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Abstract

In this paper, a new synthesis method for testability of synchronous sequential circuits is suggested on

an

incompletely-specified state transition graph (STG) by reducing the number of redundant faults. In the suggested
synthesis method, 1) a given STG is modified by adding undefined states and unspecified input transitions using
distinguishable transition, 2) the STG is modified to be strongly-connected as much as possible. Experimental results with
MCNC benchmark show that the number of redundant faults of gate-level circuits synthesized by our modified STGs are

reduced, and much higher fault coverage is obtained.

Keywords : synthesis for testability, undefined states, redundant faults, distinguishable transition

I. Introduction

A fault in a sequential circuit is defined to be
redundant if the fault-free and faulty machines are
equivalent. In general, it may require long test
generation time to identify such redundant faults,

especially these faults are caused by illegal states,
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where illegal states are defined as states which are
not part of any strongly connected component of the
circuits ™, Because a sequential test generator may
waste a lot of time trying to justify illegal states in
addition to exhaustive searching for a test sequence
without finding any. Hence, for a circuit that has lots
of redundant faults, the number of redundant faults
needs to be decreased for both high fault coverage
and short generation time.

There are two research directions to solve the
related to redundant faults™*®. One
direction is to identify or remove redundant faults in
synthesized gate-level circuitsDA_ﬂ, and to be used for
test These

problems

generation or logic  optimization.
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redundant faults
resulting to shortened test generation time. However,

approaches can easily detect
they have no effect on fault coverage itself, and have
limitation to reduce test generation time.

The other direction is the synthesis for testability
(SFT) approach, which has been introduced to solve
testing problems redundant
faults™. Main idea of this approach is to prevent

in connection with

occurtence of redundant faults by modifying the
specification of circuits, so called state transition
graphs (STGs) or state transition tables (STTs).
Pomeranz et al. proposed an SFT method on
incompletely-specified STG?, in which an STG is
synthesized be using
unspecified input transitions on the STG. However,
this method does not consider undefined states which
have possibility to be synthesized as illegal states.

In this paper,
testability approach to obtain high fault coverage by
reducing the number of redundant faults on an
incompletely-specified STG. In the proposed
algorithm, an incompletely-specified STG is modified
to be strongly-connected as much as possible using
distinguishable transition to add undefined states.

This paper is organized as follows. Section II
presents  preliminaries  necessary better
understanding of this paper. In Section III, details of
our synthesis approach are explained. Section IV
shows the with MCNC
benchmark and Section V concludes the paper.

to strongly  connected

we propose an synthesis-for-

for

experimental results

1. Preliminaries

A finite state machine (FSM) M is defined such
as 5-tuples :

M= (LS, 0,6,7), where

— 1 is a set of input vectors,

— & is a set of states,

— O is a set of output vectors,

—6:IX 55 is the next state function, and
—v:IX 50 is the output function.
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If the state transitions and outputs for all input
combinations are specified for each state in an FSM,
then the machine is said to be completely-specified.
Otherwise, the machine is incompletely—speciﬁed[w].

Each directed arc in a state transition graph (STG)
is called a transition denoted by

T ;l/01 = (L -
—I_;
S.

J

ki ‘52{153'; Oi—j)v where

€ [ is a primary input from state S; to state

— S ;€S is a present state,

—8;=06(J_,,5) is a next state from state S; for
L_, and

—Oi_j="y(£_j,5}) is a primary output from

state IS; for Ii—j‘

In a graphical representation, a state is a defined
state if it is described in a specification given by an
FSM. A state is an undefined state if not described
in the specification. If for every pair of states S,

S ; of machine M there exists an input sequence

which takes M from S; to S then M is said to

be strongly connected. Further, let’s denote an SCC
(Strongly Connected Component) is a set of states in
which any state is reachable from any other states in
that set. And a state is legal if it is a part of an
SCC. Otherwise, a state is to be illegal.

Definition 1: For an FSM M= (1,5, 0,4,v) and
a transition 7;_;[Z/0)] is a distinguishable trnsition
d]}_j[l/O] with a given input £_j; if a primary
output from a present states .5; is different from

outputs  from  other present  states, ie.,
Oi—j(= ’Y( i—j;@ )) = Oi—j’(: ’)’(Ii—j; '5;,)) for
any S, = S, .

