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THE TEST GENERATION OF DIGITAL SEQUENTIAL CIRCUITS
WITH THE MULTIPLE OBSERVATION TIME STRATEGY

The test generation method is designed for digital circuits with memory on the basis of distinguishing
state pairs of good and fault devices. The multiple observation time test strategy, 16-valued alphabet
and genetic algorithms are used. The proposed method permits to cover the faults that are not detected
with traditional methods. It increases the fault coverage.
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1. Introduction. The problem of test generation for digital sequential circuits is
widely treated, and many algorithms have been suggested lately [1]. But this problem
remains intractable with using three-valued alphabet and single observation time (SOT)
strategy. The task complexity depends on that, there is no information about initial
state of the circuit. When reset or synchronizing sequence is not available the sequential
circuit cannot be tested with algorithms using the three-valued logic. In this case it
is necessary to use other methods. The using of more adequate multiple observation
time test strategy permits to improve the simulation accuracy and to distinguish state
pairs of good and fault circuits at different times. Note that the exact statement of test
generation problem essentially depends on the definition of the fault detectability. In fact
the various researchers use the different definitions of the fault detectability and it causes
the additional difficulties.

2. Definitions. Let a circuit has primary inputs X = (z1,...,2,), outputs Z =
(#1, ..., zm) and state variables Y = (y1, ..., yx ). The most widespread approach to processing
undefined initial states of sequential circuits is based on logical 3-valued simulation
in alphabet E3 = {0,1,u} [1], where undefined values u are assigned to all variables
1; = u of circuit state in initial time moment. The vector of initial state is defined as
S = (y1 = u,...,yx = u) accordingly. Then initial indeterminacy is removed bit by bit
under availability of synchronizing sequence, and state variables take on defined values
0,1. The problem is in that fact that synchronizing sequence exists not for all circuits
with memory.

Let good sequential circuit realizes finite state machine (FSM) A = (Y, X, Z,6,\),
where Y, X, Z — finite sets of states, input and output signals accordingly,A : Y x X — Y
— a transition function, defining next FSM state, § : Y x X — Z — a output function,
defining output signal. The functions § and A\ are realized by combinational circuits,
where:

Y = (y1, .- yk) ¥ €{0,1}, fori=1k; (1)
X = (x1,...,xn) 121 €{0,1}, forl=1,n; (2)
Z = (21,..., 2m) : 25 € {0,1}, for j=1,m. (3)
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Let X(1), X(2), ..., X(p) — input sequence of length p. Then Y (y9,0),Y (yo, 1), ..., Y (y0,p)
— the sequence of states which it passes from initial state yg € Y under effect of input
sequence X (1), X(2),..., X(p). Let Z(yo,0), Z(yo,1), ..., Z(yo,p) — corresponding output
sequence of FSM. Let denote the value of j-th output at ¢-th simulation iteration as
z;j(yo, t) for j =1, m. Using these denotations the nest FSM state is defined as follows

, fort=0,
Y (yo 1) = { S(X(8) Y (g0t — 1)), for ¢ £0. (4)

Similarly output Z(yo,t) is defined by A function. The fault f transforms FSM A to
FSM A/ = (Y, X, Z,6,\f). Then we shall use as example little sequential circuit (fig. 1)
with single s —a — 0 fault xo = 1 and its 2-times iterative combinational circuit (fig. 2).
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Fig. 1. Sequential circuit example
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Fig. 2. 2-times iterative combinational circuit

The table 1 and table 2 represent automatons that are implemented good and faulty
circuits correspondingly.

Table 1. Fault free FSM Table 2. Faulty FSM x> =1

State | Inputs X;Xo State Inputs XX,
Y 00 | 01|10 11 Y 00 | 01|10 11
A0) | 0 |1 110 a(0) 011 110
B(1) |0 |1 |1]0 b(1) 1111010
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3. The basic observation strategies of fault detection in sequential circuits.
Further we shall consider different strategies of fault detection in sequential circuits.
Basically we’ll process single stuck-at faults since using more complicated fault models
only increase problem complexity.

In case of 3-valued simulation following definition of fault detection is applied (at
structural level).

