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Abstract
We propose aDFT solution for synchronous sequential circuits
described as interconnections of finite-state machines, that takes
into account specific requirements for justification of test
sequences and propagation of fault effects occurring during test
generation. We present this solution in the context of the output
sequence justification problem. The proposedDFT solution is
based on the use of reset. Three types of reset mechanisms are
considered, having increasing overhead and increasing flexibil-
ity. The third type allows every output sequence over the output
alphabet of a machine to be justified.

1. Introduction
A synchronous sequential circuit may be represented as an inter-
connection of finite-state machines due to the design process or
through decomposition. The view of a synchronous sequential
circuit as an interconnection of finite-state machines was found
useful for logic optimization [1]-[7], verification [4], and testing
[8]-[12]. The partitioning of a large circuit into smaller finite-
state machines has the advantage that the problem of interest can
be solved for each component separately at a significantly lower
computation time than for the complete circuit. An analysis of
the constraints imposed by adjacent machines allows each
machine to be analyzed in the context of the complete circuit.
However, a decomposition with an arbitrary interconnection
structure may not allow the complexity of the problem to be
reduced compared to direct consideration of the original circuit,
and methods based on decomposition are most effective when
the interconnection structure is simple and the interactions
between the various machines are limited. When this is not the
case, design and synthesis for testability can be used to ensure
that test generation can be carried out on a simplified circuit.

One of the important subproblems of the test generation
problem on a decomposed circuit is theoutput sequence justifi-
cation problem(to be distinguished from the state justification
problem), defined as follows [12].
The output sequence justification problem:Given a finite-
state machineM and an output sequenceO, find an initial state
s0 and an input sequenceI such that whenM is started from
states0 and the input sequenceI is applied,M produces the out-
put sequenceO.

This problem occurs at several points during the test gen-
eration process, as illustrated by Figure 1. To apply a test

+ Research supported in part by NSF Grant No. MIP-9220549, and in part
by NSF Grant No. MIP-9357581

sequenceT to detect faults in the embedded machineM in Fig-
ure 1,M1 andM2 must produce specific output sequences corre-
sponding toT. In addition, to propagate fault effects appearing
on the outputs ofM throughM4, M3 must produce an appropri-
ate output sequence. The output sequence justification problem
must be solved in this case forM1, M2 andM3.

M1

M2

M

M3

M4

Figure 1: An interconnection of finite-state machines
In [12], a procedure for solving the output sequence justi-

fication problem was proposed. It was observed in [12] that in
most cases, an arbitrary output sequenceO of a submachineMi
cannot be be justified by an input sequence ofMi for any initial
state. The solution in [12] consists of applying the output
sequence justification procedure repeatedly while a test sequence
T is generated for a submachineM, to ensure that every output
sequence required to justifyT remains justifiable asT is
extended to detect additional faults. However, detectable faults
remain, for which a test sequence cannot be justified in this way.
Moreover, cycles in the interconnection structure may make this
approach too computation intensive. The approach of [11] alle-
viates this problem and other controllability and observability
problems by modifying each submachine such that it has a trans-
parent test mode where it transmits its input sequence to its out-
put. During testing, a machine can be placed in this mode and its
input (output) sequences can be easily translated into output
(input) sequences. Several supportingDFT procedures are used
in [11] to make this approach feasible. First, it is necessary to
ensure that the input and output spaces of adjacent submachines
match. For example, in Figure 1, a valuev on the output of sub-
machineM can be translated into a valuev on the output of the
succeeding submachineM4 only if M4 has at least log2 v out-
puts. To ensure the matching of input and output spaces, internal
lines must sometimes be made controllable and/or observable.
This is achieved by placing flip-flops on these lines and inserting
the flip-flops into a scan chain. In addition, cycles in the inter-
connection graph are broken by placing additional flip-flops in
the scan chain. The approaches of [9] and [10] consist of
embedding a predefined test function in each submachine.



