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Abstract. Homing, synchronizing and distinguishing sequences (HSs,
SSs, and DSs) are used in FSM (Finite State Machine) based testing
for state identification and can significantly reduce the size of a returned
test suite with guaranteed fault coverage. However, such preset sequences
not always exist for nondeterministic FSMs and are rather long when
existing. Adaptive HSs, SSs and DSs are known to exist more often
and be much shorter that makes them attractive for deriving test suites
and adaptive checking sequences. As nowadays, a number of specifica-
tions are represented by nondeterministic FSMs, the deeper study of
such sequences, their derivation strategies, and related complexity esti-
mations/reductions is in great demand. In this paper, we evaluate the
complexity of deriving adaptive HSs and SSs for noninitialized FSMs,
the complexity of deriving DSs for noninitialized merging-free FSMs.
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1 Introduction

Many problems in automata theory, for example, such as automata/Finite State
Machine (FSM) based test derivation methods (see, for example, [1,2,4,5,12,
13]), rely on the state identification sequences in the specification FSM, namely,
on distinguishing, homing, and synchronizing sequences (DSs, HSs, and SSs) that
can be preset or adaptive [3]. Distinguishing sequences are derived to identify the
initial state of the machine of interest, while homing and synchronizing sequences
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allow identifying its final state. Preset input sequences are derived before being
applied to the system of interest (FSM, implementation under test, etc.), while
for adaptive sequences the next input depends on the outputs produced for the
previous inputs. Adaptive sequences can be represented by a tree or an acyclic
FSM [14] called a test case. Adaptive distinguishing and homing sequences exist
more often than the preset ones and are usually shorter.

When deriving adaptive DSs/HSs/SSs for deterministic FSMs one can con-
sider a successor or a spanning tree [12,18]. However, based on the above trees
for nondeterministic FSMs, for all types of sequences there are no necessary
and sufficient conditions when an adaptive sequence exists. Another approach
[8] constructs an adaptive HS for the case when each pair of states has such an
adaptive HS and these conditions are necessary and sufficient for a noninitialized
complete observable FSM to have an HS. However, for a weakly initialized FSM
with a proper subset of initial states the conditions become only sufficient. The
same situation holds for adaptive DSs if an FSM under study is merging-free, i.e.,
an FSM where for each input, the FSM cannot move from two different states
to the same state with equal outputs. The pairwise ‘homeability’ for the set of
states can be also effectively used for deriving an adaptive SS for a given non-
deterministic FSM. Indeed, it was shown in [11] that such adaptive SS exists for
a noninitialized FSM if and only if each state pair is adaptively homing and the
FSM has a state that is definitely reachable from any other state. The obtained
results allowed to evaluate the upper bound on the length of a shortest adaptive
HS/SS for complete noninitialized possibly nondeterministic FSMs; however, the
question of the complexity for deriving such corresponding test cases remained
open.

The main contribution of this paper is therefore the complexity evaluation
of derivation of an adaptive HS/SS for noninitialized complete FSMs and an
adaptive DS for noninitialized complete merging-free FSMs. We show that given
the FSM under study having n states and ¢ outputs, a corresponding test case
has at most (n — 1)?n/2 + n + 1 states and the complexity of deriving such a
test case is O(gn®).

The rest of the paper has the following structure. Section2 contains the
preliminaries. The procedure for deriving adaptive HSs and DSs based on those
for each pair of states is presented in Sect. 3 along with its complexity estimation
while Sect.4 describes the construction of SSs. Section5 briefly describes the
related work and Sect. 6 concludes the paper.

2 Preliminaries

A finite state machine (FSM), or simply a machine, is a 5-tuple S =
<S5,1,0,hg, S;n> where S is a finite nonempty set of states with the set
Sin € S of initial states, I and O are finite input and output alphabets, and
hs C S x1Ix O xS is a transition relation. FSM S is noninitialized if S;,, = S
and in this case, we omit the set S;,, of initial states and a noninitialized FSM
is denoted as a 4-tuple <S,I,0,hg>. FSM S is an initialized FSM if |S;,| =1
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and FSM S with the initial state s; is denoted S/s;. If 1 < |S;y,| < |S| then FSM
S often is called weakly initialized. FSM S is nondeterministic if for some pair
(s,i) € S x I, there exist several pairs (0,s’) € O x S such that (s,1,0,5") € hg;
otherwise, the FSM is deterministic. FSM S is observable if for every two transi-
tions (s,4,0,51), (8,4,0,82) € hg it holds that s; = s2. FSM S is complete if for
every pair (s,i) € Sx I, there exists a transition (s, ,0,s’) € hg. In the following,
we consider complete observable possibly nondeterministic FSMs unless some-
thing different is explicitly stated. An example of a complete nondeterministic
FSM is shown in Fig. 1. A complete observable FSM is merging-free [20] if for
every two different states s; and sp and any input ¢ it holds that if (s1,14, 0, s}),
(s2,4,0,85) € hg, then s} # sb.

bl0 b/1a/0

b/0

Fig. 1. A complete observable nondeterministic FSM S

The behavior relation hg is extended to input and output sequences in usual
way and given an input sequence i;...%;, we say that an output sequence
01...00 € out(s,iy...4) if and only if there exists a state s’ such that
(8y41...41,01...0,8) € hg. Given an input/output pair io and a state s of
a complete observable FSM S, state s’ is the i0-successor of state s of FSM S
if (s,4,0,8") € hg. The io-successor of state s not necessarily exists and in this
case, we say that the jo-successor of state s is the empty set. A trace of FSM S
at state s is a sequence of input/output pairs which label consecutive transitions
starting from state s, tr = ij01...4;0; (or i1/01...4;/0;). A sequence i; ... is
an input sequence of the trace while o7 ...0; is an output sequence. Since FSM
S is observable, given state s and a trace v of the FSM, the y-successor of state
s is state s’ which is reached from s via the trace «. If 7 is not a trace at state
s then the ~-successor of state s is empty or sometimes we say that in this case
the vy-successor of state s does not exist. Given non-empty subset S’ of states
and a trace 7 of the FSM, the «-successor of S’ is the union of y-successors over
all states of the set S’.

