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Abstract. Based on a distinguishing sequence for a Finite State Ma-
chine (FSM), an efficient checking sequence may be produced from the
elements of a set E, of o'-sequences and a set Er of T-sequences,
that both recognize the states, and elements of Ec which represents the
transitions in the FSM. An optimization algorithm may then be used to
produce a reduced length checking sequence by connecting the elements
of E,/, Er, and Ec using transitions taken from an acyclic set E”. It
is known that only a subset Ej of Ec is sufficient to form a checking
sequence. This paper improves this result by reducing the number of el-
ements in E_ that must be included in the generated checking sequence.

1 Introduction

Finite state machine (FSM) model has been widely used to specify behaviour
of various types of systems [I]. An FSM M models the externally observable
behaviour of a system under test (SUT) N in terms of the sequences of inputs and
outputs exchanged between a “black box” representing N and its environment.
When testing IV to ensure its correct functionality with respect to M, a checking
sequence (i.e., a sequence of inputs constructed from M) is applied to N to
determine whether N is a correct or faulty implementation of M [2}[3]. Often,
N is considered to have the same input and output alphabets of M and to have
no more states than M.

A checking sequence of M is constructed in such a way that the output se-
quence produced by NV in response to the application of the checking sequence
provides sufficient information to verify that every state transition of M is im-
plemented correctly by N. That is, in order to verify the implementation of a
transition from state s to state s’ under input z, firstly, N must be transferred
to the state recognized as state s of M; secondly, when the input z is applied,
the output produced by N in response to x must be as specified in M; i.e.,
there must not be an output fault; and thirdly, the state reached by N after
the application of x must be recognized as state s’ of M; i.e., there must not be
a transfer fault. Hence, a crucial part of testing the correct implementation of
each transition is recognizing the starting and terminating states of the transition
which can be achieved by a distinguishing sequence [3], a characterization set [3]
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or a unique input-output (UIO) sequence []. It is known that a distinguishing
sequence may not exist for every minimal FSM [5], and that determining the
existence of a distinguishing sequence for an FSM is PSPACE-complete [6].

Nevertheless, based on distinguishing sequences, various methods have been
proposed for FSM based testing (for example, [3,[7,[8]). Some of these meth-
ods aim in generating reduced length checking sequences [8,[9,10]. A represen-
tative example of these methods is [9] which shows that an efficient checking
sequence may be produced by combining the elements in some predefined set
E, of o/-sequences that recognize subsets of states, the elements of a set Er
of T—sequences which recognize individual states, and the elements of a set F¢
of subsequences that represent individual transitions, using an acyclic set E” of
transitions from M. An optimization algorithm is then used in order to produce
a shortest checking sequence by connecting the elements of E,/, Er, and E¢
using transitions drawn from E”.

Recently it is shown in [I0] that the length of checking sequences can be
reduced even further by eliminating some elements of Ex. Those transitions
in Fe, that correspond to the last transitions traversed when a T—sequence is
applied in an o/-sequence, are taken to be the candidate transitions for which
transition tests can be eliminated. A dependency relation is derived on these
candidate transitions, and only an acyclic subset of them (which does not depend
on each other — directly or indirectly — with respect to this dependency relation)
is considered to be eliminated.

In this paper, we generalize the condition for a transition to be considered as
a candidate for transition test exemption. The candidate transitions are again
among the transitions traversed when a T—sequence is applied in an o’—sequence.
However, they do not have to be the last transitions traversed. The condition
given in this paper trivially holds for the last transitions, hence the approach
of [I0] is a special case of the approach given in this paper.

Besides the theoretical novelty of providing a more general condition, our ap-
proach also has the following practical implication. Since we identify more can-
didate transitions, the dependency relation between these candidate transitions
is more relaxed. This allows us to find acyclic subsets of candidate transitions
with greater cardinality, hence we can eliminate more transition tests than the
approach of [10].

The rest of the paper is organized as follows. Section [ gives an overview
of the concepts used in constructing checking sequences based on distinguishing
sequences, and Section [B] explains an existing approach for the construction of
checking sequences. Section Ml presents the proposed method for eliminating re-
dundant transition tests and shows the application of the method to an example.
Section [ gives the concluding remarks.

