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Abstract sequencd to detect faults in the embedded machihen Fig-

We propose @FT solution for synchronous sequential circuits ure 1,M,; and M, must produce specific output sequences corre-
described as interconnections of finite-state machines, that takesponding toT. In addition, to propagate fault effects appearing
into account specific requirements for justification of test on the outputs oM throughM,, M3 must produce an appropri-
sequences and propagation of fault effects occurring during tes@te output sequence. The output sequence justification problem
generation. We present this solution in the context of the outputmust be solved in this case figl;, M, andMj.

sequence justification problem. The propo$#eT solution is
based on the use of reset. Three types of reset mechanisms are —»{ M3
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. My —»
— My

1. Introduction M

A synchronous sequential circuit may be represented as an inter-

connection of finite-state machines due to the design process or —»{ M,

through decomposition. The view of a synchronous sequential ) ) - . )
circuit as an interconnection of finite-state machines was found ~ Figure 1: An interconnection of finite-state machines

useful for logic optimization [1]-[7], verification [4], and testing In [12], a procedure for solving the output sequence justi-
[8]-[12]. The partitioning of a large circuit into smaller finite- fication problem was proposed. It was observed in [12] that in
state machines has the advantage that the problem of interest canost cases, an arbitrary output sequead a submachiné;

be solved for each component separately at a significantly lowercannot be be justified by an input sequenc#lpfor any initial
computation time than for the complete circuit. An analysis of state. The solution in [12] consists of applying the output
the constraints imposed by adjacent machines allows eactsequence justification procedure repeatedly while a test sequence
machine to be analyzed in the context of the complete circuit. T is generated for a submachiig to ensure that every output
However, a decomposition with an arbitrary interconnection sequence required to justiff remains justifiable asT is
structure may not allow the complexity of the problem to be extended to detect additional faults. However, detectable faults
reduced compared to direct consideration of the original circuit, remain, for which a test sequence cannot be justified in this way.
and methods based on decomposition are most effective wheforeover, cycles in the interconnection structure may make this
the interconnection structure is simple and the interactionsapproach too computation intensive. The approach of [11] alle-
between the various machines are limited. When this is not theviates this problem and other controllability and observability
case, design and synthesis for testability can be used to ensufroblems by modifying each submachine such that it has a trans-

that test generation can be carried out on a simplified circuit. parent test mode where it transmits its input sequence to its out-
One of the important subproblems of the test generationPut. During testing, a machine can be placed in this mode and its
problem on a decomposed circuit is thetput sequence justifi-  iNPUt (output) sequences can be easily translated into output
cation problem(to be distinguished from the state justification (input) sequences. Several supportDgT procedures are used
problem), defined as follows [12]. in [11] to make _th|s approach feasible. First, it is necessary to
The output sequence justification problem:Given a finite- ~ €nsure that the input and output spaces of adjacent submachines

state machind and an output sequenck find an initial state ~ Match. For example, in Figure 1, a vaiuen the output of sub-

s, and an input sequendesuch that wherM is started from machineM can be translated into a valuen the output of the

states, and the input sequendds applied,M produces the out-  succeeding submachid, only if M, has at leastlog, vCout-

put sequenc®. puts. To ensure the matching of input and output spaces, internal
This problem occurs at several points during the test gen_lings_must.sometimes k?e mfade controllable qnd/or ob.serva.ble.

