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ADAPTIVE TEST GENERATION FOR NONDETERMINISTIC NETWORKS

PETRENKO A., VETROVA M., YEVTUSHENKO N.

(Design and Test)

Abstract. In this paper, we discuss transition coveragéngshat is test purpose based testing. We intredle notion of a test as a tree

FSM, define preset and adaptive tests for a noeraistic specification and demonstrate that ddepests achieve the above test
purpose more effectively. We illustrate our applofr a so-called monolithic representation of a-deterministic FSM.

1.Introduction

Non-deterministic networks have recently been
considered in various areas of logic synthesisafid are
usually used as a joint compact representation of
deterministic behaviors. In this case, a system
specification is  non-deterministic  while  each
implementation is deterministic. Testing is needed
determine  whether the behavior of a given
implementation is contained in that of the speatiian.

The problem of testing a non-deterministic network
can be formulated as testing against a non-detéstigin
specification Finite State Machine (FSM) w.r.t. the
containment  (reduction) relation  when each
implementation is assumed to be a deterministic F&M
number of methods have been elaborated for gengrati
tests from a non-deterministic FSM [2, 3, 4, 5]mgoof
these methods are based on test purposes and testsn
with unknown fault coverage; other methods derasts
with the guaranteed fault coverage w.r.t. an apetp
fault model. The main difference of test generafiom a
non-deterministic  specification FSM compared
deterministic ones is that tests depend not onlythen
specification, but also on an Implementation Unt@lest
(IUT), as testing becomes an adaptive process of
alternating between test execution and test gdosrat
taking into account responses already produced rby a
IUT.

In this paper, we focus on transition coveragerigst
that is test purpose based testing (as opposecuid f
coverage). Our test purpose is to cover transitions
deterministic submachines of the specification F&Mr
motivation is that transition covering tests ar@wkn to
be of a high quality at least in the case of deteistic
specifications. We introduce the notion of a testaree
FSM, define preset and adaptive tests for a non-
deterministic specification and demonstrate thapéde
tests achieve the above test purpose more effgctiiée
illustrate our approach for a so-called monolithic
representation of a non-deterministic FSM, where th
transition relation describes transitions betwetates of
the FSM. At the same time, similar to determinigt&M,
the partitioned representation of the transitidatien can
be used when the relation involves not states apdts
but internal and input variables [6]. To our knodde,
this problem is solved only for deterministic sgieaition
FSMs.
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This paper is organized as follows. Section 2
contains basic definitions, Section 3 presents our
definition of tests. The proposed method for testm-
the-fly is in Section 4. Conclusions are giverSiection
5.

2.General Definitions

Given alphabetZ, let 2° denote the set of all
subsets ofZ. A Finite State Machine (FSM) A is a 5-
tuple (S, 1,0, h, s , where S is a finite set of states
with the initial states,, | and O are finite non-empty
sets ofinputs and outputs, respectively, which satisfy the
conditon 1nO=0; h is a behavior function

h:Sx 1. 2°. In this paper, we consider only
observable machines; an FSK is observable if the
underlying automaton A, =(S,I1x0J,s,), where

d(s,a0)=s iff (s',0)[0h(se) is deterministic. FSMA is
completely specified (a complete FSM) if h(g)#0 for
all (sp) 0Sx I; otherwise, FSMA s partially specified
(a partial FSM); FSMA is deterministic if |h(sp)|<1

for all (sp)dSx1; otherwise, FSM A is non-
deterministic. We denote a transitiorfs,a,b,5 , where
h(sp)=(s ,b).

A word a of the underlying automatoA, at state
s is atrace of A at states; Tr,(s) denotes the set of
all traces of A at states and Tr, denotes the set of
traces of A at the initial state. Given sequence
aO(1x0O)", theinput projection of o, denotedq , , is a
sequence obtained from by erasing symbols i© . An
input sequenc@ 1" is adefined input sequence at state
s of A if there existsaTr,(s) such thatp=q , .
Given a tracepOTr,(s), s-after-p denotes the state
reached byA when it executes the trafe from states.
If s is the initial states, then instead o, -after-p we
write A -after- .

FSM B=(S;,1,0,h , 5 is a submachine of
A=(S,1,0,h,5 if S;O0S and hy(se) Oh(sg) for
each(sp)0S; % 1.



We denoteQ, the set of defined input sequences of
A in the initial state.

Given two FSMA and B, FSM B is a reduction of
FSM A, A<B, if Tr,OTr,. FSM B is a quas-

reduction of FSM A, A<B, if Q,0Q,
{BOTrs|B,, =} {BOTr, B, =a} for all «0Q,.
FSM B is not a reduction of FSM A, written B£ A | if
{BOTry|B,, =} HBOTr, |8, =a} for some
aldQ, n Qg ; we use the notatioB £, A when we need

to refer to the input sequencee which detects thaB is
not a reduction ofA. For complete FSM the quasi-
reduction and the reduction relations coincide.