2 Preliminaries

A deterministic FSM M is defined by a tuple (S,s1,X,Y,6,A) in which S is
a finite set of states, s; € S is the initial state, X is the finite input alphabet,
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Fig. 1. The FSM My

Y is the finite output alphabet, 6 : S x X — S is the next state function and
A: S x X — Y is the output function. The functions 6 and A can be extended
to input sequences in a straightforward manner. The number of states of M is
denoted n and the states of M are enumerated, giving S = {s1,...,8,}. An
FSM is completely specified if the functions A and § are total.

An FSM, that will be denoted My throughout this paper, is described in
Figure[ll Here, S = {s1, s2, 83, 84,85}, X ={a,b} and Y = {0,1}.

Throughout the paper, we use barred symbols (e.g. Z, P,...) to denote se-
quences, and juxtaposition to denote concatenation. In an FSM M, s; € S and
sj €8, s; # s;, are equivalent if, VZ € X*, A(s;,Z) = A(sj,Z). If 3z € X* such
that A(s;, Z) # A(sj,Z) then Z is said to distinguish s; and s;. An FSM M is
said to be minimal if none of its states are equivalent. A distinguishing sequence
for an FSM M is an input sequence D for which each state of M produces a dis-
tinct output. More formally, for all s;,s; € S if s; # s; then A(s;, D) # A(sj, D).
Thus, for example, My has distinguishing sequence abb.

The shortest prefix of a distinguishing sequence D that distinguishes a state
in M can actually be used as a special distinguishing sequence for that state [11].
Based on this observation, we use prefixes of distinguishing sequences, in order
to further reduce the length of checking sequences. We will use D; to denote the
shortest prefix of a distinguishing sequence D that is sufficient to distinguish a
state s; from the other states. Formally, given a distinguishing sequence D and a
state s;, D; is the shortest prefix of D such that for any state s;, if s; # s; then
A(si, D;) # A(sj, D;). For example, Mo has D1 = ab, Dy = D3 = Dy = D5 = abb.
Below we call D;’s as prefiz distinguishing sequences.

An FSM M can be represented by a directed graph (digraph) G = (V, E)
where a set of vertices V represents the set S of states of M, and a set of
directed edges E represents all transitions of M. Each edge e = (v, vg, z/y) € E
represents a transition t = (s;, sk, x/y) of M from state s; to state s; with input
x and output y where sj,s, € S, z € X, and y € Y such that 6(s;,x) = s,
A(sj,x) = y. For a vertex v € V, indegreeg/(v) denotes the number of edges
from E’ that enter v and outdegreeg (v) denotes the number of edges from E’
that leave v, where £’ C E.

A sequence P = (n1,n2,21/y1)(na,ns, x2/y2) ... (Nk—1,nk, Th—1/Yx—1) of
pairwise adjacent edges from G forms a path in which each node n; represents a

vertex from V' and thus, ultimately, a state from S. Here initial(P) denotes nq,
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which is the initial node of P, and final(P) denotes ny, which is the final node
of P. The sequence Q = (xl/yl)(xz/yz) (%k—1/yk—1) is the label of P and is
denoted label(P). In this case, Q is said to label the path P. Q is said to be a
transfer sequence from n; to ny. The path P can be represented by the tuple
(n1,nk, Q) or by the tuple (ny,ng,Z/y) in which & = 2125 ... 251 is the input
portion of Q and § = y1ys. -Yk—1 s the output portion of Q Two paths P, and
P, can be concatenated as P1 Py only if final(Py) = initial(Py).

A tour is a path whose initial and final nodes are the same. Given a tour
I' =ees...e, P = €j€j41...€xe1€2...¢;_1 is a path formed by starting r
with edge ej, and hence by ending r Wlth edge ej_1. An Euler Tour is a tour
that contains each edge exactly once. A set E’ of edges from G is acyclic if no
tour can be formed using the edges in E’.

A digraph is strongly connected if for any ordered pair of vertices (v;,v;)
there is a path from v; to v;. An FSM is strongly connected if the digraph that
represents it is strongly connected. It will be assumed that any FSM consid-
ered in this paper is deterministic, minimal, completely specified, and strongly
connected.

