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Abstract

The paper addresses the problem of test derivation from partially defined specifications. A
specification is modeled by an Input/Output FSM such that transitions from some states on
some inputs are not specified (a partial FSM). Tests have to be derived for a weak
conformance, i.e., using the quasi-equivalence relation between FSMs as a conformance
relation. The paper further elaborates the state-counting approach by providing an insight into
the structure of tests with fault coverage for partial (deterministic) machines with compatible,
guasi-equivalent, and distinguishable states and by offering risk-free optimizations which
reduce the length of resulting tests. Based on this approach, a method for deriving tests with
fault coverage guarantee (checking experiments) is proposed. It is demonstrated that the
method is superior to other test derivation methods for deterministic state machines.
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1 INTRODUCTION

There are not many papers on test derivation that deal with partial specifications, in general,
and with partial Input/Output FSMs, in particular. One of the reasons is that a classical state
identification approach pioneered in [Hen64] does not extend to an arbitrary partially defined
FSM, as its states may no longer be distinguishable using only "core" or specified transitions.
The core transitions have exclusively to be used to check vegakconformance, opposed to

the strongconformance (equivalence) used for complete machines. A pragmatic solution that
sometimes works is to complete a partial specification in one way or another. A complete
specification can then be minimized so that the state identification approach becomes
applicable; however, some conforming implementations may now be recognized as
nonconforming as already argued, e.g., in [PBD93], [YaL95]. Note that in [YaL95] it is
assumed that partial machine is reduced, which seems to be only a special case. In a more
general case, partial machine may not be reduced and another approach is required. As a
solution to the problem, we attempted to develop such an approach, called a state-counting
approach, in a number of papers [YePe89], [YePe90], [Petr91], [PYL93], [PYB96]. This
approach relies on counting states traversed by test sequences to decide when a particular
sequence could be trimmed. It subsumes the classical state identification approach of Hennie
[Hen64] and his followers, see, e.g., [Vas73], [Cho78], [FBKI1], [LBP94], [ReU95].

The goal of this paper is to further advance the state-counting approach by providing an
insight into the structure of tests with fault coverage for partial (deterministic) machines with
compatible, quasi-equivalent, and distinguishable states and by offering risk-free
optimizations which reduce the length of resulting tests.

The rest of the paper is organized as follows. In Section 2, we give necessary basic
notions. In Section 3, we discuss the structure of tests for various types of FSMs, which may
have compatible, quasi-equivalent and distinguishable states and propose a method for test
derivation from partial FSMs with complete fault coverage. We also discuss the complexity
of test suites obtained with the proposed method. In Section 4, we summarize the
contributions of the paper and indicate possible future work.

2 BASIC DEFINITIONS AND NOTATIONS
A finite state machine (FSM), often simply called a machine throughout this paper, is an
initialized deterministic Mealy machine which can be formally defined as follows. An BSM
isa7-tuple § s, X, Y, Da, S, A), whereSis a finite set of states with the initial stagg X is a
finite set of inputs,Y is a finite set of outputsDa is a subset of x X, called aspecification
domain andd andA are a transition functiod Do — Sand an output functiold: Da - Y,
respectively.

An FSM A is said to becompletelyspecified (a complete FSM) Da = Sx X. We will
omit the specification domaibB, in the case of complete machines. Df is a proper subset
of Sx XthenA is called apartially specified machine (a partial FSM). Note that, sometimes
[GrL65], the functionso and A are defined over different specification domains, however, to
simplify our discussions we will not consider here such cases. Moreover, we note that, for
example, in typical protocol applications, both functions of protocol machines are defined
over the same domain.



Given a stringa = x;..x of the setX™ of all possible input sequences,is said to be an
acceptableinput sequence at stage] Sif there exist states, ..., & S«+1, wheres;=s, such
that §,%) [0 Da and ds,%) = si+1 for anyi = 1, ...,k. In words, a is an acceptable input
sequence at stagsf the behavior ofA for the sequence is defined. We useX, (s) to denote
the set of all acceptable input sequences for stated X, for the states, i.e. for A. The set

X, (s) may be empty for statg but hereinafter we assume that the ¥t is not empty.

We extend the transition and output functions from input symbols to acceptable input
sequences, including the empty wadas usual. LetXs, €) = sandA(s, &) = eforanys S
Suppose thaf is an acceptable input sequence for sand Js, f) =S and A(s, p) = y.

Then for anyx [0 X such that §, X) [ Da we defined(s, £X) = &S, X) andA(s, £X) = YA(S, X).
For convenience, we use the same notatidasd A for the extended functions, as well, since
in our discussions, this does not imply any contradiction.

