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Abstract— In this paper we consider one of the classicalnite

state machine (FSM) model modifications - FSM withime-outs

(or timed FSM). In this model in addition to the odinary

transitions under inputs there are transitions unde time-outs

when no input is applying. The behavior of many modm

systems includes time-outs, for example, mobile phes, etc. In
the past few years some work have been carried oah studying
different relations between timed FSMs. Non-separality

relation is very attractive for non-deterministic dassical FSMs
and FSMs with time-outs course for this relation wedon't need
«all weather conditions» while testing. In this papr we present
and compare two approaches for building a separatip sequence
for two separable FSMs with time-outs. One of thenis using a
conversion to classical FSMs, while another one islealing

directly with timed FSMs.

Keywords - finite state mashines with time-outs, non-
deterministic finite state machines, non-separability relation, timed
input sequence, separating sequence

. INTRODUCTION

Most of the modern discrete systems, suchdiggal
circuits, telecommunication protocols, logical gametc., can
be described as Finite State Machines (FSM). Tiiey eof
FSM receives one of the enabled inputs and remmnsutput.
On condition it is necessary to take into accoimetaspects
of discrete system, time function is interposed[1HSMs
with introduced time function are called FSMs wiitilne-outs
or timed FSM (TFSM). Provided that input is beirgntled
uniquely, TFSM is namedeterministic, otherwise —non-
deterministic. To distinguish correct and invalid TFSMs
distinguishing sequences are generated. They d@giraustive
search of all TFSM's reactions to the input segeeine. it is
necessary to input every sequence from test soitegh times
to observe all outputs of the system. Practicallémentation
of this assumption is almost impossible, and itsstly used
to check non-separability relation[5,6]. FSMs agpagable[5],
if there is an input sequence (called separatinggesece), such
that the sets of output sequences to this sequdaesn'’t
intersect. In this paper two different approachasHuilding
separating sequence for FSMs with time-outs argestgd.

I PRELIMINARIES

Formally, Finite State Machine (FSM) is a quintuple
S=(S 1,0, s, Ag), WwhereSis a finite nonempty set of states
with initial states,, | and O — finite non-intersecting sets of
inputs and outputs,s 0 Sx | x Sx O — transition relation. If
for each pair ¢ i) Z7SxI there is at least one paio, () /7
OxSsuch thatg i, 0, S) /7 A5, FSM is calledcomlete FSM
with time-outs is a sextuples =(S, I, O, s, As, Ag), WhereS
is a finite nonempty set of states with initialtsts, | andO —
finite non-intersecting sets of inputs and outputs,
AsOSxIxSx0 transition relation and
As S — Sx (N O{w}) —time-outs function, that defines
time-out for every state. The time reset operatiesets the
value of the TFSM’s clock to zero at the executmfnthe
transition. If TFSM, being in certain stasg doesn'’t receive
input for a certain timésuch thatg, t, s,) 0 Ag, it transfers to
the states,. FSM is calledobservable if for each triple &, i,
0) [0 SxIxO there is not more, than one statesuch thatg, i,
0, S') [JAs FSM could be considered as FSM with time-outs
where for each state 0 S Ags) = (s, ). Timed input is a
pair <, t>0 | x Z,

Similar to [3], in order to extend transition retat to

timed inputs we add a functiotimes Sx Zg - S that

allows to determine TFSM’s state when the clockugals
equal tot based on the current state. Let's consider the
sequence of time-outsg(s) = (S, Ti), AdS) = (S T2), ---s
Ag(Sy1) = (Sp, Tp) such thally + To + ... + T <t, butTy + T +
... + Tp>1t. In this casdimey(s, t) = Sp4. If Ag(S) = (S, ), then
timeg(s, t) = s for eacht. For each timed inpuyf, ty we add a
transition (i, t),s,0) to As if and only if
(timeg(s, t),1, S, 0) O As

Sequence of timed inputs is calli@eed input sequence
Pair a/f, wherea = <i4, t;>,..., <iy, &>, f = 04,...,Q IS called
timed input/output (1/0O) sequence (or timed trace) if Ag
defines a sequence of transitiorss, Kiy,t;>, 0, S1 ), (S1
<iz 1>, 0 $2)..., (S St Ok Si)-

As usual, the TFSM is connectedif for each states
there exists a timed trace that can take the madnom the
initial state to state.