Given an FSM M, let @(M) be the set of FSMs each of which has at most
n states and the same input and output alphabets as M. Let N be an FSM
of ®(M). N is isomorphic to M if there is a one-to-one and onto function f
on the state sets of M and N such that for any state transition (s;,s;,z/y)
of M, (f(si), f(s;),x/y) is a transition of N. A checking sequence of M is an
input sequence starting at the initial state s; of M that distinguishes M from
any N of ¢(M) that is not isomorphic to M. In the context of testing, this
means that in response to this input sequence, any faulty implementation N
from @(M) will produce an output sequence different from the expected output,
thereby indicating the presence of a fault/faults. As stated earlier, a crucial part
of testing the correct implementation of each transition of M in N from &(M)
is recognizing the starting and terminating states of the transition which lead
to the notions of state recognition and transition verification used in algorithms
for constructing reduced length checking sequences (for example, [8,9]). These
notions are defined below in terms of a given distinguishing sequence D (more
precisely the prefix distinguishing sequences) for FSM M.

3 An Existing Approach

3.1 Basics

Consider the digraph G = (V, E) representing M and let Q be the label of a
path P in G. A vertex v of P is said to be recognized (in Q) as a state s; of M, if
the label T of a subpath R of P starting at v has a prefix D;/\(si, D;). This rule
says that initial(R) is recognized as state s; if label(I?) has a prefix D;/(si, D).
Alternatively, if Py = (v;,v;,T) and P = (vg,v,T) are two subpaths of P such
that v; and v, are recognized as state s’ of M and v; is recognized as state s of
M, then v is said to be recognized (in Q) as state s of M. This rule says that if Py
and P are labeled by the same input/output sequence at their starting vertices
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which are recognized as the same state s’ of M, then their terminating vertices
correspond to the same state s of M. An edge (v,v',x/y) of P is said to be
verified (in Q) as a transition (s;, s;,7;/y;) of M if v is recognized as state s;, v’
is recognized as state s;, ¢ = x;, and y = y;; i.e., v is recognized as state s; of M
and there is a subpath P’ of P starting at v whose label is D;/A(s;, 2D;). The
subpath P’ is called the transition test for the transition (s;, s;,x;/y;); i.e., P’ is
the transition sequence labeled by (the application of) the input sequence xD;
at state s;. Accordingly, the following result will form the basis of the checking
sequence construction method proposed in this paper.

Theorem 1. (Theorem 1, [§]) Let P be a path of G representing an FSM M
that starts at s and Q = label(P). If every edge of G is verified in @), then the
put portion of Q is a checking sequence of M.

Let Q be the label of a path P in G starting at v; such that Q contains n
subsequences of the form D;/\(s;, D;), (1 <1 < n). Since D;’s are prefix distin-
guishing sequences for M, each of these subsequences of the form D;/A(s;, D;),
(1 <i < n), is unique. If Q labels a path starting at the initial state of N from
@(M) then, since N has at most n states, D;’s must also be prefix distinguish-
ing sequences for N. This says that if n different expected responses to D;’s are
observed in N, then D;’s define a one-to-one correspondence between the states
of N and M. In this case, we say that the uniqueness of the response of each of
the n states of N to D;’s are verified and hence N has n distinct states.

Let DS(s;) denote the transition sequence labeled by D;/\(s;, D;) at state s;
and let Tj, called henceforth T-sequence, be label(R;) where R; = DS(s;)B; and
B; is a (possibly empty) sequence of transitions of G starting at final(DS(s;)),
(1 <4 < n). Since a T-sequence T; is a sequence of input/output pairs with
a prefix label(DS(s;)) = D;/A(si, D;), it may be used to recognize the ending
state of any transition terminating at state s; [8]. R;’s can be connected to each
other in a succinct manner to form the elements of an o/-—set = {a}, as,...ag}
where each @), (1 < k < g) is called an o’-sequence [9]. An o'-sequence @j, is the
label of an o/-path pp = Ry, Ry, - - - Rk%, 1 < ki, ka,...,kr, <n,such that (a)
3 an o/-path p; = Rj Rj, ... Rj, , 1 <j<qand 1< jijs....Jr, <n,such
that for some ¢, 1 < ¢ < rj, ky, = j;; and (b) No other Ri,, 1 <i <1, in py
satisfies (b). In other words for every o/—path py, the last component and only
the last component ka in gy appears in the same or in some other o/—path p;
before the last component in p;. Since @}, = label(py), &), will be concatenation
of T—sequences. A set of a/~sequences is called an o/—set only if V1, 1 < i < n,
J &, 1<k <gq,such that T} is a subsequence of &, .