Given states, s [0 S a sequence [0 X, () such thatds, a) = s is atransfersequence
from sto s. For any states, the empty sequenceis a transfer sequence frogito s. A
transfer sequence, if we do not specify from which state it is, starts, by default, from the initial
one of a given FSM.

We say that the sequence applied at stats, traversesstates if there exists a non-empty
prefix 8 of a such thatg is a transfer sequence froeito s. We also say that a set of
sequencefaversesa given state if it contains at least one sequence that traverses state. We
consider here only connected machines. F8M (S %, X, Y, Da, 9, A) is said to be
connectedf all its states are reachable from the initial state, i.e., for any stafeS, there
exists a transfer sequence] X, fromsytos.

A state coverof FSM A with n states is defined as a setmtransfer sequences that take
the machineA from the initial state to every its state. An input sequepée said tocovera
transition from states with input x if it can be represented as a concatenatgior axf such
that a is a transfer sequence 80 We also say that a given set of sequences covers a given
transition if it has at least one sequence that covers the transition.

Given states of an FSMA = (S %, X, Y, Da, 9, A) and statd of an FSMB = (T, to, X, Y,

Ds, 4, /), statess andt are said to b&ompatibleif either X, () n X5 (t) = 0 or A(s, a) =

#(t, @) for any input sequence 0 X,(s) n Xg(t). Otherwise, i.e., when there exists an
input sequencer 0 X, () n Xg(t) such thatA(s, a) # A(t, a), statess andt are said to be
distinguishablgby a), writtens 2 t (s %, t). GivenaseW O X, (s) n X (t), we also use

#wt to denote the fact that there exist$] W such thats #,t.

In the case of a complete FSM, two distinguishable states can already be distinguished by
input sequence of length pl < n - 1, wheren is the number of states in the given machine.
In the case of a partial machine, the corresponding boun¢his 1)/2 [PBD93]. An FSM is
reducedif any two of its states are distinguishable; a machine with compatible states is said to
beunreduced

An unreduced FSM may have quasi-equivalent or equivalent states. Given two compatible
statessof an FSMA = (S s, X, Y, Da, 9, A) andt of an FSMB = (T, to, X, Y, Dg, 4, N), statet
of B is said to beguasi-equivalento states of A, writtent = s, if X (t) O X, (). The quasi-
equivalence relation, introduced in [Gil62], is also called weak conformance in [YaL95] and



other works. If states andt are quasi-equivalent to each other, we refer to these states as to

equivalentstates, writters = t.
Given FSMsA andB over the same input alphabd,is said to bequasi-equivalent to A,

written B 3 A, if the initial state of FSMB is quasi-equivalent to the initial state of FSM

The two machines amistinguishablewrittenB % A, if their initial states are distinguishable.

If a reduced FSMB is quasi-equivalent té then it is called aeduced fornof A. Methods
for constructing a reduced form from a partial machine are more involved than that for
complete machines. The reason is that, in general, the relation of state compatibility is not
transitive for partial FSMs, i.e. an appropriate state of an implementation FSM may be quasi-
equivalent to different compatible states of a specification FSM. This feature explains why
test derivation from partial machines is a more difficult problem than that for complete
machines. We use the quasi-equivalence relation (weak conformance) for deriving tests
directly from a given FSM without first minimizing it.

Let X be the input alphabet of a (partial or complete) specification FSM\ test suitefor
FSM A is a finite set of acceptable input sequences (testsh.ofWe thus assume that a
reliable reset is available in any potential implementation machine to bring it back to the
initial state to resume testing. We assume also that all implementations are represented by a
set /{X) of complete FSMs defined over the input alphakethe set/[X) is often called a
fault domain A test suiteTSis said to becompletefor A w.r.t. the fault domainAX) if, for

allB O [AX), B  AimpliesB #1sA. Let [i(X) be a universal set of all complete FSMs with
m states over the input alphabét A test suite is said to be-complete if it is complete w.r.t.
the fault domain’f(X). Clearly,m-complete test suite is aldecomplete for ank < m.