The reduction relation captures the notion of trace
inclusion or containment (preorder) relation. Givisvo
complete machine® and A, FSM B is a reduction of
FSM A if and only if for each input sequeneg the set
of output responses of thB to o is a subset of that of
the FSM A . If FSM B produces an output sequence in
response to some input sequence thatAheannot, then
B is not a reduction oA .

and

3.FSM Tests

In this paper, we assume that a specification FSM
from which we generate tests is a complete obstryab
but not necessarily deterministic, machine, whiley a
implementation FSM is a complete deterministic
machine. In this case, the reduction relation isduto
declare a verdict on conformance of an IUT.

Given inputl and outputO alphabets, éest U is an

FSM U=(T,l,O.), where

« T is a finite prefix-closed subset ¢fxO)" ,

e If axzOT thenA(a,X)=(axz,2).

e Each completed trace of the test, i.e., such that
a (I00) nT=0, is averdict state, labeled eithgrass
orfail, i.e., a pass- or fail-state (trace).

The tester produces the verdict fail whenever the
implementation FSM executes an input/output secgienc
that is a fail-trace of the test. If the implemeiota FSM
does not execute fail-races of the test then thdiatepass
is produced. Any test oA can be obtained by unwinding
the graph ofA into a tree, while skipping some inputs
and outputs ofA. The tree structure of a test is fully
determined by the set of its traces. A test mayehav
transitions with different inputs from a same state
assume, therefore, that a reliable reset operatson
available in any implementation.

Let O(A) be a set of complete deterministic
(implementation) machines over the input alphalbef ¢
called afault domain. FSM BOO(A) is aconforming
implementation machine &f if A <B.

Given a test U=(T,l,Q,e) and an implementation

FSM BOO(A),

 the test U execution (observation) on B is the
FSM B n U=(Q,1,0¢ .9 );

 a state(s,t)d Q is afail-state, if t is a verdict fall
state.

» B fails U, if Bn U has a fail-state.

e B passes U, if Bn U has no fail-states.

Given a testU and a fault domairiJ(A) ,

e U is sound in O(A) for the FSM A and
reduction relation, if each <B, BOO(A) , passedJ .

e U is complete in O(A) for FSM A and
reduction relation, if eacB £ A, BO(A) , fails U .

* U is exhaudive in O(A) for FSM A and
reduction relation, if it is sound and completelifA) .

A test may have transitions with different outputs
from a state under the same input. We call a tést
preset test if for each two of its traces and B,

a,, =B, the testU has a traceny if and only if the
test has a tracgk, (Bk),, =(ay),. In this case, an

output produced by an IUT does not decide whicht nex
input to apply in the preset tekk.

If the above property does not hold for a test, in
other words, if a next move (input to the IUT) diet
tester depends on an output of the IUT, the testdde
adaptively executed by the tester. In other wardsuch
a scenario, the tester adapts itself to the behafithe
implementation FSM. For this reason, we refer tohsu
test as aradaptive test. The tree of an adaptive test can
be derived in advance before test execution begins;
however, usually only a part of thus obtained teay be
obtained if a test is generated on-the-fly, byraliéng
test generation and test execution steps until gestang
criterion is met. Thus, adaptive testing usuallguees
computations in test generation.

4.Testing for Covering Transitions in a
Specification FSM

In the case when a specification FSM is
deterministic (so is any implementation FSM), aefat)
test that covers all the transitions in the speaffon is a
transition tour of the specification FSM. It can be
determined using standard graph algorithms. The
problem becomes, however, much more complicated
when a specification FSM is non-deterministic, wtahy
implementation FSM is known to be deterministic. In
this case, covering all the transitions of the Hjpation
FSM while testing a given implementation FSM is
impossible, as the latter may only “implement” absn
one transition out of all transitions sharing thems
starting state and input action. Thus, in this ingst
scenario, the transition covering criterion has ke
rephrased as follows. A test should cover transstiof
deterministic submachine of the specification FSM.

A naive, straightforward approach for determining
such transition coverage of the specification FSM
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involves the explicit enumeration of all its submizes
and can hardly constitute a satisfactory solutsimge the

input variables and a single output variable. Bsedi
inspection, one can assure that the specificatiéid Ras

number of submachines can be huge even for small 21° = 1024 deterministic submachines.

specifications. Moreover, all these tests will relve used
for testing a given implementation FSM since it is
deterministic. The tester needs only such a test ith
relevant to a given (though, unknown) implementatio
FSM. We propose a method for deriving a test piogd
transition coverage on-the-fly during the proceds o
testing an implementation at hand.