Let A = {a},a5,...,a,} be an a'-set with the corresponding set of o'
paths {p1, P2, ..., e}, and @ be the label of a path P such that each &}, € A is
a subsequence of (). Then we have the following properties:

1) Since @j, starts with a T; that has a prefix D;/A(s;, D;), initial(py) is rec-
ognized in Q -
2) Since every a'-sequence & is a subsequence of @, final(px) is recognized

in Q
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3) Since every T; is in some &, initial(R;) is recognized in Q

4) Since every T; is followed by a T} in some &, final(R;) is recognized in Q

5) Since @, starts with a T; that has a prefix D;/A(s;, D;), &), may be used to
recognize the ending state of any transition terminating at state s; [9].

3.2 Checking Sequence Construction

The checking sequence construction method given in [9] first builds a digraph
G' = (V', E') by augmenting the digraph G = (V, E) representing an FSM where
VI=VUU',E =EcUE.UErUE" by:

replicating each vertex v in V as a vertex v’ in U’ to represent the “recognized”
version of v

replacing each edge (v;,vj,x/y) of E by an edge (v}, v;,z/y) in Ec so that
the transition to be verified starts at the recognized vertex v

inserting an edge (v;, v}, @y ) in Eo for each py = (vi,v5, ), (1 <k < gq) so
that py ends at the recognized vertex vg

inserting an edge (v;, vg,T,,L) in Er for each Ry, = (vi,vj,T)n), (1 <m < n)
so that R, ends at the recognized vertex v’

inserting an edge (v;, v}, z/y) in E” for each edge (v;,v;,x/y) in a subset of
edges of E such that G = (U’, E") does not have a tour and G’ is strongly
connected.

Note that in G’ each edge in E¢ is followed by an edge from E, U Er to
form a transition test for the transition corresponding to that edge of E¢. Then,
the approach in [9] forms a minimal symmetric augmentation G* of the digraph
induced by FE, U Ec by adding replications of edges from E’ . If G*, with its
isolated vertices removed, is connected, then G* has an Euler tour. Otherwise,
a heuristic such as the one given in [§] is applied to make G* connected and
an Euler tour of this new digraph is formed. On the basis of Theorem [I it is
argued in [9] that the input portion of the label of the Euler tour of G* starting
at vertex v, which is followed by D; is a checking sequence of M.

4 An Enhancement on the Existing Approach

This section explains how, given an o’—set A, we can produce a checking sequence
without considering some of the edges in E¢. In the following, we first define
a set of edges L C E, then show that transition tests for the edges in L are
redundant, and finally explain how we can modify the algorithm to generate the
checking sequence in order not to include these redundant transition tests.

4.1 Transition Test Exemption

In this section, we consistently use P to denote a path in G, and Q to denote
label(P). Similar to showing an edge being verified as given in Section Bl in
order to show a sequence of edges being verified we first introduce the notion of

a sequence of edges being traced.
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Definition 1. Let P’ = ejes...ep be a sequence of edges in G, where e, =
(v,m,v,m+1,xm/ym) for1 <m < h. P’ is traced in Q if there exists a subpath
(1, npt1, 4@y JYLYh . yh) in P osuch that ny is recognized as vi,, Npy1 48
recognized as vi, ., and Tpm/Yym = x,, /y;, for 1 <m < h.

Lemma 1. Let P’ = ejes...ep (h > 1) be a sequence of edges in G traced in Q,
where en, = (Vi , Viy 1y Tm/Ym) for 1 < m < h. Assume that eq, e, ... e for

some 1 <1 < h are all verified in Q. Then, P" = ej+1€1+2 - .. €p 18 also traced
Proof. The proof is by induction on [. Let’s assume [ = 1. If e; is verified in
Q , then P includes a subpath P, = (nj,ng,2)/y;) where n; is recognized
as v;,, Ny is recognized as v;, and z1/y; = :Ul/y1 Since P’ is traced in Q,
there must exist a subpath Py = (ng,ns, z{z} . {/yi’yé’ .y}) in P where
ng is recognized as v;,, n, is recognlzed as v,hﬂ, and z /y! = Tp/Ym for
1 < m < h. Let us divide the path P, into two as Py = (nq,nz,xl /yY) and
Poy = (nj,ng,ahzl ...x) Jydyy .. y)). According to the definition of a recog-
nized vertex given in Sectlon B:I:I, the paths P, and Py recognize n; as Viy -
Then, the existence of Py in P implies that P” = eses. . . ey, is traced in Q.
For the inductive step, we can again use the arguments given above to con-

clude that P” = eqges...ep is ‘Eraced in Q. However, we have | — 1 verified
transitions at the beglnmng of P”, hence the proof is completed by using the
induction hypothesis. a