eration process, as illustrated by Figure 1. To apply a testThis is achieved by placing flip-flops on these lines and inserting

the flip-flops into a scan chain. In addition, cycles in the inter-

+ Research supported in part by NSF Grant No. MIP-9220549, and in part connection graph are broken by placing additional flip-flops in

by NSF Grant No. MIP-9357581 the scan chain. The approaches of [9] and [10] consist of

embedding a predefined test function in each submachine.
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In this work, we consider ®FT solution to the output Faults in the reset hardware are not studied in this work.
sequence justification problem that differs from otB&T solu- A discussion of such faults can be found in [13].
tions [9]-[11] in that it addresses directly the need to justify spe- The paper is organized as follows. In Section 2 we define
cific output sequences during test generation. Instead of allowinghree versions of the output sequence justification problem for a
any output sequence to be justified, the prop@d procedure  given submachin®l. In Section 3 we describe solutions to the
considers a given output sequence (or set of output sequénces) problems defined in Section 2 and present experimental results.
of each submachinkl and inserts hardware only in order to jus- In Section 4 we extend the output sequence justification problem
tify O. The proposed solution is based on the use of reset as & the case of multiple submachines. This formulation is aimed at
DFT approach. In the extreme, each submachine may be resehinimizing the overall hardware overhead for a circuit repre-
independently; however, we attempt to minimize the number of sented as an interconnection of submachines. Section 5 con-
reset lines and the hardware overhead to implement reset byludes the paper.
minimizing the overall number of reset states for the complete
circuit. We distinguish between three approaches to using reseR. A single submachine

for a given submachine. The approaches differ in the hardwarepe yse the following notation. For a sequercef length L,
overhead and in the flexibility they provide. In the first a[y]is the value ofA at time unitu, 0< u < L. Input sequences
approach, callegingle-reset single-staidr1s), reset is applied  are denoted by and output sequences K To describe the
to a submachine only once, before the input sequence to justifyapplication of reset while an input sequericés applied, we
Ois applied. In the second approach, caliedltiple-reset sin-  define a reset sequengeas follows. R[u] = s if the machine is
gle-state(mrls), reset is applied to the machine multiple times. yeset to states at time unitu; otherwise, Rlu] =-. For a
Each time, reset brings the machine to the same state. In thghachine with a single reset stat, R[u] O {s,, -} for

third approach, callednultiple-reset multiple-statémrmg, the 0<u<L. The reset sequence whef9] = s, and R[u] = — for
machine may be brought to different states at different times byg < < L is denoted bR,

multiple applications of reset. Denoting the class of output If R[u] = s, we assume that the machine is reset to state

sequences that can be justified by a submackineperating 5 the peginning of time unit and that the next-state and output
under the approaches above Byis, Juas and Jmms rSPEC- 4t (ime unitu are computed by applying input patteifu] at
tively, we haveJyys U Jums U Jmms This is because every giates The sequence of states the machine goes through under
approach contains the reset configurations of the previous ONe§nput sequence and reset sequenéis denoted byST.

As we show n Section 2, the claskn,, contains every Next, we define three problems depending on the type of
sequence comprised of output values over the output alphabet of, coy soqences allowed. The first one is similar to the output
e machie, ne se ofeset and he talorig o e o ikequence ustfcaton problemnof[12]

9 P q onseq . The single-reset problem:Given a finite-state machinkl, a
(1) The hardl\;\;are ove(;head @I:):Ths_oLutlo%s th?]t ar:e éallored reset state, and an output sequen€k find an input sequende
to a given problem need never be higher than the hardware over- ; ! :
head of generi®FT solutions, or solutions that do not take spe- such that when the input sequericés applied toM together

e ! ; - ' with Ry, M produces the output sequer@e
cific test sequences into account. Typically, tailored solutions Th ltiol ¢ single-stat blem-Gi finite-stat
are significantly cheaper than generic ones. € multiple-reset single-state problem:Given a nnite-state