Method: On-the-fly test generation for transition
coverage in a non-deterministic specification FSkilev
testing a deterministic implementation FSBA

Step 1. AssigrM:=A |, T={¢}, B:=¢.

Step 2. Repeat the following until for a curremtct
B there exists an inpu& such that the transition from

state M -after-p with input a is not colored inM :

 apply p,,a to the FSMB and observe the output
b in stateB -after-f in response to the input;

« if the FSM M does not have the traggab) then

add this trace to the test as a fail-trace, prodivee/erdict
fail and END; otherwise, delete from the FSM each
transition (M -after-B, o, b’, s'), where b'#b and

color in the FSMM the transition M -after-B, o, b,
s'); add the tracB(ob) to the setT; and assign

B:=p(ab).
If for each inputa the transition from stat® -after-
B under inputa is colored in the FSMM then:

« if each trace of the sef takes FSMM only to a
state from which all transitions are colored theche
completed trace of a test is a pass-trace, prodouee
verdict pass and END. Otherwise, select the shairimse
y in T that takes FSMM to a state from which there

exists an uncolored transition;
e assignp:=y and repeat Step 2.

In the case of a deterministic specification FSh t
method produces a test that covers each and eve
transition of the specification FSM.

We claim that the proposed method delivers a tes
covers all ftransitions in the initially connected
deterministic submachine oA . Recall that the initially
connected part of an FSM is the submachine obtdiyed
removing states (and their transitions) that ard no
reachable from the initial state.

Theorem. Let T be the test derived by the above
method. If the tested implementation FSM is eq@irtto
a deterministic submachine @& then it passes the test,
i.e., T is sound. If the verdict pass is produced tfen
covers all transitions of some initially connected
deterministic submachine o .

Example. Consider the specification FSMA in
Figure 1 and its deterministic submachiBein Figure 2.
The FSM A has two internal variables and thus, four
states 00, 01, 10 and 11 with 00 as the initialestavo

Figure 1. The specification FSM .

00/0

Figure 2. The deterministic submachiBeof the
specification FSMA .

The test derived by the above method for the
implementation FSMB is shown in Figure 3, where all
final states are pass-states. Total length of fiited4
counting a reset. The specification FSM has a
submachine with four states whose transition giapiot
Euler. Thus, its transition coverage has at leasi t
sequences. Then the total length of each presét tes
derived in advance, is not less than 18.

11/0

10/1 10/0

01/0 .’IO/O '00/1 ' 01/1 @

Figure 3. An adaptive test for the implementation
FSMB.

5.Conclusions

In the paper, we considered the problem of testing
nondeterministic networks as non-deterministic FSMs
We introduced the notions of preset and adaptists fer
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a non-deterministic FSM when testing is used to
determine whether the behavior of an implementatibn
hand, that is a deterministic FSM, is containedhit of
the specification. A method for deriving an adapttest
covering all the transitions of a submachine of the
specification FSM is proposed. A transition covérthe
specification FSM is known to be a high qualityt teken
the specification FSM is deterministic. For examgigch

a test is known to capture all output faults andct all
single stuck-at- and permutation faults [7]. Howewee
notice that a transition cover of a non-determinist
specification FSM does not guarantee detection lof a
output faults even in deterministic submachinesthaf
specification FSM. The reason is an output faultyma
become latent, as in a non-deterministic FSM, tmeag
exist a transition to another state with the sameneous
output. Additional research is needed to evaluatefault
coverage of transition covering tests for non-deiristic
specifications and to elaborate methods for detgcti
stuck-at-, permutation and other traditional famlbdels
when testing deterministic circuits against a non-
deterministic specification network.
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CHUHTE3 YCJOBHBIX TECTOB
HEJIETEPMWHUPOBAHHBIX CETEN
IIETPEHKO A.®., BETPOBA M.B., EBTYVIIIEHKO
H.B.

AHHoTanusi. B craThe mpearaeTcsl onucaHue TeCTa B
BHJIE  aBTOMAaTa, OMNPEACNSAIOTCS  YCIOBHBIA U
OE3yCIIOBHBI  TECTHI IS  HEIETEPMHUHHUPOBAHHOTO
aBTOMATa M WILTIOCTPHUPYETCS 3PPEKTHBHOCTD YCIOBHBIX
TECTOB TPH TIPOBEpPKE, COJNEPKUTCS JH TIOBEICHUE
MPOBEPSIEMOT0 aBTOMaTa B TIOBEJACHHUH STAJOHHOTO
HEICTEPMUHIPOBAHHOTO aBTOMATA.
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