Definition 2. An edge (v,v',xz,/y,) in G is said to be a nonconverging edge [12]
ifVu, o', 20 /yu), u # v and x, = z,, implies v’ # V' or Yy, # Y-

Lemma 2. Let (v,v',2,/yy) be a nonconverging edge in G, and (ny,ng, x/y) be
a subpath of P such that ng is recognized as v' and x/y = x,,/y,. If all the edges
(u, v,y /yu) in G, where x,, = x, are verified in Q, then n, is recognized as v.

Proof. Since all the edges in G corresponding to the x, transitions of the states
in M are verified, and since the state corresponding to the node v is the only
state that produces y, and moves into the state corresponding to the node v’
when z, is applied, we can conclude that whenever x,/y, is seen in @ and the
ending node is recognized as v’, then the previous node must be the node v. 0O

Lemma 3. Let P' = ejey...e, (h > 1) be a sequence of edges in G traced in
Q, where e,, = (Vi s Virnsr > Tm/Ym) for 1 <m < h. Assume that ey, ej41,...,en
for some 1 <1 < h are all verified in Q. If for alll <r <h

(i) er = (Vi,, Vi, Tr /Yr) 15 a nonconverging edge, and

(i1) For each vertex v in G, all the edges of the form (v,v',x/y) (where x = x,)
are verified in Q then P" = ejey...e1_1 is also traced in Q.

Proof. The proof is by induction on h—[+1. Let’s assume h—I4+1=1,i.el = h.
Since P’ is traced in @, P’ must be a subpath (ng, ns, i@ ...z} /yiyh . .. y},) of P
where n, is recognized as v;, , ns is recognized as v;, , ,, and x7, /y;,, = Tm /Ym for
1 <m < h. Let us divide P’ into two as Pi = (ng, ng, i @b ... &) _1/Y1Y5 - Yp_1)
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and P, = (n;,ns, x), /y;,). Note that P, corresponds to ey, which is a nonconverg-
ing edge. Since all the edges of the form (v,v', ) /y) are verified in Q, n; is
recognized as v;, by using Lemma 21 Then P =ejey...ep_1 is traced in Q.
For the inductive step, we can again use the arguments given above to con-
clude that P"” = ejes...ep_1 is traced in Q. However, we have h — [ verified
transitions at the end of P", hence the proof is completed by using the induction
hypothesis. O

Lemma 4. Let P' = ejey...e, (h > 1) be a sequence of edges in G traced in
Q, where e, = (Vig s Vigpsr» Tm/Ym) for 1 < m < h. Let e; be an edge in P,
where 1 <1 < h. If
(i) ¥r,1 <r < h,r # | implies e, is verified in Q, and
(i) ¥r, 1 <r <h

(ii.a) e = (Vi,, Vi, 1, Tr/Yr) i @ nonconverging edge; and

(ii.b) For each vertex v in G, all the edges of the form (v,v',x/y) (where
x = x,.) are verified in Q then e; is also verified in Q.

Proof. Since P’ is traced in @, P’ is a subpath (ng,ns, zi2h ... 2} /yivh ... y})
of P where ngy is recognized as v;,, n, is recognized as v;, ,, and T [ Yy =
T /ym for 1 < m < h. Let us divide the path P’ into three as follows: Py
(nq,n,,xlxz YY), and Py = (ng,ne,x)/y)), and finally Py
(ng, ny, lexH_g @ Y41 Y42 - --Yp)- By using Lemma[ll PP is traced in
and n; is therefore recognized as v;,. By using Lemma [3] P, P, is traced in
and n, is therefore recognized as vy, ,. Since both n; and n, are recognized in
P, = ¢y, e is verified.

LI

O

Lemma [ suggests that if there is a sequence of edges which is traced in the
label @ of a path, then @ already includes what it takes to verify an edge e
in the sequence, provided that the conditions (i), (ii.a) and (ii.b) given in the
premises of Lemma[d hold. Therefore, we can pick a transition e; in a sequence of
edges which is known to be traced, and do not include the transition test for e,
provided that the conditions are satisfied for e;. Note that, one can always pick
er, as e; (the last transition in the sequence of edges) according to the conditions
of Lemma [l This is what has been proposed in [I0], and therefore the approach
given in [I0] is a special case of our approach.