Test Case Definition. An input sequence « is called adaptive if the next input
depends on the output to the previous one. An adaptive input sequence can be
represented by a tree or a special FSM that is called a test case [14]. Given an
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input alphabet I and an output alphabet O, a test case TC(I,O) over an input
alphabet I and an output alphabet O is an initialized initially connected observ-
able single-input output-complete FSM that has an acyclic transition graph. In
other words, at each state either only one input with all possible outputs is
defined or there are no outgoing transitions, and in the latter case, the state
is a deadlock state. A test case is a partial FSM once |I| > 1. By definition, a
test case TC(I,O) represents an adaptive experiment with a complete FSM S
over alphabets I and O in the following way. If input ¢; is a defined input at
the initial state to of TC(I,O) then first, the input 4; is applied to the FSM S
under investigation and TC(I,O) moves to the ijo-successor t; of state tq if S
produces the output o as the response to the input 7;. The next input to apply
is the input defined at state 1, etc. The procedure terminates when a deadlock
state is reached. The height of the test case TC(I,O) is the length of a longest
trace from the initial state to a deadlock state of TC(I,O) and it specifies the
length of the longest input sequence that can be applied to an FSM S during
the adaptive experiment.

Given FSM S = <S,1,0,hg>, a test case TC(I,O) is a homing test case
(HTC) for S if for every trace 7 from the initial state to a deadlock state, the
~y-successor of the set S;;, in S is a singleton or the empty set. FSM S is homing if
S has a homing test case. A homing test case is a synchronizing test case (STC)
for the FSM S, if there exists a state s such that for every trace v of TC(I,O)
from the initial to a deadlock state, y-successor of S;,, is either {s} or the empty
set. A homing test case represents an adaptive homing sequence and a homing
test case for machine S in Fig. 1 is shown in Fig. 3. By direct inspection, one can
assure that an HTC in Fig. 3 is not an STC for S.

A test case TC(I,0) is a distinguishing test case (DTC) if every trace
from the initial state to a deadlock state can be a trace at most at a single state
of the set S;,. A distinguishing test case represents an adaptive distinguishing
sequence.

In [8], it is shown that a noninitialized observable FSM has a homing test
case if and only if each pair of states is homing while in [20] it is it is shown that a
noninitialized observable merging-free FSM has a distinguishing test case if and
only if each pair of states has such test case. For a STC corresponding necessary
and sufficient conditions are established in [11]. Given a complete observable
noninitialized FSM, there exists a synchronizing test case if and only if the FSM
has a homing test case and there exists a state definitely reachable from any
other state. State s’ € S is definitely-reachable (d-reachable) from state s € S if
there exists a test case P(s, s’) over alphabets I and O such that for every trace
v of P(s,s") from the initial state to a deadlock state, the y-successor of state s
in FSM S is either the empty set or is the set {s'}. We hereafter refer to such
a test case as a d-transfer test case. In [15], necessary and sufficient conditions
are established that allow to check if state s € S is definitely reachable from the
initial state sg of the initialized FSM S. In particular, it is proven that state s of
an initialized FSM S is definitely reachable from state sg if and only if S has a
single-input acyclic submachine S’ with the initial state sg and the only deadlock
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state s such that for each input defined in some state of S’, the state has all the
transitions of S labeled with this input. Moreover, in the same paper, an efficient
method is proposed for checking whether a state s is definitely reachable from
the initial state of an initialized complete FSM, and in [11], this procedure is
adjusted for arbitrary states s and s'.

Note that since any d-transfer test case P(s,s’) is an acyclic submachine
of the machine S, then the length of any trace in P(s,s’) does not exceed the
number n of states of S; in other words, one needs at most n — 1 inputs to
adaptively transfer the possibly nondeterministic machine from state s to state
s'. Therefore, the length of a longest trace in a shortest test case P(s,s’) is
polynomial and is at most n — 1.

Given a uninitialized complete observable FSM S, if there is no state s that
is definitely reachable from any other state then FSM S has no synchronizing
test case. On the other hand, if there exists state s that is definitely reachable
for any other state then this condition does not guarantee that the FSM has a
synchronizing test case; the FSM must also be homing.

As an example, consider an FSM P in Fig. 2. By direct inspection, one can
assure that state 3 is d-reachable from state 1 via input b while being d-reachable
from state 2 via input a. Note that, for FSM S in Fig. 1, there is no state that
is d-reachable from any other state.

al0 b/1

Fig.2. A complete observable nondeterministic FSM P where state 3 is d-reachable
from states 1 and 2

Despite the fact that there are many research papers on evaluating the
complexity of the existence check of adaptive HS/SS/DS and their length (see
Sect. 5), the complexity of their derivation even for noninitialized complete non-
deterministic FSM is unknown. We furthermore utilize the above cited criteria
to estimate the complexity of deriving HTCs, STCs and DTCs for noninitialized
nondeterministic FSMs. For the sake of simplicity, we hash states, inputs and
outputs by integers; however, for simplifying the reading we still use characters
s, i, 0.

