 7y, is rt

_ o T+ tto. Since
tty > TT™ and rt}, >0, a lower bound of this time is
LB = (0+TT™").

The value UB— LB is an upper bound of the time
separating 7y"; and ?7y*. We have:

UB — LB =(RTjs + TT™™ + RT}“ 0, + TT" +
R _';_TL((;;,‘T _"_ TT?TILL.Z’ + Rﬂut _"_ TTYYI(L£ _ TT”L“L).
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