In fact, inclusion of o’/—sequences in the checking sequences guarantee that
there are some sequences of edges which are traced, as shown by the following
lemma.

Lemma 5. Let A be an a’jset, and Q include all the o' —sequences in A. Then
Vi, 1 <i<mn, R =DS(s;)B; is traced in Q.

Proof. Note that Ja;, 1 < k < g, with the subsequence label(R;)label(R;) for
some j, 1 < j < n. Since label(R;) starts with D;/X(si, Dy), initial(R;) is rec-
ognized. Since label(R;) starts with D;/\(s;, D;), initial(R;), hence final(R;)
is also recognized. O
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Lemma 6. Let A be an o/ -set, and Q include all the o —sequences in A, and
R; = ej e, - ..€j, be the sequence of edges corresponding to the application of
the T'-sequence T; at a state s;. Let ej, = (vj,,vj,,,, 2 /yj) be an edge in R;. If
(1) Vr,1 <r < h,r # 1 implies e;, 1is verified in (), and
(ii) ¥r,l <r <h

(ii.a) ej, is a nonconverging edge; and

(i.b) For each vertex v in G, all the edges of the form (v,v',x/y) (where
x = x;,) are verified in Q then e;, is also verified in Q.

Proof. The result follows from Lemma [4] and Lemma a

Lemma [0] suggests that one can identify an edge per state to be excluded from
the transition tests. However, if we identify some edge e for a state s, exclusion
of e depends on some other transitions being verified, as given in the premises
of Lemma[6l We may identify another edge ¢’ for another state s’. Nevertheless,
exclusion of e may depend on €’ being verified, and exclusion of ¢/ may depend on
e being verified (either directly or indirectly). The following procedure shows a
possible way to calculate a set of edges that can be excluded from the transition
tests without having such a cyclic dependency.

For an R; = DS(s;)B; = ejez...ep, 1 < i < n,anedge ¢, (1 <1< h)is
a candidate edge of R; if ¥r,l < r < h, e, is a nonconverging edge. Note that
en is always a candidate edge of R; according to this definition. Let Lo = {e |
e is a candidate edge of R;,1 <i < n}.

Note that, the generated checking sequence must start from sp, the initial
state of M. Therefore at least one incoming transition of s; must be tested, so
that the generated tour passes over v1. Therefore let L; be a maximal subset of
Lg such that, indegreer, (v1) < indegreeg(vy).

Further note that according to Lemma [6 the test for a transition can be
exempted only if some other transitions are tested. In order to avoid cyclic
dependencies, the following algorithm can be used:

Construct a digraph Gg = (Vs, Eg) where Vs contains one vertex for each
e € Ly. (v1,v2) € Eg if and only if v; # vq, and for some R;, the edges e; and
eo corresponding the vertices vy and vy appear in R;. Find a maximal subgraph

's = (V&, E%) of Gs by removing vertices from Gg (and the edges connected
to the removed vertices) such that EY is acyclic. Let L be the set of edges that
correspond to the vertices in V.

Finding GY% is an instance of Feedback Vertex Set problem [13], which is
NP-complete. However certain heuristic approaches exist for this problem [14]
15]. Note that for an R;, there will always be a cyclic dependency between the
candidate edges of R;. Therefore only one of the edges in R; will survive in Gs.
Hence, at most n transition tests can be removed from the checking sequence.

4.2 Improved Checking Sequence Construction

Now using L, we can improve on the algorithm in [9] for the checking sequence
generation, by reducing the set of edges that must be included in the checking
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sequence. First the digraph G’ = (V', E’) is obtained as explained in Section 32
E" can be constructed similarly as discussed in [§].

Theorem 2. Let E, be defined as Ep, = {(v},vj,x/y) : (vi,v;,2/y) € E — L}.
Let ' be a tour of G' that contains all edges in Eo U EJ, which is found in the
same manner as in [9]. Let e = (vi,v1,2/y) € E} be an edge in I' ending at
vy that corresponds to the initial state sy of M. Let P be a path of G' that is
formed by ending I with edge e, and Q = label(P)D1/\(s1, D1). Then the input
portion of Q is a checking sequence of M.