3 Deriving Homing and Distinguishing Test Cases

We first come back to the definition of k-homing pairs of different states [7].
Given a noninitialized complete observable possibly nondeterministic FSM S =
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<S,I,0,hg> and two different states s, and sp, the pair {sq,sp} is I-homing
if there exists an input i(,, 4} such that for every o € O, the iy, 4, y0-successor
of the pair {s,,sp} has at most one state. Let all the pairs of k-homing states
be determined for some k > 0. Then the pair {s,, sp} is (k + 1)-homing if it is
not k-homing and there exists an input g, 5,3 such that for every o € O, the
pair of g, o yo-successors of states s, and s either is at most k-homing or the
i{s,,s,}0-successor of the pair {sq, s,} has at most one state. The pair {sq, s} is
homing if {s,, sp} is k-homing for some k > 0.

In fact, the above definition for checking if a pair of different states is homing
is constructive and can be used for deriving a homing test case for a homing pair
of states. Moreover, when each pair of different states is homing a partial order
relation can be established over pairs of different states when {sq, 85} > {sp, Sm }
if and only if {sq,sp} is a j-homing pair while {s,, s} being k-homing for
k < j. Let the pair {su, sy} be j-homing, j > 0. If j = 1 then there exists
an input g, 5,3 such that for every o € O, the iy, ,,j0-successor of {sq,sp}
has at most one state. If j > 1 then there exists an input iy, ,,} such that for
every o € O, the pair of i, ,,yo-successors of states s, and s, either is at most
(j — 1)-homing or the i, s yo-successor of the pair {s,,sy} has at most one
state. Correspondingly, we propose to derive an array Input where for each pair
{54, sp} the corresponding input i, 1 is saved.

Consider FSM S in Fig. 1. There are 1-homing pairs {2,3} and {2,4} with
ir2,3y = @ and igy 4y = b. Pairs {1,2}, {1,3} and {1,4} are 2-homing with the
inputs 412y, 41,3}, i{1,4} such that for every o € O, ig; 2y0-successor (if 310
successor or igy 4y0-successor) of the corresponding pair is either 1-homing or
those successors are singletons. Correspondingly, (1 2y = b, {13} = i{1,4) = a.
Pair {3,4} is 3-homing with the input i34, such that for every o € O, the
i{3,4y0-successor of this pair is at most 2-homing or is a singleton and thus,
i(3,4y = b. The array Input is shown in Table 1.

Table 1. Array input for FSM S in Fig. 1

State pairs | {1,2} | {1,3} | {1,4} | {2,3}  {2,4} | {3,4}
Inputs b a a a b b

The main operation when constructing homing test cases is determining an
to-successor for a given state (pair of different states). For this reason, we first
assume that an FSM is given as a two-dimensional array IOsuc. Columns of
I10suc correspond to states of the given FSM while the rows correspond to
possible io-pairs, i.e., given a state and an io-pair, the related cell has either the
corresponding io-successor or it is empty (the transition is not defined). With
the help of such structure, the calculation of an io-successor of a given state can
be considered as an elementary operation. Table 2 has the array IOsuc for FSM
S in Fig. 1. If FSM S is homing then we also prepare in advance the array Input
where for each pair of different states {s,, sy} the corresponding input iy, s, is



92 N. Yevtushenko et al.

saved as described above. In fact, given these structures, the calculation of an
io-successor will be reduced to a proper indexing in a certain array.

Table 2. The array [Osuc for FSM S in Fig. 1

io-pairs/States | 1 314
a0 3 2 |-
al 2/—1413
b0 111131
bl 312 |—12

Given a pair {s1,s2} of different states of a homing complete observable
FSM, the following algorithm returns a special homing test case HTCy,, ,) for
the pair {s1,s2}. Indeed, in test case HTCy,, ,,; returned by Algorithm 1 each
state pair is listed only once. The reason is that the algorithm constructs a HTC
for a state pair in such a way that each state pair representing its current state
has a bigger degree of the ‘homeability’ than its successors (see Proposition 1).

Algorithm 1. Deriving a homing test case HTCy,, .} for a homing pair

{51,582}
Input : A homing complete observable, possibly nondeterministic FSM S
represented by two-dimensional array IOsuc and the array Input that
for each pair {sq, sy} contains the corresponding input ig,, s}
Output: A homing test case HTCy,, ,,} for the pair {s1,52} C S
Construct a test case HTCy,, 5,3 =< Q,1,0,h,qo > where
Q = {q0 = {s1,s2}, D}, h = 0, the pair {s1,s2} is unmarked;
while there exists an unmarked pair {sq, s} € Q do
Select an unmarked pair {sq, s} € Q;
Extract the input i, s,} of the array Input;
foreach iy, ., yo-successor {s,, sy} of {sa,sp} extracted from the array
10suc do
if s, # s, then
Add to h the transition ({Sa,sb},%(s50,5,3 0 {SasSp})
if {s,,s,} ¢ Q then
| Q=QU{{s,,sp}}; {st: sy} is unmarked
else
| Add to h the transition ({sa,sb},i(s,,5},0,50); @ = QU {s0};

foreach o € O such that iy, s,)0-successor of the state {5q, 80} does not
exist do
| Add to h a transition ({sq,sv},4,0, D)
| Label state {sa,ss} as a marked state;
return HTCy,, ..
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Given FSM S in Fig.1, the test case is derived by the use of the array
Input and following partial order over the FSM state pairs: {1,3} > {2,3},
{1,3} > {2,4}.