3 TEST DERIVATION

3.1 Complete Test Suite and Distinguishing Machine

Let A be a given specification FSM, partially or completely defined, Brioe a completely

defined implementation FSMB O [}(X). To verify whether or not the FSNB is quasi-

equivalent toA, we construct a designated FSM, called a distinguishing machiAeaot B,

whose states are pairs of statef\afndB. Its initial state is the pair of initial states of the two

machines, the remaining states are determined by performing a reachability analysis.
Formally, we define the distinguishing machine of F&M (S s, X, Y, Da, 4, A) and FSM

B=(T, to, X, Y', 4, N) as an FSM with the state s&t[] Sx T, the input sek, the output se¥

O {fail}, fail O (Y O Y'), the transition functiory, the output functionp, and the initial state

(%o, t0), using the following rules:

0o = (o, to),

(st X) = (s, X), 4A(s, X)), if (s, X) U Da, otherwise yAst, x) is undefined;

@(st X) = A(s, X) if A(s, X) = A(t, X), and

@(st, x) =fail if A(s, X) £ A(t, X);

such that the state s€& is the smallest set obtained by application of the above rules. The

machine Q, qo, X, Y U {fail}, Dags, ¢, ¢), whereDang = {st, X) | st Q LI (s, X) U Da}, is

called thedistinguishing machiné€DM) of A andB, and is denoted b[B.



Clearly, the sefQ includes only states reachable from the initial state. Note that similar
notions of FSM products are used in other work, see, e.g., [ACY95], [FJJ96], [PYB96],
[KPY99].

If FSM B is distinguishable from, then any input sequence such that, applied at the initial
state of DMALIB, covers a fail-transition (one with the outpiail), distinguisheB from A
and can be used as a test case to expose faults modelBdThe DM enjoys several other
properties useful for test generation, some of them are collected in the following proposition.

Proposition 1. Given two FSMsA = (S s, X, Y, Da, 9, A) with n states and = (T, to, X, Y,
A, N) with m states, leAB = (Q, do, X, Y U {fail}, Dags, ¢, ¢) be DM of AandB. Then
(@) X,ug(s t)= X, (9), forallsO Sandt O T such that t) 0 Q.
(b) IQl< nm

a

Proposition 1(a) says that any input sequence acceptable in DM is also acceptable in the

specification machiné and can be used as a test. The following proposition, which is an
immediate corollary to Proposition 1(b), establishes an upper bound on tests for partial FSMs.

Corollary 1. For any FSMA with n states and the seX, of acceptable input sequences, there

exists a subset of the setr{] X, | |a] =nm} = XA™ that is arm-complete test suite.
Q
Example
Consider the specification FSK with n states and implementation FSBIwith m states
shown in Figure 1 [YePe89]. DM has the only fail-transition out of statet(). The shortest
input sequence that covers this transition from the initial state"i&2f1, its length isnm
Therefore, the boundmis indeed tight for partial machines.

2ffail
OaOn
c)

Figure 1. An example of machines distinguished by a sequence of langth
a) FSMA, b) FSMB, c) DM AOB.

If the set of acceptable sequences is finite (when, for example, the machine has no cycling
behavior) then it is a complete test suite regardless of the bound on the number of states in
implementation machines. A systematic method is required to determine complete test suites



for FSMs with cyclic behavior. We first develop a method for several important classes of
unreduced FSMs and then extend it to an arbitrary deterministic FSM, defined partially or
completely.

3.2 Deriving Tests for Special Classes of Unreduced FSMs

We will describe a method for test derivation that accepts any deterministic 1/0 FSM,

completely or partially specified, which may have compatible, equivalent, quasi-equivalent

and distinguishable states. By combination, one can define many FSM classes, which differ

in relations between the states of any machine from the class. Here we consider the following

classes:

* FSMs such that each two states are compatible, but neither quasi-equivalent nor
distinguishable.

» FSMs such that each two states are either compatible or quasi-equivalent, but not
distinguishable.

* A general type of FSMs such that each two states are compatible, quasi-equivalent, or
distinguishable. This class includes reduced machines and completely defined machines.

3.2.1 FSMs Without Distinguishable or Quasi-Equivalent States

Given an implementation FSN [0 /f(X) such thatB % A, a test suite to ben-complete

should have a sequence that covers a fail-transition inAM. It is known that the length

of a shortest input sequence that covers a transition of any FSM does not exceed the number
of its states. On the other hand, states of distinguishing machines consist of states AAFSMs
andB, therefore any state & constitutes at mosin states of DM. It means that a transfer
sequence traversing the initial stateAimtimes is cyclic in DM and can be replaced by a
shorter (acyclic) one. A transfer sequence is said tadyelic if any two prefixes of it take

FSM into different states. These considerations lead us to the following statements.

Lemma 1. Given a state coveV of FSM A and statey of DM ALIB, there exist a sequenee
0V and a transfer sequeneg3 0 X, to stateq such thatB applied at stateXso, @),
traverses any state of FSMat mostm-1 times.