-- --

In this work, we consider aDFT solution to the output
sequence justification problem that differs from otherDFT solu-
tions [9]-[11] in that it addresses directly the need to justify spe-
cific output sequences during test generation. Instead of allowing
any output sequence to be justified, the proposedDFT procedure
considers a given output sequence (or set of output sequences)O
of each submachineM and inserts hardware only in order to jus-
tify O. The proposed solution is based on the use of reset as a
DFT approach. In the extreme, each submachine may be reset
independently; however, we attempt to minimize the number of
reset lines and the hardware overhead to implement reset by
minimizing the overall number of reset states for the complete
circuit. We distinguish between three approaches to using reset
for a given submachine. The approaches differ in the hardware
overhead and in the flexibility they provide. In the first
approach, calledsingle-reset single-state(1r1s), reset is applied
to a submachine only once, before the input sequence to justify
O is applied. In the second approach, calledmultiple-reset sin-
gle-state(mr1s), reset is applied to the machine multiple times.
Each time, reset brings the machine to the same state. In the
third approach, calledmultiple-reset multiple-state(mrms), the
machine may be brought to different states at different times by
multiple applications of reset. Denoting the class of output
sequences that can be justified by a submachineM operating
under the approaches above byJ1r1s, Jmr1s and Jmrms, respec-
tively, we haveJ1r1s ⊆ J1rms ⊆ Jmrms. This is because every
approach contains the reset configurations of the previous ones.
As we show in Section 2, the classJmrms contains every
sequence comprised of output values over the output alphabet of
the machine. The use of reset and the tailoring of the solution to
a given output sequence have several consequences.
(1) The hardware overhead ofDFT solutions that are tailored
to a given problem need never be higher than the hardware over-
head of genericDFT solutions, or solutions that do not take spe-
cific test sequences into account. Typically, tailored solutions
are significantly cheaper than generic ones.
(2) The use of reset instead of scan avoids the test application
time overhead involved in scanning test patterns in and out.
(3) Reset to 0 (1) can be implemented by adding a single AND
(OR) gate to the next-state function of a flip-flop. Reset to both
values requires two gates. To implementNrs different reset states
for an interconnection ofm submachines with a total ofn flip-
flops,  log2(Nrs + 1) reset lines are required with a decoding
logic containing at mostNrs + 2n + 1 gates. By keeping the num-
ber of reset states low, this hardware overhead can be kept low.
Alternatively, reset to multiple states can be implemented using a
(partial) scan chain that will be activated only when it is neces-
sary to change the circuit state.
(4) The addition of reset does not require resynthesis.

DFT to facilitate the output sequence justification prob-
lem is studied as a stand-alone problem in order to bring out the
advantages in terms of flexibility and completeness, and the dis-
advantages in terms of hardware overhead. In a complete test
generation procedure,DFT should be used only if the test gener-
ation procedure cannot otherwise generate a test to detect a fault.
In addition, even for a fault that cannot be detected, the test gen-
eration procedure can attempt to generate a test sequence that
requires a minimal hardware overhead for justification, by
exploring various test sequences. Thus, the hardware overhead
in the context of a complete test generation procedure is
expected to be significantly lower than demonstrated here.

Faults in the reset hardware are not studied in this work.
A discussion of such faults can be found in [13].

The paper is organized as follows. In Section 2 we define
three versions of the output sequence justification problem for a
given submachineM. In Section 3 we describe solutions to the
problems defined in Section 2 and present experimental results.
In Section 4 we extend the output sequence justification problem
to the case of multiple submachines. This formulation is aimed at
minimizing the overall hardware overhead for a circuit repre-
sented as an interconnection of submachines. Section 5 con-
cludes the paper.

2. A single submachine
We use the following notation. For a sequenceA of length L,
A[u] is the value ofA at time unitu, 0 ≤ u < L. Input sequences
are denoted byI and output sequences byO. To describe the
application of reset while an input sequenceI is applied, we
define a reset sequenceR as follows. R[u] = s if the machine is
reset to states at time unit u; otherwise, R[u] = −. For a
machine with a single reset states0, R[u] ∈ { s0, −} for
0 ≤ u < L. The reset sequence whereR[0] = s0 andR[u] = − for
0 < u < L is denoted byR0.

If R[u] = s, we assume that the machine is reset to states
at the beginning of time unitu, and that the next-state and output
at time unitu are computed by applying input patternI [u] at
states. The sequence of states the machine goes through under
input sequenceI and reset sequenceR is denoted byST.