Fig. 3. A homing test case HTCy; 3y

By construction of a test case HTCyy, ,,3, the following statement holds.

Proposition 1. Given an FSM S with n states and a homing pair {s1, 2} of
S, there exists a homing test case HTCy,, 4,y such that states of HTCyy, 4,3
are pairs of different states of FSM S in the union with singletons of S and the
deadlock state D. Moreover, given a j-homing state g1 and an m-homing state
q2, if j < m, then state q2 is unreachable from state g1 in HTCyy, o,y

Corollary 1. The number of states of HTCy;, 4,y does not exceed n(n—1)/2+
n+1 while the number of transitions of the test case HTCyy, ,,) does not exceed

|Oln(n —1)/2.

We now discuss the complexity of deriving the array Input and test case
HTCy,, s,3-

For deriving the set of all 1-homing pairs, for each pair of different states
all input/output pairs o have to be studied, i.e., the complexity of this step is
O(|1]|0O||S|?) and each test case for a 1-homing pair has at most (n + 2) states
and is constructed according to Algorithm 1. If &£ is the maximum integer such
that there exists a pair of states that is k-homing then k is at most O(|S|?). For
deriving the set of all j-homing pairs, j < k, the same check should be performed,
and thus, the complexity of the check whether each pair of states is homing is
O(|1]|0||S|?k) or at most O(|I[|O||S|*). The array Input is constructed during
this check and thus, the derivation of the array Input has the same complexity.
Therefore, the following proposition holds.

Proposition 2. Given an FSM S = <S,I,0,hg> with n states, the (time)
complezity of checking whether this FSM is homing is O(|I]|O||S|*). The problem
of deriving the array Input has the same complexity.
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If each pair of states is homing then the noninitialized FSM S is homing and
at the next step, an HTC for the FSM has to be constructed. Here we notice
that in [8], [7], a procedure for deriving HT'C was proposed but the complexity of
the HT'C derivation was not evaluated. In this paper, we propose a modification
of that algorithm that allows us evaluating the size of a returned HTC as well
as the (time) complexity of the HTC derivation.

Algorithm 2. Deriving a HTC when all pairs of different states are homing

Input : A complete observable, possibly nondeterministic homing FSM S
represented by two-dimensional array IOsuc and the array Input that
for each pair {sq, sy} contains the corresponding input ig,, s}

Output: A homing test case HTC for S, |S| =n > 2

Construct a test case HTC =< Q,I,0, h, qo > where Q = {qo = {51, s2}?, D},

h = 0, the pair {s1,s2}? is unmarked;

J=2

while 7 <n do

while there exists an unmarked pair {sq, s} € Q do

Select an unmarked pair {sq,s,}’ € Q;

Extract the input i, s,} of the array Input;

foreach iy, ., yo-successor {s,, sy} of {sa,sp} extracted from the array

10suc do

if s, # s}, then

Add to h the transition ({Sa, s}, i{s,.5,}5 0 {5k, S5}7)

if {si,s,} ¢ Q then

L Q=QuU{{sh,sp}}; {sh,s,} is unmarked

else _
L Add to h the transition ({Sa, 6}, {505,105 Sa);
Q=QU{s.};

| Label state {sq, sb}j as a marked state;
J++

Construct the intersection HTC N'S/s; of FSMs HTC and S/s;;
foreach state ({sa,s}",5), r < j, of HTCNS/s; and io such that the
transition function h of HT'C has a transition ({Sa,ss}",1,0,sk) do
if the io-successor s, of state s; is different from s, then

L replace the transition ({sq,sp}",%,0,sk) in h to

({Sav Sb}rv i, 0, {Skv SP}J)

foreach state ({sa,s}",s) of HTC N S/s; and each input/output pair io,
such that state s has no io-successor in HTC do
| Add to h a transition ({sa4,ss}", 1,0, D);

rgturn HTC

We now investigate some properties of the FSM HTC returned by
Algorithm 2.
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Proposition 3. An FSM HTC returned by Algorithm 2 is a homing test case
for the FSM S.

Proof. We first show that the FSM HTC returned by Algorithm 2 has an acyclic
transition graph. By construction, given a state {sq,,s,}", only states {s,s,}7,
j > r, can be reached from state {s,, sp}". Moreover, if r = j, then due to Propo-
sition 1, if state {sq, sp}" is reachable from state {sg, s,}” and the pair {s,, sp}
is j-homing, then the pair {sg,sp} is at most I-homing for < r and thus,
state {si,s,}" is unreachable from state {s,,s;}" in HTC as only HTCy, . 3,
{sp,sm} C S, are used when deriving HT'C at the r-th iteration of Algorithm 2.
The FSM under construction is indeed single-input as at each iteration of Algo-
rithm 2 the transitions added to h refer to a single input i, 3. Output com-
pleteness is handled by the last instruction at each iteration.

We now should show that when a singleton sj is reached then for this trace
only s; can be reached from any state of S. The statement holds for states s;
and sz by construction of the test case HTCyy, ,,;- When states s3, ..., s, are
added at the next iterations, if some trace at some of these states does not take
the FSM S to state s; then the singleton {s;} would not be a deadlock state in
the HTC.