Proof. Let a0 X, be a transfer sequence to stgte DM AB such that, applied at

state¢(qo, Q) is an acyclic transfer sequence. Then each state of RSd/traversed bys at
mostmtimes. Suppose there exists statd A traversed bys, applied at statés, a), exactly
mtimes. Letqy, ..., gm be the sequence of stat&SIB with the component staigtraversed by
B, applied at state/sy, a). For Sto be acyclic inALB it is required that all component states
of FSMB in qi, ..., O be distinct states, denoteqd ..., tn, wheret, = t. Consider a transfer
sequencevl]Vto statesin FSM A. Then the corresponding staft,, ) of FSM B must be
one of the state$, ..., tn, since FSMB has at mosim states, i.e., there exists a transfer
sequencey? 0 X, to stateqin DM ACB, such thatw( V and 3, applied at state{s, ),

traverses stateof FSM A at mostm-1 times.
a



The lemma allows us to determine the maximal length of input sequences covering each
transition in arbitrary DMALIB to obtain a complete test suite.

Proposition 2. Let V be a state cover oA andE = Ua_wori L. O X, be the set of input

sequences such thatd L; iff 30 X, (Ao, a)) and stateXs, aif) is traversed bys, applied

at stateds, @;), mtimes while any other state @fis traversed by3 at mostm -1 times. The
setE is anm-complete test suite of FSM.

Proof. Let B O [jn(X) andB 2 A. If B £ A then in DM ALB, there exists statg with an
emanating fail-transition. Letbe the input that labels the fail-transition. By Lemma 1, there

exists a transfer sequeneg8 0 X, . to stateq such thata; OV, &, a) = s, and 8

traverses any state of FSMat mostm -1 times. Then the sequeng&is a proper prefix of
some sequence in the 4gt Hence, the sequeng is a prefix of some sequence in the ket

ThUS,B Ze A
a
The use of a prefix-closed state cover facilitates merging sequences igilseasid may
thus reduce tests. However, there might be even no need to consider each transfer sequence
from a state cover, as follows from the proof of Lemma 1.

Corollary 2. Given anm-complete test suitg for A from Proposition 2, leg U Sbe state of
A, different from the initial state, such thgt= s, a;) and for alla;, O V, 5 is traversed less
thanm times by any input sequenggl] L;, then the seE \ { aiL;} is an m-complete test suite
for A.
a

In a general case, the length of sequences in the resulting test suite cannot be further
reduced if states of the given machine are neither distinguishable nor quasi-equivalent. FSM
A in Figure 1 serves as an example of such machines. For other classes of machines, which

have quasi-equivalent or distinguishable states, shorter (and fewer) sequences ¥H in

may constitute a complete test suite. In the next section, we consider how quasi-equivalent
states can be taken into account to reduce a complete test suite.

3.2.2 FSMs without Distinguishable States
Assume now that a given machine has quasi-equivalent states, but no two states are
distinguishable. The existence of quasi-equivalent states may shorten transfer sequences in
distinguishing machines, compared to Lemma 1. In fact,det)(and &, t) be states of DM

ALB such thats' = s, i.e., 6, t) 3 (s, t). Any transfer sequence to stajehat first traverses

(s, t) and then ¢, t) can be replaced by a shorter sequence that takes the machine to a state
that is quasi-equivalent to statg but avoids states( t). Indeed, successors of quasi-
equivalent states for any acceptable input sequence are also quasi-equivalent states. This
observation motivates the following definitions.



A transfer sequence 0 X, is said to beacyclicin DM AOB if, for any two non-empty

prefixesa and B of v, |a| < |4, it holds that if¢{qo, @) = (S, 1), Y.qo, B) = (S, t'), ands' 3 s,
thent # t'.

We introduce a designated function, denoted #, which for given stage§l S and input
sequencer 0 X, (s), returns a maximal length of a sequence of states, traversegdapplied
at states, each of which is quasi-equivalent to all subsequent states in the sequence, including
statep. Formally, #(p, a) = |, wherel is the maximal number of prefixes, ..., ai of a such

that0 < fn|<...< |, andds, a1)=2 ... 2 Js, ai) 2 p. |a|=#(p, a) 20 and #p, a) =0 if a
is an empty sequence or none of the states traversed by a non-empty sequsrypgasi-
equivalent ta.

We also introduce the concept of a core of an FSM. Given F§Mve determine a
minimal by inclusion set of states éfsuch that contains the initial state and, for each state
[0 S a state quasi-equivalent gpcalled acore of FSM A. In the case, when the machihe
has no quasi-equivalent states, the core coincides with the stae gesubsetk 0 X, is
said to be acore coverof A if, for each state in the core & it has exactly one transfer
sequence.

Example
Consider the partial FSM\ shown in Figure 2. States 1 and 3 are compatible states. These

states have no common acceptable input sequence. We also Ba@e Zhe core of FSVA
includes states 1 and 2. The machine has the core d¢Ovef ¢, 1}, where € is an empty
sequence.