Definition 1. Single stuck-at fault f is called detectable in sequential circuit by input
sequence X (1), X(2),...,X(p) if

3t <p,3j <m, I e{0,1}: (z(t) =b) A (2] (t) = D). (5)

According to this definition a fault is detectable if at least at one primary output
in some time moment signals have different values for good and faulty circuits It is
known that results of 3-valued simulation allow to obtain low boundary of fault coverage.
Therefore another more precise criterions of fault detection for sequential circuits are used
(at functional level).

Definition 2. Single stuck-at fault f is called detectable in sequential circuit by input
sequence X (1), X(2), ..., X(p) relatively to single observation time strategy (SOTS) if

Jt < p,3j <m,3b € {0,1}, such that Y(r,q) : (zj(r,t) =b) A (Z]f(q,t) =b), (6)
where r and q — initial states of good and faulty circuits accordingly.

This definition means that under this observation strategy fault is detectable if at
least one clock t exists such that for any initial state pair (r, ¢) of good and faulty circuits
some j-th output z; has different values in good and faulty devices. The key moment is
that any state pair of good and faulty circuits must has different output reactions at one
clock. Note that only outputs of last iteration of iterative combinational circuit are used.

As example let consider the simulation of single stuck-at fault o = 1 in sequential
circuit (fig.1) on input sequence X = (x1 = 1,23 = 0;2} = 1,22 = 0), where high index
is clock number. The table 3 represents the output responses for good and fault circuits
for each possible initial states. These data show that fault xo = 1 is not detectable in
accordance to single observation time strategy since there does not exist clock for which
all state pairs of good and faulty circuits give different output signals. However, as show
below, this fault is detectable in accordance to multiple observation time strategy.

Table 3. Output reactions for fault free and faulty FSM

Initial state | Inputs XX,
10 10
A(0) 0 0
B(1) 1 1
a(0) 1 0
b(1) 0 1
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Therefore sometimes multiple observation time strategy is used for sequential circuits.
In this case different state pairs can be differed at different clocks.

Definition 3.Single stuck-at fault f is called detectable in sequential circuit by input
sequence X (1), X (2), ..., X (p) relatively to the multiple observation time strategy (MOTS)

[2, 3] if

Y(r,q) 3t <p,3j <m,3be{0,1}: (z(rt) =b) A (2] (g,t) = D). (7)

Note that principle difference between these strategies is in follows. According to first
strategy all state pairs of good and faulty circuits must be differed at one clock. According
to second strategy any state pairs of good and faulty circuits can be differed at different
clocks. Hence different outputs of different clocks in can be used in combinational iterative
circuit for comparison of good and faulty signal values. For given above example fault
ry = 1 is detectable of input sequence X = (z1 = 1,25 = 0;21 = 1,23 = 0) relatively
to multiple observation time strategy since for any state pair of good and fault circuits
there exists the time clock when they are differed.

The application of MOTS allows increasing fault coverage of tests but requires essential
computing and memory resources. In this case it is necessary save standard reactions of
good circuit for all initial states. For faulty circuit also it is necessary to them with
standard reactions of good circuit.

Therefore last time it is applied so called restricted multiple observation time strategy
(rMOTS), which can be used for circuits that have synchronizing sequence transferred
good circuit to some defined state r from any initial state.

Definition 4. Single stuck-at fault f is called detectable in sequential circuit by
input sequence X (1), X(2), ..., X(p) relatively to the restrictive multiple observation time
strategqy (rMOTS) [3] if