Proposition 4. Given the FSM S with n states and the mazimum integer k
such that FSM S has a pair of different states that is k-homing but is not (k—1)-
homing, the FSM HTC returned by Algorithm 2 has at most (n—1)?n/2+n+1
states and the height at most (n — 1)k.

Indeed, Algorithm 2 has at most (n — 1) iterations and at each iteration at
most (n — 1)n/2 pairs of states are added. Moreover, there can be at most n
singletons and a deadlock state D reached by traces which are not traces at
some state of FSM S. The height of HT'C under construction does not exceed
the maximal height k of HTCy,, ..}, {Sp,sm} C S, attached at most (n — 1)
times.

Since there is only one defined input with all possible outputs at each inter-
mediate state of HT'C returned by Algorithm 2, the following statement holds.

Corollary 2. Given a homing FSM S with n states, the FSM HTC returned
by Algorithm 2 has at most |O|(n — 1)?n/2 transitions.

Proposition 5. The (time) complezity of Algorithm 2 is O(|O|n®).

Proof. The proof is performed by evaluating the complexity at an iteration step
of Algorithm 2. At the iteration j we have at most (j —2)n(n—1)/2 states which
are pairs of different states in HTC under construction. Correspondingly, the
analysis of transitions at this step requires O(|O|(j — 2)n(n — 1)/2) operations.

At the same time, at the iteration j we perform the intersection of HTC
under construction and S/s;, the former having jn(n—1)/2 states which are pairs
of different states and |O| transitions to process at each state while the latter
having n states. Correspondingly, the complexity of checking all the transitions
of the intersection needs O(|O|njn(n — 1)/2) operations and this number is
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higher than that for analyzing states of HTC under construction. Adding up
the number of operations for j = 2,...,n—1 we obtain the complexity O(|O|n®)
for Algorithm 2.

As a corollary to the above propositions and keeping in mind Proposition 2,
the following statement can be established.

Theorem 1. Given a homing FSM S = <S,1,0,hs>, |S| = n, and the maz-
imum integer k such that FSM S has a pair of different states that is k-homing
but is not (k — 1)-homing, there exists a homing test case of the height at most
(n — 1)k with at most (n — 1)?n/2 + n + 1 states, at most |O|(n — 1)*n/2 tran-
sitions; the (time) complexity of deriving this test case is O(|O|n®) when S is
represented by arrays IOsuc and Input.

Note that the complexity of HT'C derivation depends only on the number
of states of the FSM under experiment as well as its number of outputs. How-
ever, differently from other approaches for deriving homing/synchronizing/dis-
tinguishing sequences, it does not directly depend on the number of inputs when
the array Input is already derived.

Corollary 3. Given an FSM where all pairs of different states are at most 1-
homing, there exists a homing test case HT'C for the FSM S that has the height
at most (n — 1).

Consider an example of FSM S in Fig.1 for illustrating Algorithm 2. We
start with a pair {1, 2}?; the b0-successor is {1} while the bl-successor is {2, 3}2.
According to the array Input we consider input a for the pair {2,3} and obtain
the a0-successor {2} and the al-successor {4}. After adding state 3 as an initial
state the b0-successor {1} of {1,2}? becomes a new state {1,3}?. Since input a
corresponds to the pair {1,3} in the array Input, we add corresponding transi-
tions to states {2,3}3 and {2,4}3 and to singletons {1}, {2}, {4}. Adding state
4 as an initial state does not add more transitions to the test case.

We also notice that HT'C returned by Algorithm 2 can be minimized. For
example, in HT'C in Fig. 4 states {2,3}? and {2, 3} can be merged into a single
state since {2,3} is not reachable from any state reachable from {2,3}? but
generally it is not the case and such optimization is out of the scope of this
paper.

It also should be mentioned that the observability and completeness of an
FSM under investigation are the necessary conditions when using Algorithms 1
and 2 for deriving a homing test case. If the FSM is nonobservable then it can
well happen that when adding a new state at the j-th iteration of Algorithm 2 not
pairs of states but bigger subsets can be obtained when deriving the intersection
HTCNS/s;. If the FSM is partially specified then as it is shown in [19], even the
problem of checking the existence of an adaptive homing sequence is PSPACE-
complete.

Another interesting fact is that both above algorithms can be applied for
deriving a distinguishing test case for a merging-free FSM. This relies on the
following proposition.
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Fig.4. HTC for FSM S in Fig. 1

Proposition 6. Given a complete merging-free noninitialized observable possi-
bly nondeterministic FSM' S, a test case TC is a homing test case for S if and
only if the TC is a distinguishing test case for S.

Indeed, due to properties of merging free FSMs, given a merging-free FSM
S, a pair of different states of a complete FSM S is j-homing, ;7 > 0, if and only
if this pair is j-distinguishing for S.

Note that the FSM in Fig. 2 is merging-free and thus, a homing test case, i.e.,
the test case in Fig. 5 without transitions from singletons is also a distinguishing
test case L.

In the next section, the complexity of the derivation of an adaptive synchro-
nizing sequence is evaluated based on the complexity for deriving an HTC for a
homing FSM.

4 Deriving Synchronizing Test Cases

As mentioned above, there exists a synchronizing test case for a complete non-
initialized observable FSM S if and only if the FSM S has a homing test case
and there exists a state s € S that is definitely-reachable state from any other
state. Moreover, in [11], the authors propose just appending the singletons of the
HTC with d-transfer test cases. In this paper, we discuss this procedure more
detailed in order to evaluate whether the complexity will be increased when a
HTC is appended for deriving a STC.