Such a defined distinguishable transition

dT; ;[1/0] is used for enhancing observability of an
STG in adding a new transition.
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1. Synthesis for Testability on an
Incompletely Specified Using Undefined
States

In this section, we introduce a new approach for
synthesis for testability using undefined states and
transitions on incompletely-specified STG in order to
obtain high fault coverage by reducing the number of
redundant faults.

In an incompletely-specified STG, there may exist
undefined states and defined states which have
unspecified transitions, denoted by incompletely-
specified (IS) states. In the proposed SFT method, an
incompletely-specified STG is modified to be strongly
connected as much as possible by adding undefined
states, and unspecified transitions of defined states
are newly assigned to connect from defined states to
undefined states.

Figure 1 shows how to make a strongly connected
STG by inserting undefined states forcedly for three
types of STGs we consider in this paper. A strongly
connected STG (type 1: original in Fig. 1(a)) is
modified to be strongly connected using undefined
states (modified in Fig. 1(a)). To add an undefined
state as a legal state, we used an unspecified
transition of a defined state. That is, an unspecified
transition of a defined state is newly specified to an
undefined state. Also, an unspecified transition of the
undefined state is specified to a defined state. So, the

Q LQM @

original

modified STG also becomes strongly connected.

If the given STG is not strongly connected, there
are two types. Type 2 is an STG composed of an
SCC and a reachable (from the SCC) illegal state
(original in Fig. 1(b)), and type 3 is composed of an
SCC and an unreachable (from the SCC) illegal state
(original in Fig. 1(c)). For both types, illegal IS states
can be included in an SCC by adding transitions from
and to legal states of the given STG via undefined
states. The modified STG for type 2 is shown at
modified in Fig. 1(b). An unspecified transition of an
illegal state is specified to an undefined state, and an
unspecified transition of an undefined state is
specified to a defined legal state. Hence, the illegal
state and the added undefined state are included in an
SCC  resulting modified STG to be strongly
connected. For type 3, the modified STG is shown at
modified in Fig. 1(c). An unspecified transition of an
legal state is specified to an undefined state, and an
unspecified transition of undefined state is specified to
an illegal state, so the modified STG becomes
strongly connected.

Algorithm 1 shows how to perform the SFT on an
incompletely-specified STG. At first, an undefined
state Sun is selected to be added on the STG. Next, a
state Sip that will be connected to Sun is selected. To
make the given STG a strongly connected graph, we
If the
given STG is a strongly connected graph, any defined

consider following conditions to select Si.

:O

1 8CCs
illegal states

»
-

V¢ @

. undefined states
* original transitions

* added transitions

g 1

Fig. 1.

37tX| STG #ejoll chist sHE ZAZ STG (a) HEef 1 2B STG, () 8El 2 =
Eols8t illegal AEFE JI8 STG, (¢) EEf 3 FEE7s8 |Ilegal MEfE 718 STG
Modified strongly connected STGs for three types of STGs: (a) type 1: a sirongly
connected STG, (b) type 2@ an STG with a reachable illegal state, and (c) type 3 an
STG with an unreachable illegal state.

(671)
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IS state can be selected as Sin (Fig. 1(a)). If not, it dTunoulI/0), is added to the STG. This algorithm is
checks whether there exists a defined IS state, which finished when all undefined states are added. Note
is illegal and reachable from defined states. If it here that strongly—connectivity of an STG may be
exists, it is selected as an Sm (Fig. 1(b)). Otherwise, breakable even if the original STG is strongly
any legal IS state can be selected as an S (Fig. connected. Generally, logic synthesis tools assign
1(c)). Then, the distinguishable transition from Si to undefined states for achieving an optimized circuit.
Sun, dTinwll/0], is added to the STG. Again, a state Hence undefined states are likely to be synthesized as
Seut, Which will be connected from Su, is selelcted illegal states during logic synthesis, more specifically
and distinguishable transition from Suw to  Sow, in logic optimization and/or hazard optimization. In

[Algorithm]

input : given STG

output : the modified STG to minimize the redundant faults using undefined states
main (STG) {