States' is called(i,t) -successorof states, if there
exists oJO such that g (i,t),s,0)0As The set of all
(i, ty-successors of statewill be denoted byug(s, (i, t)), in
case of = 0 we denote it asug(s, i).

An example of TFSM that describes mp3-player bitrav
is given below:
i/ oy

-/ 0

Figure 1. The TFSM that descib@3-player
behavior

The machine consists of the following states:

Play — the music is playing, player isn't in energy-isav
mode (display’s on);

Play\Energy Saving the music is playing, but player is in
energy-saving mode (display’s off);

Pause- the music is stopped, display’s on;

Hold — the music isn’t playing, player’s off (hold mgde

Inputs and outputs:

iy — player’s controller is used;

i, — play/pause button;

i — hold button;

o — display’s on;

o — display’s off.
Let us observe TFSM's behavior on timed input seqae =
<i;,5><,,3><1,4>. In that case the output sequencg 0,
07 0.
ATFSMS =<S I, O, 5,As> is asubmachineof TFSMP =
<P, I, O, po.Ap > if SO P, 55 = ppand each timed transitios,
<i,t>,0,9) of Sis a timed transition o?.

Ill.  INTERSECTION OF TWO TIMEOFSMS

IntersectionS N P of two TFSMsS =(S, I, O, S, As, Ag)
andP = (P, I, O, po, Ap, Ap) is the most connected sub-TFSM
of Q= (Q, I, O, @, Ag, Ag), whereQ = SxK xPxK, K =
{0, ..., B, k = minmax4g(s), 5. max4p(p), y), initial state —
quadruple %, 0, po, 0). Transition relatiomq and time-outs
function4q are defined according to the following rules[3]:

1. Transition relationlg contains quadruple §( k, p,

k), i, o, (s, 0, p, 0)], if and only if
(s, i,s,9 0 Asand(p, i, p',9 O Ap.

2. Time function is defined adq((s, k, p, k)) =
[(s’ k1, p’ K2), K, k=min(Ag(s),n - ki, Ap(P).n - ko).

State €, ki, P, k) = QA9)s 0,86(p),p, 0), if
Ags) N = or  Ap(p)in=0 or Qs(9)n -
k) = @e(P)in-ka). I (ALS)in-Ki),  (Dr(P)in-

ko) O Z, and Qg(9),n - k1) < (Ap(p).n - ko), then state
(s, ki',p k) = (Ad9)s 0,p, ko +K).  If (Ag(S)in -
k1), (Ap(P)in - ko) O Zs and Qg(S),n - k1) > Qp(p) N -
ko), then stateq, k;', p', k') = (s, ky + k, Ap(p), p, 0).

Algorithm 1: Constructing an intersection of two
TFSMs
Input: TFSMs
P=(P, 1,0, po, A, Ap)
Output: TFSMQ = (Q, I, O, @, Ag, Ag), Q=Sn P
Step 1:add initial state)= (so, 0, po, 0) intoQ.
Step 2: while set of states of TFSM has non-considered
states, consider next in turn non-considered gatstep 3.
Otherwise End.
Step 3:for each input find stateq'=(s', 0, p', 0) that isi-
successor of statg If the setQ doesn'’t includeq' — addq’
into the sefQ, add transition K, k, p, k), i, 0, (s, 0, p', 0]
into g if (s, i, s;,0) OAsand(p, i, p',9 O 4p.
Step 4:if there is a finite delay for staig = (s, k, p, k),
then:
k=min(s(s) ,\y—k,  4p(P) N — k)
If (AN = © OF Bp(P) (N (ap = OF A9y -
ki) = (Be(P). N - k2) ), theng'= (4s(s), O, 4p(p), 0);
Else