Next, we define three problems depending on the type of
reset sequences allowed. The first one is similar to the output
sequence justification problem of [12].
The single-reset problem:Given a finite-state machineM, a
reset states0 and an output sequenceO, find an input sequenceI
such that when the input sequenceI is applied toM together
with R0, M produces the output sequenceO.
The multiple-reset single-state problem:Given a finite-state
machineM, a reset states0 and an output sequenceO, find an
input sequenceI and a reset sequenceR such that the following
conditions are satisfied. (1)R[u] ∈ { s0, −} for 0 ≤ u < L. (2) If
I is applied to M together with R, M produces the output
sequenceO.
The multiple-reset multiple-state problem:Given a finite-state
machineM, a reset states0 and an output sequenceO, find an
input sequenceI , a set of reset statesS and a reset sequenceR
such that the following conditions are satisfied. (1)s0 ∈ S. (2)
|S| is minimum. (3)R[u] ∈ S for 0 ≤ u < L. (4) If I is applied
to M together withR, M produces the output sequenceO (for an
implementation using scan, the number of time units where
R[u] ≠ − should be minimized instead of |S|).

The following examples show instances of the three prob-
lems defined above. The examples are given for MCNC finite-
state machine benchmarkdk15 whose state table is shown in
Table 1. The input and output patterns are given using their deci-
mal values. The reset state is assumed to be state 0.

Table 1: dk15

NS,z
PS x=0 x=1 x=2 x=3 x=4 x=5 x=6 x=7
0 0,18 0,20 3,18 0,17 3, 9 0,10 3,10 3,21
1 0,18 0,20 3,18 2, 4 2, 9 0,10 3,16 2, 4
2 2, 5  0, 2  3, 2  0,17 2, 9 0,10 3,10 3,21
3 2, 5  0, 2  3, 2  2, 4  2,20 0, 8 1,10 2, 4

Example 1:The output sequence (10,10,20,2,9,10) can be justi-
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fied by applying the input sequence (5,6,4,1,4,6) and the reset
sequenceR0 as shown in Table 2(a).

Table 2: Output sequences ofdk15
(a) Example 1

time 0 1 2 3 4  5
input 5 6 4 1 4  6
reset 0 - - - -  -
state 0 0 3 2 0  3
output 10 10 20 2 9 10

(b) Example 2

time 0 1 2  3 4 5
input 0 5 4  4 2 0
reset 0 - -  - 0 -
state 0 0 0  3 2→0 3
output 18 10 9 20 18 5

(c) Example 3

time 0 1 2  3 4 5
input 3 1 6  4 3 0
reset 0 - 1  - 1 -
state 0 0 0→1 3 2→1 2
output 17 20 16 20 4 5

Example 2:The output sequence (18,10,9,20,18,5) cannot be jus-
tified by any input sequence using the reset sequenceR0 (this
will be shown in Section 3.1). However, it can be justified by
using the input sequence (0,5,4,4,2,0) and the reset sequence
(0,-,-,-,0,-) as shown in Table 2(b). Note that under input pattern
4 applied at time unit 3, the machine goes from state 3 to state 2.
However, due to the application of reset at time 4, the present-
state at time 4 is 0. This is indicated by the symbol 2→0.
Example 3:The output sequence (17,20,16,20,4,5) cannot be jus-
tified by using a single reset state 0. The output sequenceO can
be justified using the sequences shown in Table 2(c). At time
unit 4, we have a choice between resetting the machine to state 1
or state 3, both of them capable of producing an output value 4.
However, since state 1 is necessary at time 2, we prefer to repeat
the reset state 1 and keep the set of reset states minimum, {0,1}.

Next, we consider several necessary and sufficient condi-
tions for the existence of a solution to each one of the output
sequence justification problems defined above. Let the output
patterns that can be produced by a machineM in states beΑ(s).
For example, for dk15, Α(0) = {9, 10, 17, 18, 20, 21},
Α(1) = {4, 9, 10, 16, 18, 20}, and so on. LetΑ =

s
∪ Α(s). Then

M can only produce output sequences in 2Α, the power set ofΑ.
Using reset sequences with a single reset states0, the first pattern
of any justifiable output sequenceO must belong toΑ(s0).
Using reset sequences with multiple reset states, any output
sequence in 2Α can be justified as follows. Consider an arbitrary
output sequenceO of length L. To produceO[u], 0 ≤ u < L, we
select a states such thatO[u] can be produced froms by an
input patterni . We setR[u] = s and I [u] = i . SinceO[u] ∈ Α,
this can be done for every 0≤ u < L. During test generation, it
is easy to ensure that all the output sequences of a machineM
are defined overΑ. Therefore, the examples and experimental
results in this work use output sequences overΑ.