U = the set of undefined states ;
do {

S ,» = an arbitrary selected state in U ;

u=U-S,;

if ((chk_SCG(STG) == FALSE) & (( S = chkllegal_input(STG)) != NULL))
Sw= 51

else S, = an arbitrarily defined IS state ;

new_STG = add_tr(STG, S,,, S ..\

if ((chk_SCG(STG) == FALSE) & ({( S, = chk_illegal_output(STG) != NULL))
S ot = Sy

else S, = an arbitrarily defined state ;

new_STG = add_tr(new_STG, S ,,, S

return new_STG ;

} while (U = @) }

procedure chk_SCG(STG) {
if ( STG is Strongly_Connected_Graph )
retum TRUE ;
else retum FALSE ; }

procedure chk_illegal_input(STG) {
S ; := the set of defined states which have unspecified inputs ;

if ( there exist a state S ; € S; which is illegal and reachable from defined states )
return S ;
else return NULL ; }

procedure add tr(STG, S, S ) {
In .. _ 44 = an arbitrarily unspecified input of S, to S 4 ;
find dT, 4 lI/0] = (Liscdst, Soer St O groe aet) 5
add dT,, 4[In/O] to the STG and return STG ; }

procedure chk_illegal_output(STG) {
if ( there exist a state S ;; which is unreachable from defined states )
retun S ;
else return NULL ; }

(672)



200549 108 Mx5%8 =X A 42 A SDHE A 10 & 51

O . defined legal state
' defined illegal state
et

. : undefined state
—p ¢ defined transition
-

* added distinguishable transition

28 2 Ref[gjet el Wemtel Aol (@) FOEA STG,
(b) Ref[9lol elaf +=HE STG, (0) Sl 2

of 25 +=X= STG

Difference between Ref. [9] and our method :

(a) a given STG, (b) the modified STG by

Ref[9], and (c) the modified STG by our

method.

Fig. 2.

our method, undefined states are included in an SCC
by enforcing a synthesized STG to be strongly
connected, differently from the reference [9].

Figure 2 shows a simple example to represent the
difference between the reference [9] and our method.
The original STG is given in Fig. 2(a). This STG is
composed of three defined states (S0, S1, S2) with
one illegal state (S2), and one undefined state (S3).
Figure 2(b) shows the modified STG by the method
in [9]. As mentioned earlier, the method in [9] does
not consider undefined states; hence unspecified
transition of state SO is specified to state S2. As a
result, all defined states are included in an SCC.
However, we cannot guarantee whether the undefined
state S3 will be included in an SCC or not after the
synthesis procedure. Figure 2(c) shows the modified
STG by our method. In our method, unspecified
transition of state SO is specified to the undefined
state S3, and unspecified transition of state S3 is
newly specified to the state S2. Hence, all states
including defined states and undefined states are
included in the SCC resulting in the synthesized STG
to be strongly connected.

Figure 3 shows a simple example of synthesis for
an incompletely-specified STG. This STG is
composed of three defined states (S0, S1, S2) with

* defined legal state
: undefined state

: defined transition

Vv @O

. added distinguishable transition

O3 3 =2AHMYM STGe +3
3. Modification of an incompletely-specified STG.

one IS state S2, and one undefined state (S3). At
first, an undefined state S3 is selected as an Sun.
Next, among defined states, S2 is selceted as an Sin
because S2 is the only IS state. Then a new
distinguishable transition, dT23[0/10] = (0, S2, S3,
10), is added to the STG. Because the given STG is
a strongly connected graph, Sout is arbitrarly
selected among defined states. In this example, 52 is
selected as an Sout. Again, a new distinguishable
transition, dT3,2[0/11] = (0, S3. S2, 11), is added to
the STG. Because there are no more undefined states,
the STG modification for testability procedure is
finished.

IV. Experimental Results

Experiments to verify the proposed SFT method
are conducted on Sun Sparc Ultra-I with 128
RAM. Overall procedure for our

experiments is as follows.

megabytes

[Overall procedure]
input : For a given circuit in MCNC benchmarks
1) To obtain a modified STG by applying our
proposed procedure to the given STG.
2) To obtain a gate-level circuit by performing logic
synthesis to the modified STG using sist,
3) To perform test generation using HITEC' to the
synthesized gate-level circuit.
output : Fault coverage obtained by 3)

The statistics of the MCNC benchmarks are shown
in Table 1 in terms of the number of inputs (Input),
the number of outputs (Output), the number of
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defined states (Defined states), the number of
undefined states (Undefined states), and the type of
circuits (Classification).