! Note that for the sake of simplicity, in the Figure we omit the deadlock state D and
corresponding incoming transitions.
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Fig.5. STC for FSM S in Fig. 2

The complexity of the procedure for checking if there exists a state that is
d-reachable from any other state requires again considering all pairs of states.

Similar to the check of homing pairs, we check each pair {i,1},7=2,3,...,n, of
different states to conclude whether state 1 is d-reachable from any other state. If
state 1 does not possess this property we check state pairs {,2},7=1,3,...,n,

etc. If there is no state that is d-reachable from any other state then the FSM
has no synchronizing test case. The complexity of this check is O(|I||O||S|?|S|)
or at most O(|I]|O||S|?). If there exists state s that is d-reachable from any other
state then in order to append a HTC with the corresponding transfer test cases,
we define the relation of j-d-reachability that also is a partial order over the
FSM states.

Given state s’ that is d-reachable from any other state, we say that s’ is 1-
d-reachable from state s if there exists an input s such that for each o € O, the
iso-successor of s is empty or is a singleton {s'}. Given a subset of states from
which state s’ is j-d-reachable, j > 0, we say that state s’ is (j + 1)-d-reachable
from state s if there exists an input is that for each o € O, the izs0-successor of
state s’ is I-d-reachable from state s for [ < j. In other words, similar to j-homing
pairs we establish a partial order relation over states due to the d-reachability of
state s’. Similar to the array Imput, we derive an array Input-d where for each
state s of the FSM S the corresponding input ¢, is stored.

Correspondingly, we propose Algorithm 3 for deriving a STC for a complete
observable FSM S.

As an example, consider an FSM in Fig. 2. The corresponding array Input-d
is shown in Table 3.
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Algorithm 3. Deriving a STC when all pairs of different states are homing
and state s’ is d-reachable from any other state

Input : A complete homing observable, possibly nondeterministic FSM S
represented by two-dimensional array IOsuc,
HTC, and the array Input-d that has for each state s the
corresponding input s
Output: A synchronizing test case STC for S, |S| =n > 2
STC :=HTC =< Q,1,0,h >;
foreach singleton {s} of STC do
Add to the transition relation h the transition ({s},is,0,{ss}) if the
L 150-SUCCESSOT 5:1 of state s exists
foreach state {sq} of STC do
foreach and input/output pair io, such that state s, has no io-successor in
STC do
| Add to h a transition ({s.},%,0, D)

return STC

Table 3. Array Input-d for FSM in Fig. 2; state 3 is d-reachable from states 1 and 2

States 123
Inputs | b |a | —

The corresponding synchronizing test case for the FSM in Fig. 2 is presented
in Fig. 5. Note that, in Fig. 5 we omitted the transitions to the deadlock state D;
some of these transitions are added at the third step of Algorithm 3 for preserving
the output completeness of the returned test case. Indexes for state pairs indicate
the number of j-th iteration of Algorithm 2 for deriving the corresponding HTC.

Since the d-reachability is a partial order relation and the array Input-d
inherits the corresponding property, the following statement holds.

Proposition 7. An FSM STC returned by Algorithm 3 is a synchronizing test
case for the FSM S.

Similar to HTC derivation, the following statements estimate the complexity
of the STC derivation taking advantage of the Input-d utilization.

Proposition 8. Given a FSM S with n states, the FSM STC returned by Algo-
rithm 8 has the same set of states as the initial HTC while the number of tran-
sitions can be increased at most by |O|n.

Proposition 9. Given a homing FSM S with n states and its HTC, the com-
plexity of Algorithm 3 is O(|O|n*).

As a corollary to Propositions 4 and 9, the following statements hold.

Proposition 10. Given a homing FSM S with n states and the FSM HTC
returned by Algorithm 2 of height |, the FSM STC returned by Algorithm 3 has
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at most (n — 1)?n/2 + n + 1 states, at most |O|(n — 1)?n/2 + |O|n transitions
and its height is at most (I +n).

Theorem 2. Given a homing FSM S with n states where there exists a state
that is d-reachable from any other state and the maximal integer k such that
FSM S has a pair of different states that is k-homing but is not (k — 1)-homing,
there exists a synchromizing test case with at most (n—1)?n/2+n+1 states, at
most |O|((n—1)?n/2+n) transitions, of the height at most (n—1)k+mn, and the
complexity of deriving this test case is O(|O|n®) when S is represented by arrays
10suc, Input and Input-d.

Note again, that similar to homing test case derivation, the complexity of
deriving a STC for a noninitialized observable FSM does not directly depend
on the cardinality of its input alphabet when HT'C and the array Input-d are
given.

5 Related Work

The problems of checking the existence and derivation of homing, synchronizing
and distinguishing sequences have been widely investigated in the past seventy
years. Major results obtained in this area mainly concern the deterministic FSM
case: for noninitialized complete deterministic minimal machines the existence
decision and derivation of an appropriate sequence for the final state identifica-
tion (HS and SS) can be performed in polynomial time [16]. However, whenever
the machine is weakly initialized or partial [19] the corresponding decision prob-
lems become PSPACE-complete. There is the same complexity for the existence
check of a distinguishing sequence for a uninitialized deterministic machine [12].
However, even for the ‘good’ case of HS and SS for deterministic FSMs the prob-
lem becomes much harder when constructing a shortest HS or SS. Indeed, the
problem of deriving a shortest HS/SS is NP-hard even for complete noninitialized
deterministic minimal FSMs [16].