(2) The use of reset instead of scan avoids the test applicatiorﬁnaChineM' a ;ese:j statg, and an o&gut;eﬁuer;]&ffilrlld an
time overhead involved in scanning test patterns in and out. |npu(;[.s.equenc an f.a dreset squuen ufc Bitt eLO %W'l?g
(3) Resetto 0 (1) can be implemented by adding a single AND‘IX’_n |t|on|;~? %re S‘;’\lj's 1ed. rfB[u] h é{SO’NT} ord s U< e 2)
(OR) gate to the next-state function of a flip-flop. Reset to both ' 'S appélge toM together with R, produces the output
values requires two gates. To implemaiy different reset states ~ S€qUENCE. . . _

for an interconnection afn submachines with a total of flip- The multlple-reset multiple-state problem:Given a flnlge-state
flops, log,(N,s + 1)reset lines are required with a decoding machineM, a ;eset Stat?o and an C;l;tpué sequen€x find aég
logic containing at mos,; + 2n + 1 gates. By keeping the num- mupcuk;[ tshea(iutﬁgcfo’”gv\ﬁ% %oﬁﬁgrs\;a; r easnati;‘igzsils)gqger(]a
ber of reset states low, this hardware overhead can be kept lo S is minimum. (3)R[u] 0 Sfor 0<u<L. (4) If | is applied

Alternatively, reset to multiple states can be implemented using .
(partial) scan chain that will be activated only when it is neces?.to M togethgr W'thR.' M produces the output sequermeéfqr an
implementation using scan, the number of time units where

sary to change the circuit state. AT .
(4)ryThe add?tion of reset does not require resynthesis. Rlu] # -~ should t?e minimized mstead_ ).

DFT to facilitate the output sequence justification prob- Thg following examples show instances of the three prgb-
lem is studied as a stand-alone problem in order to bring out théems deflne_d above. The examples are given for_MCNC f|n_|te-
advantages in terms of flexibility and completeness, and the digState machlng benchmadkl5 whose state _table IS show_n n-
advantages in terms of hardware overhead. In a complete tesTabIe 1. The input and output patterns are given using their deci-
generation procedur®FT should be used only if the test gener- mal values. The reset state is .assumed to be state 0.
ation procedure cannot otherwise generate a test to detect a fault. Table 1:dk15
In addition, even for a fault that cannot be detected, the test gen- ‘ NS,z
eration procedure can attempt to generate a test sequence thatPS | x=0 x=1 x=2 x=3 x=4 x=5 x=6 x=7
requires a minimal hardware overhead for justification, by 0 | 0,18 020 318 017 39 010 310 321
exploring various test sequences. Thus, the hardware overhead ! | 018 020 318 24 2,9 010 316 24
in the context of a complete test generation procedure is gg 83 gg %1: 222% %1g fig 3'241
expected to be significantly lower than demonstrated here. ' ' ' ' ' ’ ’ '

Example 1:The output sequence (10,10,20,2,9,10) can be justi-



fied by applying the input sequence (5,6,4,1,4,6) and the resefs,, s, - -, Sy-1}.- The reset state for normal operation is assumed
sequencdr; as shown in Table 2(a).
Table 2: Output sequences oflk15

(a) Example 1

to bes,. The output sequence to be justified is denote@.by

3.1 The single-reset problem

tme | 0 1 2 3 4 5 The single-reset problem is similar to the one solved in [12]. We
input 5 6 4 1 4 6 present here a different solution which is easier to extend to the
reset 0 - - .- - problems with multiple applications of reset.
state 0o 0 3 2 0 3 The proposed procedure constructs a levelized graph,
output | 10 10 20 2 9 10 called thestate-transition graph of OThe graph is similar to the
(b) Example 2 ones used in [14] for designing input/putput experiments for
finite-state machines. Each level contains at nmostates. In
time | 0 1 2 3 4 5 level 0 of the graph we have the reset stgteEvery states in
input 0 5 4 4 2 0 level u of the graph has at mostedges to states in levek 1.
reset 0 - - 0 - All the edges correspond to state-transitions that produce the out-
state o 0 0 3 20 3 put valueO[u]. The end-state of an edge corresponds to the next-
output| 18 10 9 20 18 5 state under the corresponding state-transition. For illustration,
(c) Example 3 the graph f_or the output sequence (_10,1_0,20.,2,9,1@)45 is
. shown in Figure 2(a). The dashed lines in Figure 2(a) separate
time 0o 1 2 3 4 > two levels. The numbers next to the dashed lines are the corre-
'rgggtt % 1 61 4 31 0 sponding output patterns. A state becomes a terminal state in
state 0 0 o1 3 2.1 2 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
Example 2The output sequence (18,10,9,20,18,5) cannot be jus-given output sequence starting from the reset state. The output
tified by any input sequence using the reset sequBpdghis sequence (18,10,9,20,18,5) considered in Example 2 above is
will be shown in Section 3.1). However, it can be justified by shown in Figure 2(b) and demonstrates this case.