S=(S 1,0, s, A, Ag) and

if (ALS). N - K1) < @p(P). n - k2),
thenq' := (A49),s 0,p, ko +K);
if (A(9) y - k1) > (Qe(P). N - ko),
thenq' := (s, ki + K, Ap(p).p, 0);
Extend functiondq: 40(q) = (', K);
If the setQ doesn’t includey', then addy' into Q. Step 2
The intersection of two TFSMs andpP (Figures 2,3) is

presented in Figure 4.
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Figure 2. TFSMS
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Figure 3. TFSMP



i2/3 If there exists g, (qty O Qg, such that

(Ag(@)):(NT{ep = o0, define minimum time-out and set

of successorsR for the set Qi = {(qu to),
(8,0,C,0)

(4,0,D,0)

(O, t2),... 40, tr)}as follows:
T:= min{Tu _tu} » Tu = (Ag(Au) (N D (e

I<usr

R o={a'’ ), (o, ). "t} a' =timeg(qu,
t,+ T) and eithett,' = 0 if (Ty =0 Or T, =t,+ T), Ort,
St +TiFT,>t,+T.

Add Rto Qy+1 and add triple@j, T, R) to the seEdge.

Step 3: If the tree was terminated according to the Rule 1,
then construct the sequence of edg€¥o(d, Qljl ),

(Qljl 1921 szz )’ .“,(Q(k_l)]—kfl 'gkl ijk ) SuCh that
(Q(|—1)j|_1 .0, Q i ) O Edgefor eachl O {1, ...,k} and g O

(8,0,D,0)

(B,2,D,0) {I0 N}
Collect the separating sequerce <ij, t;> ... <ip, t>:
j=0;
Figure 4. TFSMS n P T,:=0;
r:=o;
IV. SEPARATING SEQUENCE FOR TW3 FSMs Wh':?g(j S :() execute:
. . . ] ’
We suggest algorithm for constructing a separasieguence Then, =g, t :=T;,r:=r+1,T,:=0;
for two TFSMs. ElseT,:=T, +g; ;
Algorithm 2: Constructing a separating sequence ofwo ji=j+;
TFSMs m=r;
Input: Complete observable TFSM$=(S I, O, S, As, Ag) i :=i-sep, t =T,
andpP ={P, |, O, po, Ap, Ap) If all branches of the tree were terminated acewydd
Output: separating sequence ®andP (if exists) the Rule 2, then TFSMsandP are unseparable.

Step 1: construct the intersection 6fandP with the help of End.
Algorithm 1. If TFSMS N P is completeS andP couldn’t be  The truncated tree for TFSMsandP is presented in Figure 5:
separatedend.
Step 2:Derive a truncated successor tree&sah P. The
root of the tree is the paiqo, 0), other nodes — sets of the
pairs(q, t), whereq is the state of N P.
k:=0;
Edge =,
Qo = {{do, O};
Qx: = {Qxo}-
Until

(Rule 1: for the sék; O Q, j =0, there is an inplitsep
such that each statg(q, t) O ij, has nd-sepsuccessors in
TFSMSNP

or

Rule 2: for each seQyj0 Qk there exists
Qam O Qa, a <k, such thatQkJ H Qam)
Do:
For each input construct the set of successdis =

Y suqz(qu,i)X{O} , addM to Q.+, and add triple

R
(ijJ i, M) to the seEdge Figure 5. Truncated successor tres of P

So, the separating sequence is <i;, 0><,, 2>.