3. Using reset for a single submachine
In this section, we present procedures to solve the output
sequence justification problems defined in Section 2. The proce-
dures are described for ann state machine with states

{ s0, s1, . . . , sn−1}. The reset state for normal operation is assumed
to bes0. The output sequence to be justified is denoted byO.

3.1 The single-reset problem
The single-reset problem is similar to the one solved in [12]. We
present here a different solution which is easier to extend to the
problems with multiple applications of reset.

The proposed procedure constructs a levelized graph,
called thestate-transition graph of O. The graph is similar to the
ones used in [14] for designing input/output experiments for
finite-state machines. Each level contains at mostn states. In
level 0 of the graph we have the reset states0. Every statesi in
level u of the graph has at mostn edges to states in levelu + 1.
All the edges correspond to state-transitions that produce the out-
put valueO[u]. The end-state of an edge corresponds to the next-
state under the corresponding state-transition. For illustration,
the graph for the output sequence (10,10,20,2,9,10) ofdk15 is
shown in Figure 2(a). The dashed lines in Figure 2(a) separate
two levels. The numbers next to the dashed lines are the corre-
sponding output patterns. A state becomes a terminal state in
one of two cases. (1) It cannot produce the required output pat-
tern. (2) It is in levelL of the graph. If all the states at a level
u < L become terminal, no input sequence exists to justify the
given output sequence starting from the reset state. The output
sequence (18,10,9,20,18,5) considered in Example 2 above is
shown in Figure 2(b) and demonstrates this case.
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(b) (18,10,9,20,18,5)
Figure 2: state-transition graphs for dk15

To find an input sequence to justify a given output
sequence from its state-transition graph (assuming the graph has
at least one state at levelL), we start from any state at levelL
and trace the state-transitions backwards to the reset state along
any path. For each state-transition, we find an appropriate input
pattern and include it in the appropriate place in the input
sequence. For example, in Figure 2(a), the last state-transition
from state 3 to state 1 producing an output 10 can be accom-
plished under an input pattern 6. This pattern is entered asI [5].

The procedure illustrated above is extended to allow a
maximal prefix ofO to be justified. This procedure will be useful
in the following subsections where reset is used for justification.
The extended procedure is shown in Figure 3. The procedure
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maintains the state-transition graph implicitly by storing the set
of states at levelu in a setSu.
____________________________________________________
Procedure 1: Justifying a maximum prefix of an output se-
quenceO with reset states0

(1) SetS0 = { s0} and u = 0.
(2) If u = L go to Step 7.
(3) SetSu+1 = φ .
(4) For every states ∈ Su and for every input patterni :

(a) Let the next-state for present-states and input pat-
tern i bes′ and let the output pattern beo.

(b) If o = O[u], adds′ to Su+1.
(5) If Su+1 = φ , setu = u − 1 and go to Step 7.
(6) Setu = u + 1 and go to Step 2.
(7) Trace an input sequence by starting from any state inSu

and selecting state-transitions from a state inSu′ to the se-
lected state inSu′+1, for u′ = u − 1,u − 2,. . . , 0.

____________________________________________________
Figure 3: Procedure 1

3.2 The multiple-reset single-state problem
To solve the multiple-reset single-state problem, we call Proce-
dure 1 iteratively. Initially, Procedure 1 is used to justify the
longest possible prefix ofO. At an arbitrary iteration, we have
input, state and reset sequences to justify a prefixO′ of O. Let
the last justified output value be at time unitu. We replace the
state at time unitu by s0 and check if it is possible to find an
input sequenceI ′′ to justify a subsequenceO′′ of O that starts at
time unit u, assuming the state at time unitu is s0. We keep
reducingu as long as no subsequenceI ′′ is found. If a subse-
quenceI ′′ is found starting at time unitu, the reset, input and
output sequences are updated andO′ is redefined. This process
is illustrated by the following example. The general procedure is
shown in Figure 4.
Example 4:Consider the output sequence (18,10,4,9,4,9,8) of
dk15. Applying Procedure 1 to this sequence, we find that it is
possible to justify the output values up to time unit 3, as shown
in Table 3(a).
Next, we consider the following options. Applying reset at time
unit 4 would change the state at time unit 4 to 0. We call Proce-
dure 1 with the remainder of the output sequence, (4,9,8), how-
ever, state 0 cannot produce an output pattern 4, and therefore,
no additional input values can be justified. Applying reset at
time unit 3 would change the state at time unit 3 to 0. We call
Procedure 1 with the remainder of the output sequence, (9,4,9,8),
and find the input sequence (4,3,4) to justify two additional out-
put patterns beyond those already justified in Table 3(a). The
new sequence is shown in Table 3(b).
Next, we consider the following options. Applying reset at time
unit 6 would change the state at time unit 6 to 0. We call Proce-
dure 1 with the remainder of the output sequence, (8), however,
state 0 cannot produce an output pattern 8, and therefore, no
additional input values can be set. Applying reset at time unit 5
would change the state at time unit 5 to 0. We call Procedure 1
with the remainder of the output sequence, (9,8) and find the
input sequence (4,5). The output sequence is now justified.