In some cases, the complexity of the existence check or derivation of a cor-
responding state identification sequence can be reduced via adaptive strategy.
A remarkable example of such complexity reduction has been considered in [12]
where the existence check of an adaptive DS has been proven to be solved in
polynomial time with respect to the number of FSM states.

For nondeterministic machines, the problems listed above become harder.
Indeed, as homing, synchronizing and distinguishing sequences have exponen-
tial length in this case [6,9,17], their existence check and derivation cannot be
performed in polynomial time. The adaptive test case length however can be
reduced: for homing and synchronizing sequences when considering complete
noninitialized FSMs, while for distinguishing sequences for merging-free FSMs.
Related decision problems have been considered in [8,10,11,20] and have been
proven to have polynomial complexity, as well as polynomial length of the cor-
responding sequences (with respect to the number of FSM states). In [8], an
algorithm for deriving an adaptive homing sequence has been proposed, while
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[11] presents a similar contribution for synchronizing sequences. Nevertheless,
to the best of our knowledge, the complexity of the derivation of such adaptive
sequences for nondeterministic FSMs has not been investigated yet. Therefore,
the contributions of the current paper are inline with the current state of the art
and moreover, are rather promising as they establish the polynomial complex-
ity of the derivation of adaptive SS and HS for nondeterministic noninitialized
FSMs, as well as for adaptive DS for merging-free FSMs.

6 Conclusion

In this paper, we have investigated the complexity of deriving adaptive homing
and synchronizing sequences for a complete observable noninitialized possibly
non-deterministic FSM as well as the complexity of deriving an adaptive dis-
tinguishing sequence for merging-free FSMs. In fact, this complexity can be
polynomial with respect to the product of the number of FSM states and the
cardinality of its output alphabet. The main trick consists of the proposed data
structures for representing the FSM under experiment, that allow considering an
to-successor calculation as an elementary operation. Another important contri-
bution lies in the proposal of a partial order over the FSM state pairs identifying
the degree of homeability.

We note however, that the reachability of the upper bound O(|O|n%) for
an FSM with n states and |O| outputs, for deriving a homing/synchronizing
test case might not be tight similar to distinguishing test cases for merging-
free nondeterministic FSMs. For the future work, we thus would like to specify
the FSM classes where worst theoretical upper bounds are reached while for
other classes, we would like to investigate some potential optimizations of the
proposed algorithms. We also note that in this work we only consider nonini-
tialized FSMs, and there is still an open problem of evaluating the complexity
of adaptive HS/SS/DS derivation for weakly initialized nondeterministic FSMs.
The corresponding research is also left for the future work, together with the
identification of the class of FSMs where the worst theoretical upper bounds are
reached.

Acknowledgement. The authors would like to thank Dr. Hiisnii Yenigiin for fruitful
discussions on the complexity of FSM state identification sequences; those discussions
together with the joint results on the existence check of the related sequences were
very helpful for moving forward to the complexity of the HS/SS/DS derivation, i.e.,
the results presented in this paper.

References

1. von Bochmann, G., Petrenko, A.: Protocol testing: review of methods and rele-
vance for software testing. In: Proceedings of the 1994 International Symposium
on Software Testing and Analysis, ISSTA 1994, 17-19 August, Seattle, WA, USA,
pp. 109-124 (1994). https://doi.org/10.1145/186258.187153


https://doi.org/10.1145/186258.187153

102

10.

11.

12.

13.

14.

15.

16.

N. Yevtushenko et al.

Chow, T.S.: Testing software design modeled by finite-state machines. IEEE Trans.
Softw. Eng. 4(3), 178-187 (1978). https://doi.org/10.1109/TSE.1978.231496

Gill, A.: Introduction to the Theory of Finite-State Machines. McGraw-Hill, New
York (1962)

Hennie, F.C.: Fault detecting experiments for sequential circuits. In: 5th Annual
Symposium on Switching Circuit Theory and Logical Design, 11-13 November
1964, Princeton, New Jersey, USA, pp. 95-110 (1964). https://doi.org/10.1109/
SWCT.1964.8

Hierons, R.M., Ural, H.: Reduced length checking sequences. IEEE Trans. Comput.
51(9), 1111-1117 (2002). https://doi.org/10.1109/TC.2002.1032630

Ito, M., Shikishima-Tsuji, K.: Some results on directable automata. In: Karhumaki,
J., Maurer, H., Pdun, G., Rozenberg, G. (eds.) Theory Is Forever. LNCS, vol.
3113, pp. 125-133. Springer, Heidelberg (2004). https://doi.org/10.1007/978-3-
540-27812-2_12

Kushik, N., El-Fakih, K., Yevtushenko, N.: Adaptive homing and distinguishing
experiments for nondeterministic finite state machines. In: Yenigiin, H., Yilmaz,
C., Ulrich, A. (eds.) ICTSS 2013. LNCS, vol. 8254, pp. 33-48. Springer, Heidelberg
(2013). https://doi.org/10.1007/978-3-642-41707-8_3

Kushik, N., El-Fakih, K., Yevtushenko, N., Cavalli, A.R.: On adaptive experiments
for nondeterministic finite state machines. STTT 18(3), 251-264 (2016). https://
doi.org/10.1007/s10009-014-0357-7