Figure 2. The partial FSM.

Using the above notions, Lemma 1 can be generalized to the case of quasi-equivalent states
as follows.

Lemma 2. Given a core coveK of FSM A and statej of DM ALIB, there exist a sequence
0K and a transfer sequencgg 0 X, to stateq' 3 g in DM ACB, such that Hspa(S B <

m-1 for all SOOS,

Proof. Let vB0O X, . be a transfer sequence to stgten DM ACB such thatg, applied at
state¢Aqo, V) is an acyclic transfer sequence in DNUB, i.e., #s,»(s, /) < mforallsU S
Assume that there exists stat@l Ssuch that §s,»(s, £) = m, while #ss,»(s', f) <mfor all s’

0S s'#s. We havem prefixesp, ..., Gnof Ssuch that 0 <fi| < ... < |Gy anddso, VG) = ...



3 A%, VBm) 2 Ss. The sequencg is acyclic, i.e., the corresponding states of FSMB are
distinct. Thus, we haven states of DMAUB (X<, VA1), A(to, VBY)), ..., (XS0, VGm), A(to,

Vf3y)), such thatdso, V3) =2 ...2 (Ao, VB 2 sandA(to, VB) = A(to, VB) impliesi =j. By
definition of a core cover, there exists [1 K such thatd(sy, a;) = s ands = A, V4) 2 ...2

(X0, VBm) =2 s. The sequence; takes DMALIB into statey{qo, &) = (S, 4(to, ;) such that
A(to, ar) = A(to, vB) and Ao, &) 2 Ao, V/3) for some non-empty prefig of 5, as FSMB has

at mostm states. Ther{qo, &) = Ao, V3) and the transfer sequengg to stateq can be
represented as a concatenatig)?, such that ﬁso,.,ﬁj)(s, B)<m-1lforallsOS o, a) 2

(o, V) implies thaty(ae, ai8) 2 Ao, VBL) = q. Thus, there exists a transfer sequence
aif to a state quasi-equivalent to the given stgteuch that #s,.a)(s, 5) <m- 1forallsO S

a
The lemma leads us to the following statement that includes Proposition 2 as a special
case.

Proposition 3. Let K be a core cover oA andF = Ua S aM; O X', be the set of input

sequences such thatd M; iff 30 X, (s, @), Hasya) (Ao, aif), P) = mand #sya)(S L) <
mfor all s# A, a;f). The sef is anm-complete test suite of FSMK.

Proof. LetB O [jn(X) andB 2 A. If B £ A then in DM ALB, there exists statg with an
emanating fail-transition. Letbe the input that labels the fail-transition. By Lemma 2, there

exists a transfer sequenag30 X, to stateq' = g, such thata; 0 K and Hsga)(S B =m-

1 for alls0 S. Then the sequeng@is a proper prefix of some sequence in theldetq' = q
implies that X, .. (q") O X, (q) andx induces a fail-transition from the state Hence, the
inputx is also acceptable at stajeand sequencgx is a prefix of some sequence in the bt
that covers a fail-transition. ThuB,¢ A.

a
Similar to Corollary 2, we have the following.

Corollary 3. Given anm-complete test suité from Proposition 3, leia; O K be a transfer
sequence from a core coverAfuch thats = s, ), § # S and for anya; OV, i # j, anyp
0SS s =2 p, it holds that #s,ay(p, B < mfor all B0 M;, then the sef \ { aM;} is an m-
complete test suite.

3.3 Deriving Tests for General Type of FSMs

Now we allow for the specification FSM\ to have any type of states, compatible, quasi-
equivalent or distinguishable.

Given FSMA, we determine distinguishable states of F®using standard algorithms
for state minimization of partial FSMs [Gil62], [Koh70], [GrL65], [LeY96]. We will use
maximal by inclusion sets of mutually distinguishable states. These sets can be determined as



cligues of the so-called state distinguishability graph, where two nodes representing states
have an edge if these states are distinguishable.

Given a transfer sequena®3 O X, let Darerr denote a maximal by inclusion set of
mutually distinguishable states Af such that at least one of them is traverseg@pgpplied at
state{%,q). Let nnax denote the maximal number of mutually distinguishable states. of
Hereinafter, we assume thai the number of states in an implementation machine, is not less
thannmax Distinguishable states of FSMmay create distinguishable states in BVIB. In
particular, states of DM\(IB (s, t) and &', t) are said to beonflictingif s s'[PYB96].