Procedure 2 covers the given output sequenceO by using
input subsequences that start from the reset states0 and produce
subsequences ofO. The ability to justify a subsequence ofO by
settingR[u] = s0 for someu is not affected by settingR[u′] = s0
at another time unitu′. In other words, the decision to apply reset
at any time unit is independent of the application of reset at any

Table 3: Output sequence (18,10,4,9,4,9,8) ofdk15
(a) Iteration 1

time 0 1 2 3 4 5 6
input 0 6 3 4
reset 0 - - -
state 0 0 3 2 2
output 18 10 4 9 4 9 8

(b) Iteration 2

time 0 1 2  3  4 5 6
input 0 6 3  4  3 4
reset 0 - -  0  - -
state 0 0 3 2→0 3 2 2
output 18 10 4 9 4 9 8

____________________________________________________
Procedure 2: Justifying an output sequenceO with multiple-
reset single-states0

(1) DefineO′ = (φ ) and L′ = 0 (O′ is the justified part ofO
and L′ is its length). LetR = (−, −, . . . , −) and I = (φ ).
Let ST = (−, −, −, . . . , −).

(2) Setu = L′.
(3) If ST[u] = s0 go to Step 7 (the state at timeu is already

s0; no additional justification is possible by reset tos0).
(4) DefineO′′ = (O[u], O[u + 1], . . . , O[L − 1]).
(5) Call Procedure 1 withO′′ and s0. Let the input sequence

found by Procedure 1 beI ′′ of lengthL′′.
(6) If u + L′′ > L′ (I ′′ allows to increase the length of the jus-

tified part ofO):
(a) Add O′′ to O′ starting at time u (i.e., set

O′[u] = O′′[0], O′[u + 1] = O′′[1], . . .,
O′[u + L′′ − 1] = O′′[L′′ − 1]).

(b) Add I ′′ to I starting at timeu.
(c) SetR[u] = s0 andR[u′] = − for u′ > u.
(d) Update the state sequenceST according toI ′′ and

R.
(e) SetL′ = u + L′′.
(f) If O′ = O, stop: I and R are the required se-

quences.
(g) Go to Step 2.

(7) Setu = u − 1. If u < 0, stop:O cannot be justified.
(8) Go to Step 3.
____________________________________________________

Figure 4: Procedure 2
other time unit. Thus, if there exists input and reset sequences to
justify O, Procedure 2 will find them.

It is possible to solve the multiple-reset single-state prob-
lem by extending Procedure 1 as follows. Whenever a state-
transition exists from states′ to states′′, the next-state can be
changed tos0 by applying reset. Consequently, for every edge
from s′ to s′′, we also include an edge froms′ to s0. In the result-
ing state-transition graph, each path defines input and reset
sequences for the output sequence. However, Procedure 2 is eas-
ier to extend to the case of multiple reset states considered next.

3.3 The multiple-reset multiple-state problem
To justify a given output sequenceO using multiple reset states,
Procedure 2 is extended as follows. At every time unitu along
O′ (u = L′, L′ − 1,. . . , 0  where L′ is the length ofO′), the
sequenceO′′ is defined as the remaining, unjustified subsequence
of O, as in Procedure 2. However, instead of trying to justifyO′′
starting froms0, we use every possible state as the starting state
at time u. The first state that produces an input sequenceI ′′
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allowing the length ofO′ to be extended is accepted. To mini-
mize the total number of reset states required to justifyO, we
start with a set of reset statesS including onlys0. Whenever pos-
sible, we use a reset state that is already inS. Only if no
sequenceI ′′ exists using a state fromS, a new reset state is
selected and entered intoS. The extended procedure is referred
to as Procedure 3.