Vg 3t < p,35 <m,3b € {0,1}such that Vr : (z;(r,t) =b) A (z]f(q,t) =b). (8

4. Multivalued alphabet. The multivalued alphabets play an important role in
solving considered problem. In proposed method we use the universal 16-valued alphabet
and set of multivalued functions as basic mathematical model [1]. The universal 16-
valued alphabet Byg = {0,1,D,G1, D', F1,Dx,D1,0,C, FO, H,GO, E, DO, u} is the set
of all subsets of basic alphabet By = {0, D', D, 1}. The elements of By have the following
physical interpretation. The elements 0(00) and 1(11) represent equality of signal values
in good and fault DD accordingly. Similarly D’(01) and D(10) represent inequality.
That is the elements of alphabet Bj represents all possible pairs of signal values of
faultfree and faulty devices. Encoding multivalued alphabets is very important. In 16-
valued alphabet Bjg it is used the symbol encoding with the help of four Boolean
variables X0, X' XP X1 that is represented below:() = {0H(X0 = 0,XP =0,XxP =
0,X!' =0), 1 = {1}(0001), D = {D}(0010), G1 = {D U 1}(0011), D' = {D'}(0100),
F1={D'U1}(0101), Dx = {D'uU D}(0110), D1 = {D'U D U1}(0111), 0 = {0}(1000),
C ={0uU1}(1001), FO = {0U D}(1010), H = {0U D U1}(1011), GO = {0 U D'}(1100),
E = {0UD'U1}(1101), DO = {0U D' UD}(1110), u = {0U D' UDU1}(1111). The code
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X = (X% xP ', XP | X1 is characteristic vector. The components of characteristic vector
X = (XO,XD/,XD,XI) are characteristic variables (XO,XD/,XD,X1 € By = {0,1}).
The application of alphabet Big allows to carry out the test generation process for the
fault free and faulty circuits simultaneously at the one model of given DD. Since the
alphabet Big is the set of all subsets of alphabet By then the elements of Byg represent
all possible combinations of pairs of fault free and faulty signal values. It allows to reduce
the search space. Therefore we use this alphabet.

5. Test generation on base of states pare distinguishing. So for test generation
it is necessary to distinguish each states pare of good and fault circuits. We shall use
the common approach [2] that is based on individual distinguishing of each states pare.
In the beginning of test generation process we have the set of initial states pares SI for
that it is necessary to construct the distinguishing sequence T'. It is obviously that in
the beginning the set SI is equivalent to set of all possible states pares of good and fault
circuits. For example for circuit fig.1 we have the set ST = {(4,a), (4,b), (4,c¢), (4,4d),
(B,a), (B,b), (B,c), (B,d), (C,a), (C,b), (C,c), (C,d), (D,a), (D,b), (D,c), (D,d)}.
The kernel of test generation method is in following. From the set SI we select the
undistinguishing states pares (57, S}) of good and fault circuits. For this state pare we
generate input distinguishing sequence 77 with using the genetic algorithm and 16-valued
alphabet and suppose T' = T}. Further we simulate in 16-valued alphabet the fault circuit
at the generated input sequence T7. If simulation results show that the fault detectability
criterion (def. 3) is fulfilled then 77 is test sequence and the test generation is over. Else
the test generation process is continued. Then we determine the states pare set SD that
are distinguished with input sequence T7. Further we assume the new states pares set
ST = ST\ SD and select the following initial state pare (S2, 5’]2() For this pare we again
generate the distinguishing input sequence T5 with help of the genetic algorithm. Then
we concatenate sequences T and Th: T' = T7 UT5. Further we again simulate in 16-valued
alphabet the fault circuit at the generated input sequence T" and verify fault detectability
(def. 3) criterion. If criterion is fulfilled then the test generation is over else continued
and so on.

At that approach we process each states pare of good and fault circuits that requires
excessive computing resource. It is possible to process states pares groups with help
of uncertainty insertion to some state variables. Note that the distinguishing states
pares may be only partially definite. Let us suppose that the next states pare (S, Q)
is determined with the following state variables 1, do, ..., 0, Where each §;, may have
values {0,1, D, D'} from 16-valued alphabet Big.

Further during selection next state pare we shall try to insert the uncertainty to
state variables values 01, ds, ..., as much as possible with keeping fault detectability.
In such a way we extend the distingwishing states pares set. At that we process the
state variables (y1,y2, ..., yk) in series by means of replacement of determined values with
uncertain values in the following way:

1) y; = 0 (0 at good and 0 at faulty circuits) — y; = GO or y; = FO0;

2) yi =1 (1 at good and 1 at faulty circuits) — y; = G1 or y; = F'1;

3) yi = D (1 at good and 0 at faulty circuits) — y; = F0 or y; = G1;
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4) y; = D' (0 at good and 1 at faulty circuits) — y; = F'1 or y; = GO.

Note that each state pare must keep the time moment t where output reactions
are different for different state pares. Taking into account aforesaid the test generation
algorithm may be represented as follows.