To generalize Proposition 3 for the case of conflicting states in BINB, we need the
following notation. Given state 00 S an input sequencg O X, (p) and a set of mutually

distinguishable statd3 [ § let #(D, A denoteZﬂD#p(S, pP). Let#(D, B)=1I. If | >0 then

by definition of the function # has exactly prefixesf, ..., 3, 0 < |G| < ... < |G| with the
following property. For eack [ D, such that #D \ {s}, B <| and for each, i <1, if &s, 3)
3 sandds, B) = sfor somej <i, thends, B) = As, ). We useP(S, D) to denote the set
{B, ..., B}.

Proposition 4. Let K be a core cover of FSM andG = Ua_ SN O X, be a set of input

sequences, wheld comprises each shortest sequefidd X, (s, ai)) such thatgs,.a) (D,

p) =m- |D| + 1 holds for an appropriate sBtof mutually distinguishable states 8f The

following statements hold.

1. If FSM A has no distinguishable states then theGeatovers a fail-transition in each DM
AB, such thaB 0 [j(X) andB % A.

2. LetB O [(X), B 2 AandB =g A. Then there existy [ K, S0 N; and Daser; SUCh that

states {ﬂ(qu 0’) | (0’ OKOOsO D,&ifterai: dSo, 0’) = S) Ooyd P(ﬂ’ Dﬁifterai) . a= O'i}/}
contains two conflicting states.

Proof. 1. If FSM A has no distinguishable states then the Getoincides with the sef in
Proposition 3, i.e.G is anm-complete test suite.

2. We have to demonstrate that for an F®Vthat has passed the test su but is
distinguishable fromA, the set of states in FSMUIB traversed by an input sequence from
someN;, applied at the statg(soto, &), together with the set of states where sequences of the
core coverK take theAIB from the initial state, has two conflicting states. Moreover, in
these two conflicting states, states of F@vare quasi-equivalent to states of the Bethat
bounds the input sequence.

Let B 2 A and 3 be a shortest sequence such that the seque@g X, ., a: 0K, is a

transfer sequence in DMIB to stateq with a fail-transition. By definition of the se®,
there exists a s pfiers, SUCh that sy, a)(Daattera;, B) = M - [Dpatterar| + 1, SINCEB =g A. Let v

be the shortest prefix g# such that:
1. #gsya)(Dv V) =m-|D,| +1 for some seb, of mutually distinguishable states Af

10



2. vis an acyclic sequence from the stai@), a;), moreover, for any states,(t) traversed by

vand any states(, t') = (Ao, 1), 4 0K, it holds thats' 3 s=t' # 1.

We have the se®(v, D)) = { Vi, ..., Ump 1} Of m- D] + 1 prefixes ofv such that 0 <ijy|<
<o < Vmp |- If the correspondingn - [D,| + 1 states of FSMB, A(to, aivi), ..., A(to, GV
p,+1), are not distinct then, by definition of an acyclic sequence, the sequetnagerses two
conflicting statesg t) and €', t), wheres, s'are quasi-equivalent to two different states of the
setD,, i.e., P,| > 1. Assume, therefore, that the sta{$,, aiv1), ..., Ato, aVmp j+1) are
distinct. LetK, be a subset of the core couérof A that has exactlyl},| transfer sequences

such that for any = 1, ..., m- |D,| + 1 there existy O K, for which s, )) 2 A%, ai¥)
holds. The correspondindp|| states of FSMB are distinct, if the core coveK does not
traverse conflicting states. Then the two subsets of states of BSM\(to, aiv1), ..., A(to,
avmp +1)} and {A(to, J) | YU K.} intersect, as, together, they hawe- [D,| + 1+ Py =m+1
states, whilB has onlym states. Thus, there exist a sequepnde K, and non-empty prefix,

of v such thatA(to, 1) = Ato, &), while Xso, 1) andA(to, aiV) are quasi-equivalent to some

states in the sdD,. If they are quasi-equivalent to the same state #en 1) = A, aiv) by

definition of the setk,. The caseds, 1) =2 AS, aiV;) contradicts to property (2) of the
sequencer. Thus,ds, 4) andd s, aivy) are quasi-equivalent to two different states of the set

D.. Hence,[D,| > 1 and the set of stategfqo, @) | c DK OOsOD,: &, a) 2 s00y0
P(v, D)) : a = ai)} contains two conflicting statesds, 1), A(to, )] and [As, aivy), A(to,

aiv)], wheredso, 1) anddso, aivy) are quasi-equivalent to two different states of thelset
a

The setG from Proposition 4 can easily be extended to cover fail-transitions miss&j by
using the following property of distinguishing machines.