We point out that for an output sequence defined overΑ, a
sequenceI ′′ can always be found foru = L′, and no additional
time units need to be considered. This is because there is always
a state from which any given output value can be justified. It is
possible to extend Procedure 3 to consider all the states at time
unit u = L′ and select the one that results in a maximal increase
in the length ofO′′ (instead of selecting the first one). This
extension did not result in a significant improvement in the
results obtained. It is also possible to consider each state inS
under multiple time unitsu.

3.4 Experimental results
The goal of the experiments reported here is to demonstrate the
hardware overhead involved in justifying a given output
sequence by using reset. In the context of a complete test genera-
tion procedure, it is expected that reduced hardware overhead
would be achieved by allowing backtracking to modify the out-
put sequences that need to be justified. We applied Procedures
1-3 to MCNC finite-state machine benchmarks. As output
sequences we use 100 random sequences for each machine and
we report averages over these 100 experiments. Each sequence
is of length 20. The sequences were defined over the set of out-
put patternsΑ that can be produced by the machine. Although
actual test sequences to detect all the faults in a given machine
may be longer, a test generation procedure can generate test
sequences that are easier to justify than the random sequences
considered here.

The results of Procedures 1, 2 and 3 are shown in Table 4
as follows. Under the 1r1s column we show the information
using the single-reset procedure (Procedure 1). The information
for the multiple-reset single-state procedure (Procedure 2) is
shown under columnmr1s. For each procedure, we show the
number of unjustifiable sequences followed by the number of
justifiable sequences. For Procedure 2 we also show the average
number of times reset is applied during the justifiable sequences
(column reset jst). There are only seven circuits (marked with
asterisks) where the use of multiple applications of reset helped
justify sequences that could not be justified using a single appli-
cation of reset. The results obtained using the multiple-reset
multiple-state procedure (Procedure 3) are shown under column
mrms. In this case, all the output sequences can be justified.
Under subcolumnreset nwe show the average number of appli-
cations of reset, followed by the average number of reset states
used in every justified sequence. In most cases, the average num-
ber of reset states is low, between 1 and 3 states. Even when the
sequence length was increased to 100, the number of reset states
required increased only slightly in most cases. The run time in
seconds on an HP 730 workstation is less than one second for
Procedures 1 and 2. The highest run time of Procedure 3 is 13.05
seconds for circuitfetch. The run time is over 2 seconds only
for four circuits.

We also restricted the output sequences such that their
first pattern was randomly selected out ofΑ(0), and the remain-
ing patterns were randomly selected out ofΑ. Thus, the
sequences satisfy the necessary condition for being justifiable

Table 4: Results of Procedures 1, 2 and 3

1r1s mr1s mrms
nseq nseq reset reset

circuit unjst jst unjst jst jst n st
bbara 100 0 100 0 0.00 8.97 3.00
bbsse 100 0 100 0 0.00 17.30 5.81
bbtas 100 0 *  99 1 2.00 4.41 2.00
cse 100 0 100 0 0.00 15.61 5.96
dk14 100 0 100 0 0.00 8.03 3.39
dk17 100 0 *  99 1 4.00 7.52 2.55
dk27 100 0 *  99 1 5.00 9.81 2.31
dvram 100 0 100 0 0.00 18.59 13.05
ex2 49 51 49 51 1.00 1.07 1.49
ex4 100 0 100 0 0.00 17.88 7.63
ex5 78 22 * 51 49 1.92 2.00 1.51
ex7 49 51 49 51 1.00 1.00 1.49
fetch 100 0 100 0 0.00 18.94 12.46
firstex 100 0 * 98 2 4.00 8.09 1.98
keyb 100 0 100 0 0.00 10.63 2.00
lion 0 100 0 100 1.00 1.00 1.00
lion9 51 49 51 49 1.00 1.37 1.51
log 100 0 100 0 0.00 18.45 12.05
mark1 100 0 100 0 0.00 18.37 10.21
rie 100 0 100 0 0.00 18.34 12.83
shiftreg 93 7 93 7 1.00 4.37 1.93
tav 100 0 *  99 1 5.00 11.64 2.00
train11 0 100 0 100 1.00 1.00 1.00
train4 90 10 * 0 100 3.28 3.28 1.00

using a single reset state. As can be expected, more output
sequences are justifiable using a single application of reset.
Using multiple applications of reset with a single reset state
allowed more sequences to be justified in 8 of the circuits. The
complete set of results is omitted for space considerations.