Test generation (circuit, fault)

{

T=0,SI=0;

While(exist undistinguishable states pares)

{

Selection indistinguishable state pare (5,Q): S = (a1, a1, ...,ar), S = (b1, b1, -, Bk);
If(indistinguishable states pare does not exist)

then test sequence is generated: return;

Assignment values 1, 0a, ..., 0k in alphabet Big;

Logic simulation in alphabet Big at input sequence T with initial states;

if (values D or D’ reach circuit output)

then states pare (S,Q) is distinguished with current sequence T;

Else

{

Generation distinguishing sequence T; for (S,Q);

if (distinguishing sequence T; for (S,Q) is not generated)

then current fault is not detected and removed out fault list;

go to end;

¥

For state pare (S,Q): S = (a1, a1, ...,ap), S = (61, 51 -, Bk)

For j=1 to k do 6; = F3;;

Logic simulation in Big;

if (T does not distinguish (S,Q)) then restoring value 0;;

5j = GOéj;

Logic simulation in Big;

if (T does not distinguish (S,Q))) then restoring value dy;

end;

Determination of new distinguishing states pares (S, Q);

Determination of all distinguishing states pares SI = ST U{S,Q};

}
}

The represented algorithm guarantees test sequence generation for unredundant fault
in that case if it is guaranteed the distinguishing sequence T; generation for current state
pare (S, Q).

We must to note that for sequential circuits the number of undetectable faults
relatively to SOTS can be enough large. For example, for circuits from benchmark
ISCAS89 even for single stuck-at faults the number of such faults is about 38% |[2].
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Therefore in order to obtain high fault coverage in sequential circuits we must not restrict
oneself to using SOTS and 3-valued simulation. SOTS can be applied at first phase of
simulation or test generation. As result we can pick out set of undetectable faults refer
to SOTS. Then to these faults we should apply simulation or test generation methods
based on more accurate observation time strategies of output signals.
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B. FO. Ckob61ioB, Anp Tanbs A6gens Paxman
ITocTpoeHune TecToB MU(PPOBBHIX MOCJIEA0BATEIHLHOCTHBIX CXEM Ha OCHOBE KPATHOI cTpare-

ruu HaOJIIOJdEeHUs .

st ndPOBBIX CXeM € MaMSTHI0 Pa3spaboTaH METO MOCTPOEHUsI TECTOB HA OCHOBE PA3JIMYCHUS AP
COCTOSIHUI WMCIIPABHOIO M HEUCIIPABHOTO yCTpOMCTB. lIpuMeHsieTcsi crpaTerusi KpaTHOTO HAOJIIOIEHUS,
16-3na4HbIl ahaBUT U TE€HETUYECKNEe AJTOPUTMBI. 1Ipeyio2KeHHBI MeTO/T ITO3BOJISIET MOKPBITH HEUC-
MPaBHOCTHU, SIBJISIFOIIUECS HETECTUPYEMBIMU TPAIUIMOHHBIMUA METOJAMHU. DTO CYIIECTBEHHO IMOBBIIIAET

HOKPBITHE HEUCIIPABHOCTEN.

Karoueswvle cnosa: nocmpoenue mecmos, 2EHEMUNECKUE AA20DUMMDL, KPAMHAA CMpameus Habatode-

HUA.

B. IO. Ckob61oB, Aas Taas Abaensr Paxman
ITo6ynmoBa TecTiB 1M POBUX MOCJIiZOBHOCHUX CXE€M HA OCHOBiI KpaTHOI cTparerii criocrepe-

2KeHHd.

Jist uppoBUX CXEM 3 IMaM’sITTIO PO3pOOBJIEHO MeTO ] MOoOY/I0BU TeCTiB Ha 6a3l PO3pi3HEHHsT map CTaHIB
HEIOIIKO/?KEHOI'0 Ta MOMIKOIXKEHOT0 MIPUCTPOIB. 3aCTOCOBAHO CTPATEriI0 KPATHOIO CIOCTEPEXKeHHs, 16-
3HaYHUH asdaBiT Ta TeHEeTUYHI AJITOPUTMHU. 3aITPOIIOHOBAHUIN METO/I TO3BOJISIE TTIOKPUTH TTOIIKO/IZKEHHST,

JAKi € HeTeCTOBHUMU TPaIuIiiHuMu MeTogamu. Lle cyTTeBO HiIBUIIYE MOKPUTTS MOIIKOI>KEHD.
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