Lemma 3. Let (s t) and &, t) be conflicting states oALIB such thats' #, s for some input

sequence, then the input sequeneecovers a fail-transition in DMAOB from (S, t) or (s, t).
Q

The presence of distinguishable states in FBMllows us to decrease the length (and
therefore, the number) of sequences needed to traverse states (cf. Proposition 3 and 4) at a
price of including additional input sequences distinguishing statés imMhe gain increases
with the number of distinguishable states. Informally speaking, the more distinguishable states
FSM A has, the more the structure of complete test suites resembles that implied by existing
test derivation methods for reduced machines. To demonstrate the point more formally, we
determine the sdb of Proposition 4 for the case of completely defined reduced ASM

The core coveK of such a machine coincides with a state coVesf the given machine.

All n states ofA are mutually distinguishable, thud fer| = n for any a8 0 X, with non-
emptyS. Then each s\l is nothing more but the set of all input sequences of the length up
tom- n + 1 acceptable in statgso, @), i.e. Ny = X™™ n X (Ao, a)). If Ais completely

defined therN; = X™* for all &; O V. Thus,G = VX™™!. Let W denote a characterization
set of FSMA. For any two distinguishable states, it contains a sequence that distinguishes
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them. According to Lemma 3, the sequence$\bfconcatenated to each sequence in the set
G, cover any remaining fail-transition. The 3&X™" W is exactly the test suite derived by
the W-method [Vas73], [Cho78], which ie-complete. A similar observation applies to the
test derivation method developed for reduced partial FSMs in [YaL95]. This indicates that
the method we are developing includes the existing methods as special cases.

We are now ready to present the detailed description of the method.

Input. FSM A, the list of pairs of distinguishable states and for each p&is’, an input
sequence)(s, s) that distinguishess and s’ all maximal by inclusion sets of mutually
distinguishable states; and an integeequal or greater than the maximal number of mutually
distinguishable states.

Output. An mrcomplete test suite for FSM.

The method includes the following steps.

1. Determine a core covét of A.

2. For eachn; O K, determine the set of all shortest input sequemtds X, (s, a;)) such
that#4sy,a)(Dtters, B) = M- [Daatterar| + 1 andd(so, aif) U Dpatiers; fOr each sequencg [
Ni. LetD(N;) denote the union of seBpfers, OVer all50 N

3. =& R={m}.

4. For each\;, wherea; O R, and for each state [ D(N;), determinea [J K such thatds,
a) = sand includea in R. Repeat this step untit = K or no more sequences frolhare
included intoR.

5. Determine the setd Ao, i), Ao, &) | &, i O R} = TS.

6. Determine the setdiks, s) | o 0 ROB U N Uk U P(B, Daaterr)} U'S, 8' U Dpatterar} =

TS.

7. DeterminelS 0 TS = TS that is anm-complete test suite.
a

We provide a few comments on the steps of this method. Determining a core of a given
FSM in Step 1 is a typical combinatorial, set cover problem, i. e., find a minimal number of
states that “cover” all the states of a given machine. We say that one state “covers” another
state if the former is quasi-equivalent to the latter. Once a core is determined, a core cover
can be obtained from a spanning tree similar to the one used to find a state cover, see e.g.
[Chow78]. Step 2 is a key part of the method. It corresponds to constructing the set of
traversal sequenc@sX™* in the W-, Wp-methods and other methods for reduced machines.
The step can be performed in two different ways. The first option is to start from all accepted
sequences of the length nfmand to prune each of them until the conditiégy),a)(D steras )

=M - [Datersr| + 1 is satisfied for a sequenggat hand. Another option is to start with an

empty input sequence and to grow it in all the possible ways (obtaining acceptable sequences)
to satisfy the condition. Step 4 attempts to minimize the number of sets of traversal sequences
applied after transfer sequences from the core cover (see Corollaries 2 and 3), and thus, can
always be omitted, by assumiit= K.

The setTS ensures that if sequences in the core cover (or th&st&i be more precise)
traverse conflicting states in a particular DMIB then a fail-transition is covered by a
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sequence fromS. Similarly, the selTS guarantees that if conflicting states are traversed by
a sequence iN; then a fail-transition is covered. Note that if FSMhas no distinguishable

states thelTS = Rand TS = G = Ua aN UOR, ie., Steps 5-7 can be skipped (see

OR !
Proposition 3).

Example
We derive a complete test suite for the partial FBMhown in Figure 2, assuming that the
number of states in any implementation machine does not exceed 3nie3. The core

coverK = {¢ 1}. We have 1z 2 and (1, 2) = 1, as the machine in response to input 1
produce output O in state 1 and 1 in state 2. (1, 2) is the only pair of distinguishable states,
hence, we have two maximal by inclusion sets of mutually distinguishable stBtes {1, 2}
andD, = {3}.