Proof. All edges in E — L are verified in Q = label(P)D1/A(s1, D1). According
to Lemma [0l and the way L is constructed, if all edges in ' — L are verified in
@, then all edges in L are verified in Q. Thus, all edges of G are verified in Q,
and by Theorem [I] the input portion of Q is a checking sequence of M. a

4.3 Application

Let us consider FSM My given in Figure[Il A distinguishing sequence for Mj is
D = abb. The shortest prefixes of D that are sufficient to distinguish each state
are: D; = ab, Dy = D3 = Dy = D5 = abb. In this example, we will use B;’s
in R; = DS(s;)B;, as empty sequences. Hence T; = D;/A(s;, D;), 1 < i < n.
Using these T;’s, an o/-set for My is {a) = TyToTyTy, &y = T3, a4 = TsTy},
with the following corresponding o’—paths: p1 = (v1,v4, &), p2 = (vs, v4, @h),
p3 = (vs,v4,a3).

Note that in FSM M, all the edges except (vs,v1,b/0) and (vs,v1,b/0) are
nonconverging edges. According to the definition of candidate edges given in
Section ] the set Lo can be found as {(v1,vs,a/0), (v1,v4,b/0), (v, v1,b/0),
(vs,va,a/1), (vs,v2,b/1), (va,vs3,b/0), (vs,v4,a/0), (vs,v1,b/0)}. Note that Ve €
Lo, 3R;, 1 < i < n, such that e occurs in R;, and all the edges that come after
e in R; are nonconverging edges.

Since all the incoming edges of v; are in Ly, we need to exclude one of the
incoming edges of v, from Lg to get Ly. Let Ly = Lo \ {(v2,v1,5/0)}.

A maximal acyclic subgraph G of Gg for L; includes the vertices cor-
responding to the following edges: L = {(v1,vs,a/0), (v1,v4,b/0), (v2,v1,b/0),
(1)3, Vg, a/l)a (”05, Vg, a/O)}

The graph G’ = (V’, E’) is given in Figure[2

A tour I' over G’ that contains all the edges in E, U E, is

(’Ul, UA/L76/1)7 (v4/17v57a_/0)7 (’115, 1}4/17 aé)7 (Uz/p U3, b/0)7 (1}37’0;17 6/2>7 (Uﬁp ’Ué, b/_o)7
('Ué,’l)z, b/1)7 (U27v£17T2>7 (v£17v{/’,7 b/0)7 (vi/’ﬂ 1}57 b/1)7 (Ué7v27 a/1>7 (’02, 1}4/17T2>7
(Ué,vé,a/@), (1%7 U1, b/O)

Note that I" already starts at v;. Hence when we consider the path P cor-
responding to I" given above, the input portion of Q = label(P)D1/\(s1, D1)
forms a checking sequence of length 40. Using the approach of [10], only the
transition tests for the edges (v1, v4,b/0) and (vs, v2,b/1) are found to be redun-
dant, since these are the only edges that occur as the last edges in R;’s. The
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Fig.2. G' = (V',E’) for Mp. The nodes in V and U’ are at the bottom, and at the
top respectively. The dashed lines are the edges in FEr, and the dotted lines are the
edges in E”. The edges in E,s U Ec are given in solid lines. The bold solid lines are
the edges in F, U E¢;, and the remaining solid lines are the edges in L.

checking sequence in this case is found to be of length 52, which is still shorter
than the checking sequence of length 63 that would be found by applying the
general method proposed in [9].

5 Conclusion

We have shown that, when a’—sequences are used in constructing a checking se-
quence, some transitions tests can be identified as redundant. Such tests are then
eliminated by the optimization algorithm used to construct a shorter checking
sequence, and hence a further reduction is obtained in the length of a resulting
checking sequence. We have also shown that our approach can identify more
redundant transition tests than the approach of a similar work given in [10].

The approach proposed in this paper starts with a given set of o/—sequences.
We believe that selecting o’-sequences judiciously will result in further reduc-
tions in the length of a checking sequence. A recent study by Hierons and
Ural [I6] show how a’-sequences can be chosen so that their use minimizes
the sum of the lengths of the subsequences to be combined in checking sequence
generation. The related checking sequence generation algorithm then produces
the set of connecting transitions during the optimization phase. Our proposed
approach can also be incorporated to the method given in [16].
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