Algorithm 2 is the modification of the algorithmofn [6],
of deriving a separating sequence for two untimg8ii&. The
modifications are associated with time-outs, beedahs only
way to reach some states is to wait for a whileusTlin
Algorithm 2 each node of the tree is not the settafes of the
intersection, but the set of pairs <state, timeot. the set in
the node we determine the minimal delay and the ofet
successors under this delay is derived in the same as
when deriving the intersection. We need the edgesléd by
delay because for the timed FSMs the separatingeseg is
timed input sequence, so we need to wait some liefere
applying another input.

Rule 2 is inherited from [6] and in this case wen'ta
separate given timed FSMs.

Since Rule 1 is also inherited from algorithm [Ghd
transitions under time-outs are derived accordmg¢he rules
that specify the common behavior of timed systethg
sequence a =<, t> ... <, t,> derived according to
Algorithm 2 will be a separating sequence for tvimed
separable FSMs.

It is known [6], that for given two complete sefdaea
untimed FSMsS and P, |S| = n and P|= m, the length of a
shortest separating sequencesaindP is at most 2™, and
this estimation is reachable. Since untimed FSK particular
case of timed FSM the estimation will be the same.

V. CORRELATION BETWEENFSMS AND TFSMs

To transform TFSM =(S, I, O, S, Ag, Ag) into FSM 4s
with the same behavior [3] we add to TFSM a speiciplit
1 O | and a special outputN O O. FSM

As =(SO S, 1 O{1}, O O{N}, s, Xé) is constructed by

addingT — 1 copies of each stasd] S with finite time delay
T, T> 1.Formally,Asis constructed in the following way:
1) For eachsO S A4S) = (s, T), 1 <T < o, the set§
contains each statg, t),t =1, ..., T— 1.

2) For eachsO S (s, t) O § and for each pair/o, i [
I, o0 O, (s t),i,s,000 A2, if and only if
(si,s,0) 0As

3) For eachs S such thatAg(s) = (s, ) there is a
transition 6, 1,s, N) in As.

4) For eachs0 Ssuch thatA(s) = (s, T), T = 1 there
is a transitiong, 1,s’, N) in As.

5) For eachs Ssuch thatAg(s) = (s, T), 1 <T < oo,

there are transitionss,(1,¢(s, 1), N), ({(s, j), 1,{s, |
+ D,N),j=1, .. T- 2, and transition{§, T —
1), 1,s, N) in As.
Hence, on condition, that timed FSMincludesn states and
maximal delay iST . As can include up ta(T . States. Be

more precise, number of statesdinis > N(9), n(s) =1, if
s

Ag(S) = (8, ), andn(s) =T, if Ags) = (S, T).
Thus, in order to derive a separating sequencewor
TFSMs, we transformed TFSMs into FSMs. Intersectidn

two FSMs could be constructed with the help of Aigpn 1

without taking into account time-outs. To constrtrcincated
successor tree we use Algorithm 2 without time-¢6isand
then collect the sequence (if exists) with the hefipstep 3
(Algorithm 2). One can assure that the separatigance for
As and Ar (Figures 6 and 7) will be the same, ie.;F <,

0><iy, 2>.

i/0

Figure 6. FSMA4s
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Figure 7. FSMAp

CONCLUSIONS

In this paper we suggested two approachesefmrate
TFSMs. The idea of the first approach is that westct an
intersection of two TFSMs and then find separasaguence.
The main advantage of this approach is comparatiplicity
due to small amount of states in intersection. @isatage —
weak theoretical basis of complete test suitesvegoin for

TFSMs. The second approach is based on “TFSM to"FSM

transformation. As a result of this transformatiwe have
enormous increasing of states in intersection. Thissway is
hardly applicable to TFSMs with great time delayut
theoretical basis for complete test suites dewvais much
more stronger for classical FSMs. In the futurere/gilanning



to compare program implementations of these twoagmies [3] M. Zhigulin, S.Maag, A.Cavalli, N.Yevtushenko. F3ased test

; . ; o derivation strategies for systems with time-outs P¥esented to
in order to find out the range of applicabilityedch one. QSIC'2011.
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