We determine traversal sequences. In Step 2gjet £ The process of determining the
set of input sequenced, is illustrated in Figure 3. A sequenggin N; has to be trimmed as
soon ast(Dg, B) = m- |D4 + 1, this means when eithg(D,, f) =m-|D4|+1=3-2+1=2
or#1(Da, H =m-DJ+1=3-1+1=3. As an example, the sequence 11 cannot be
terminated for neither of the two conditions is satisfied. However, for the sequence 112, we
have#i (D1, 112) = 2, so it is not extended any farther. We obtdirr {112, 12}.

#l(Dl,lZ):Z
#(D2,12)=1
2
1 5 1 @ 2
#(D1,1)=1 #(D1,11)=1 #(D1,112)=2
#(D,,1)=1 #(D,,11)=2 #(D,,112)=2

Figure 3. Constructing the shl; of traversal sequences.

Similarly, the seiN, = {121, 21} is determined for, = 1. Figure 4 illustrates the process.

#Z(Dl,Z):l #2(D1,21):2
#2(D2,2):0 #2(D2,21):1

1

2
#,(D1,1)=0 #(D1,12)=1 #(D1,121)=2
#:(D2,1)=1 #(D2,12)=1 #(D2,121)=1

Figure 3. Constructing the sk of traversal sequences.
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In Step 3 and 4, we havr=K ={¢, 1}. Executing Step 5yield$S ={a A%, a), Ao,
a)) | a, a0 R = {1, 11}. Step 6 -the seTS ={ak/s s)|a T ROLON Ok 0O P(S,
Datterar)} US, 'O Dattena} = {11, 1121, 11211, 121, 1211} = {11211, 1211}. The test suite

iIsTS=TS 0TS ={11211, 1211}, it ism-complete fom < 3.

Proposition 5. The set of input sequences obtained with the above methodnsamplete
test suite for a given FSM.
a
The statement comes as a corollary to Proposition 4 and Lemma 3.
Finally, we discuss the complexity of test suites obtained with the proposed method. As
Figure 1 illustrates, there exist pathological FSMs for which the smatfesbmplete test

suite may coincide with the seX}"". On the other hand, in the class of completely defined

reduced FSMs, the resulting test suite coincides with th&/¥8t"*W (the W-method). The

size of tests for FSMs with distinguishable states depends on the choice of distinguishing
sequencey(s, s) (constituting a characterization s&f), for these sequences are the input to
our method. "Optimal" distinguishing sequences should yield a test suite of a minimal
complexity. The problem of determining such sequences remains open for all existing test
derivation methods with fault coverage, our method included. Treating distinguishing
sequences as the input to our method, we separate this combinatorial problem from all the
other issues of deriving tests for partial machines, for which we offer the solutions in this
paper.

4 CONCLUSION

We revisited in the paper the problem of test derivation with fault coverage from partially
defined deterministic FSMs and further elaborated the so-called state-counting approach
outlined in our earlier work.

The contributions of this paper can be summarized as follows. We investigated the role
guasi-equivalent states play in the structure of tests with complete fault coverage. We
demonstrated that in presence of quasi-equivalent states, the use of a state cover is definitely
redundant. A subset of it is sufficient to obtain a complete test suite. This result allowed us to
extend the notion of a state cover to a core cover for a given FSM. The use of this new
characteristic of partial machines significantly reduces the number of traversal sequences
necessary to cover transitions in implementation machines. The resulting save is indeed
essential, since each transfer sequence in a state cover is concatenated with several traversal
sequences which, in turn, are concatenated with state identification sequences (if they exist).

The rules for trimming traversal sequences were further refined, enforcing their earlier
termination in the presence of quasi-equivalent states. We showed that the length of traversal
sequences could be defined by counting the number of times quasi-equivalent states and not
necessarily the same state (as was previously suggested) are traversed. We also demonstrated
that there is no need to apply distinguishing sequences after each prefix of traversal
sequences.

These new features of our method can significantly shorten the resulting test suite in the
presence of quasi-equivalent and distinguishable states. Due to these non-trivial
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improvements, our method subsumes the existing methods; moreover, there are FSM classes
where our method is superior to them, as it yields shorter tests.

Several research directions can be pursued from this work. The ides presented in this
paper may help improve the results of [PYL93], [LPB94], [PYB96] for the nondeterministic
case. Based on this approach it is also interesting to develop methods for deriving complete
tests from partial specifications in the form of partially defined LTSs and I/O automata.
Another potential direction is to try to construct a single checking sequence from the resulting
complete test suite for a partial machine, similar to what was done in [ReU95] for complete
machines. Last but not least, in spite the fact that the proposed method provides a significant
reduction in length of tests, the problem of finding a complete test suite of a minimal overall
length for a given I/O FSM remains open and requires further research.
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