Table 2
incompletely-specified STGs. The results for original

shows experimental results for
circuits are shown in column 2 through 6, with
respect to the number of total single stuck-at faults
(flts), the number of redundant faults (red), fault
coverage (fc. (= detected faults / total faults)), test
generation time (time), and the number of synthesized
gates (area). The results of the SFT method in [9]

are given in the next three columns. The results of

b
lob
olo
o

the proposed SFT method are given in the next six
columns. Also, comparisons of fault coverage between
original and proposed methods are given (fc. inc.).
For the original circuits or the modified circuits by
reference [9], we have obtained non-effective results
exhibiting very low fault coverage and long test
generation time. However, for the modified circuits by
Proposed method, the number of redundant faults has
been reduced resulting much higher fault coverage
and reduced test generation time. Compared to
original results, fault coverage of Proposed method
has been increased 34.3% in terms of average. Hence,

7 1. o =2
Table 1. Example statistics.
circuit input output defined states undefined states

beecount 3 4 7 1

exl 9 19 20 12

ex2 2 2 19 13

ex3 2 2 10 6

ex4 6 9 14 2

exb 2 2 9 7

ex7 2 2 10 6

lion9 2 1 9 7

pma 8 8 24 8

tma 8 8 24 8

trainll 2 1 1 5

2 =MYAM STGe| A&z
Table 2. Experimental results of incompletely—specified STG.
Original Method of [9] Proposed Method

Circuit flts | red (f(yi) flsmece) area | flts | red (f(;)) fits | red (f(y(;) f.cinc EJSI:S area
beecount 101 0 100 016 30| 115 2 98 | 101 0 100 0 015 36
ex1 465 | 437 6 | 1858 [ 151 | 533 | 333 38| 620 | 136 78 72 1475 | 220
ex2 262 | 296 2| 008 2| 20| 219 0 34| 34 0 -2 005 | 113
ex3 41 ] 115 18 | 3947 46 | 131 36 73 | 167 3 80 62 | 245 57
ex4 161 | 155 4 027 49 | 173 | 120 131 189 11 o7 9 | 223 62
exb 19 | 113 51008 | 39| 147 | 107 21| 192 38 80 7| 005 52
ex7 134 | 128 51 008 471 11| 161 51 172 | 157 9 967 54
lion9 43 5 8 | 013 10 68 5 93 74 7 91 3| 128 19
pma 397 | 397 0| 006 | 134 | 419 | 414 1 49| 414 1 1] 202 141
tma 256 | 256 0 006 &1 3J/21 3I2 01 313 | 14 67 67 | 006 [ 108 |
trainll 70 6 91 | 048 21 70 2 97 R 3 97 6 | 087 30

(674)
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it is noteworthy that the proposed SFT method is
effective in terms of fault coverage. Also, for most
circuits, test generation time has been reduced. That
is, the decrease of redundant faults makes lower
complexity of test generation. However, for some
circuits, results of Proposed method are equivalent or
worse than those of original or Ref. [9]. The reason
can be rationalized as follows, faults detected easily
with the other methods are hardly detected with our
modified STGs because of forced assignment of
transitions and undefined states. Trade-off of
proposed SET method is the slight increase of area.
General synthesis tools assign undefined states for
achieving optimized circuits such as minimum circuit
size or delay. In the proposed SFT method, those
assigning is utilized for testability.

V. Conclusion

We proposed a method for synthesis for testability
using undefined states on an incompletely-specified
state transition graph to obtain high fault coverage by
reducing the number of redundant faults. In our
approach, distinguishable transitions added
between undefined states and defined states to make
a given STG into strongly-connected graph. We
obtained high fault coverage and decreased test
generation time in cost of slightly increased circuit
area. As a future work, we will consider SFT
methods which decrease both redundant faults and
area overhead.

are
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