. Kushik, N., Yevtushenko, N.: On the length of homing sequences for nondetermin-

istic finite state machines. In: Konstantinidis, S. (ed.) CIAA 2013. LNCS, vol.
7982, pp. 220-231. Springer, Heidelberg (2013). https://doi.org/10.1007/978-3-
642-39274-0-20

Kushik, N., Yevtushenko, N.: Adaptive homing is in P. In: Proceedings Tenth
Workshop on Model Based Testing, MBT 2015, 18th April 2015, London, UK, pp.
73-78 (2015). https://doi.org/10.4204/EPTCS.180.5

Kushik, N., Yevtushenko, N., Yenigiin, H.: Reducing the complexity of check-
ing the existence and derivation of adaptive synchronizing experiments for
nondeterministic FSMs. In: Proceedings of the International Workshop on
domAin specific Model-based AppRoaches to vErificaTion and validaTiOn,
AMARETTO@MODELSWARD 2016, 19-21 February 2016, Rome, Italy, pp. 83—
90 (2016). https://doi.org/10.5220/0005854500830090

Lee, D., Yannakakis, M.: Testing finite-state machines: state identification and ver-
ification. IEEE Trans. Comput. 43(3), 306-320 (1994). https://doi.org/10.1109/
12.272431

Lee, D., Yannakakis, M.: Principles and methods of testing finite state machines-a
survey. Proc. IEEE 84, 1090-1123 (1996). https://doi.org/10.1109/5.533956
Petrenko, A., Yevtushenko, N.: Conformance tests as checking experiments for
partial nondeterministic FSM. In: Grieskamp, W., Weise, C. (eds.) FATES 2005.
LNCS, vol. 3997, pp. 118-133. Springer, Heidelberg (2006). https://doi.org/10.
1007/11759744.9

Petrenko, A., Yevtushenko, N.: Adaptive testing of deterministic implementations
specified by nondeterministic FSMs. In: Wolff, B., Zaidi, F. (eds.) ICTSS 2011.
LNCS, vol. 7019, pp. 162-178. Springer, Heidelberg (2011). https://doi.org/10.
1007/978-3-642-24580-0-12

Sandberg, S.: 1 homing and synchronizing sequences. In: Broy, M., Jonsson, B.,
Katoen, J.-P., Leucker, M., Pretschner, A. (eds.) Model-Based Testing of Reactive
Systems. LNCS, vol. 3472, pp. 5-33. Springer, Heidelberg (2005). https://doi.org/
10.1007/11498490_2


https://doi.org/10.1109/TSE.1978.231496
https://doi.org/10.1109/SWCT.1964.8
https://doi.org/10.1109/SWCT.1964.8
https://doi.org/10.1109/TC.2002.1032630
https://doi.org/10.1007/978-3-540-27812-2_12
https://doi.org/10.1007/978-3-540-27812-2_12
https://doi.org/10.1007/978-3-642-41707-8_3
https://doi.org/10.1007/s10009-014-0357-7
https://doi.org/10.1007/s10009-014-0357-7
https://doi.org/10.1007/978-3-642-39274-0_20
https://doi.org/10.1007/978-3-642-39274-0_20
https://doi.org/10.4204/EPTCS.180.5
https://doi.org/10.5220/0005854500830090
https://doi.org/10.1109/12.272431
https://doi.org/10.1109/12.272431
https://doi.org/10.1109/5.533956
https://doi.org/10.1007/11759744_9
https://doi.org/10.1007/11759744_9
https://doi.org/10.1007/978-3-642-24580-0_12
https://doi.org/10.1007/978-3-642-24580-0_12
https://doi.org/10.1007/11498490_2
https://doi.org/10.1007/11498490_2

Complexity of Deriving Adaptive HS, SS and DS for Nondeterministic FSMs 103

17.

18.

19.

20.

Spitsyna, N., El-Fakih, K., Yevtushenko, N.: Studying the separability relation
between finite state machines. Softw. Test. Verif. Reliab. 17(4), 227-241 (2007)
Tiirker, U.C., Yenigiin, H.: Hardness and inapproximability of minimizing adap-
tive distinguishing sequences. Formal Methods Syst. Des. 44(3), 264-294 (2014).
https://doi.org/10.1007/s10703-014-0205-0

Yenigiin, H., Yevtushenko, N., Kushik, N.: The complexity of checking the existence
and derivation of adaptive synchronizing experiments for deterministic FSMs. Inf.
Process. Lett. 127, 49-53 (2017). https://doi.org/10.1016/j.ipl.2017.07.001
Yevtushenko, N., Kushik, N.: Decreasing the length of adaptive distinguishing
experiments for nondeterministic merging-free finite state machines. In: 2015 IEEE
Fast-West Design & Test Symposium, EWDTS 2015, 26-29 September 2015,
Batumi, Georgia, pp. 1-4 (2015). https://doi.org/10.1109/EWDTS.2015.7493120


https://doi.org/10.1007/s10703-014-0205-0
https://doi.org/10.1016/j.ipl.2017.07.001
https://doi.org/10.1109/EWDTS.2015.7493120

	Evaluating the Complexity of Deriving Adaptive Homing, Synchronizing and Distinguishing Sequences for Nondeterministic FSMs
	1 Introduction
	2 Preliminaries
	3 Deriving Homing and Distinguishing Test Cases
	4 Deriving Synchronizing Test Cases
	5 Related Work
	6 Conclusion
	References