4. Multiple submachines
In the previous sections we considered the selection of a reset
sequence for a single machine. In practice, it is necessary to con-
sider multiple machines to minimize the hardware overhead of
output sequence justification using reset. The general problem is
formulated as follows.
The multiple-reset multiple-state problem for multiple
machines:Given finite-state machinesM1, M2, . . . , Mm, a reset
states0i

and an output sequenceOi for Mi , 1 ≤ i ≤ m, find an
input sequenceI i and a reset sequenceRi for every 1≤ i ≤ m,
such that the following conditions are satisfied. (1) IfI i is
applied toMi together withRi , Mi produces the output sequence
Oi , 1 ≤ i ≤ m. (2) The number of different reset configurations
(defined below) is minimum.

A reset configurationis a pattern (R1[u]R2[u] . . . Rm[u]).
For each such pattern, the reset hardware has to contain appro-
priate gates to implement the reset ofMi to state Ri [u],
1 ≤ i ≤ m. By minimizing the number of reset configurations,
we attempt to minimize the hardware overhead of reset.

The procedure for solving the multiple-reset multiple-
state problem for two machinesM1, M2 is referred to as Proce-
dure 4. Procedure 4 is based on Procedure 3 of Section 3.3, with
the following changes. The set of reset statesS used in Proce-
dure 3 is replaced by a set of reset state pairs, also denotedS. A
pair (s1, s2) implies thatMi is reset to statesi , i = 1, 2. The size
of S is minimized by always trying to use a pair of reset states
that has already been used, before new pairs are tried. The two
output sequencesO1 and O2 are justified simultaneously by
repeatedly extending the length of the shorter of the two prefixes
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that have already been justified. A change is accepted if it
lengthens the shorter prefix without reducing the length of the
longer prefix. This is always possible whenOi is defined over
Αi , i = 1, 2, for the following reasons. For the shorter justified
prefix, it is always possible to choose a reset state that allows the
next output value to be justified. For the longer justified prefix,
the actual state reached can be selected as the reset state to
ensure that the same prefix length is obtained.

Experimental results of Procedure 4 for pairs of circuits
from Table 4 are shown in Table 5. The results include the run
time, the number of times reset is applied and the number of
reset states when only the output sequence of Circuit 1 is justi-
fied using Procedure 3 (columnonly 1), when only the output
sequence of Circuit 2 is justified using Procedure 3 (columnonly
2), and when both sequences are justified simultaneously using
Procedure 4 (columnboth). In the latter case, the subcolumn
reset stgives the number of reset state pairs. To interpret the
results, we denote byNrsi

the number of reset states required to
justify output sequencei , i = 1, 2, and byNrsp the number of
reset state pairs required to justify both output sequences simul-
taneously. The number of lines needed to encodeN reset states
is  log2 N. Thus, one needs to compare log2 Nrs1

 +
 log2 Nrs2

 with  log2 Nrsp. Viewed in a different way, the
number of reset state pairs when each output sequence is justi-
fied separately isNrs1

⋅ Nrs2
, and this number should be com-

pared toNrsp. We show the value ofNrs1
⋅ Nrs2

in the last col-
umn of Table 5. On the average,Nrsp is half of Nrs1

⋅ Nrs2
. In a

complete test generation procedure, it is expected thatNrsp

would be significantly smaller than in the stand-alone experi-
ments reported here, asDFT would be used only if the test gen-
eration procedure cannot otherwise generate a test to detect a
fault. In addition, test sequences that require a minimal hard-
ware overhead for justification can be generated. We point out
that the run time for the pair of circuitsdvram and ex2 is the
largest sincedvramandex2 have two of the largest numbers of
states among the circuits considered.

5. Concluding remarks
We proposed aDFT solution to the output sequence justification
problem. The proposed solution considers specific output
sequences required during test generation. Thus, it allows the
DFT solution to be tailored to the circuit. The proposed solution
was based on the use of reset. Three types of reset hardware
were considered, having increasing overhead and increasing flex-
ibility, including a single application of reset at the beginning of
the sequence, multiple applications of reset that bring the
machine to the same reset state, and the use of multiple reset
states. The third type allows every output sequence over the out-
put alphabet of the machine to be justified.
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