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 patté@yel O

4 applied at time unit 3, the machine goes from state 3 to state 2.qg_ _ _ _
However, due to the application of reset at time 4, the present-
state at time 4 is 0. This is indicated by the symboD2 level 1
Example 3:The output sequence (17,20,16,20,4,5) cannot be jus- 10_ _
tified by using a single reset state 0. The output sequ@mzs

be justified using the sequences shown in Table 2(c). At tigyel 2

output | 17 20 16 20 4 5

level 0

unit 4, we have a choice between resetting the machine to state 120- - ¢ - — — < - — - - - 9 --
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 re?)ee\f’ﬁl 3 level 3 9
the reset state 1 and keep the set of reset states minimum, {0,1}. 2 - - - - —— - - 20- -
Next, we consider several necessary and sufficient congdige| 4 level 4 @
tions for the existence of a solution to each one of the output
sequence justification problems defined above. Let the output 9--g-——"---—--- 18- - -
patterns that can be produced by a macMnia states be A(S). |evel 5 level 5
For example, fordkl5, A(0)={9, 10, 17, 18, 20, 21},
A(1)={4, 9, 10, 16, 18, 20}, and so on. LAat= [l A(s). Then 10—y - S
S
M can only produce output sequences’intBe power set oh. level 6 a level 6

Using reset sequences with a single reset sjathe first pattern
of any justifiable output sequend® must belong toA(sp).
Using reset sequences with multiple reset states, any output
sequence in“2can be justified as follows. Consider an arbitrary
output sequenc® of lengthL. To produceO[u], 0su<L, we
select a stats such thatO[u] can be produced fromns by an
input patterni. We setR[u] = s and I[u] =i. SinceO[u] O A,

(a) (10,10,20,2,9,10) (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 levk), we start from any state at leviel
and trace the state-transitions backwards to the reset state along

this can be done for every<ou < L. During test generation, it ~ &"Y path. For each state-transition, we find an appropriate input

is easy to ensure that all the output sequences of a madhine Pattern and include it in the appropriate place in the input

are defined oveA. Therefore, the examples and experimental S€duence. For example, in Figure 2(a), the last state-transition

results in this work use output sequences éver frqm state 3 to state 1 producing an output _10 can be accom-
plished under an input pattern 6. This pattern is enteréfbhs

3. Using reset for a single submachine ~ The procedure illustrated above is extended to allow a

In this section, we present procedures to solve the outputmax'mal prefix ofO to be justified. This procedure will be useful

sequence justification problems defined in Section 2. The proce.n the following subsections where reset is used for justification.
dures are described for an state machine with states J1Nhe extended procedure is shown in Figure 3. The procedure



maintains the state-transition graph implicitly by storing the set
of states at leval in a setS,.

Procedure 1: Justifying a maximum prefix of an output se-
quenceO with reset stats,
1) SetS={sp}andu=0.
(2) Ifu=Lgoto Step?7.
(3) SEtSUA =
(4) Forevery stats [0 S, and for every input patteiin
(@) Letthe next-state for present-stand input pat-
terni bes and let the output pattern be
(b) Ifo=0[u], adds to S,.;.
(5) IfS4i=¢ setu=u-1andgoto Step 7.
(6) Setu=u+1andgoto Step 2.
(7)  Trace an input sequence by starting from any stag in

Table 3: Output sequence (18,10,4,9,4,9,8) @15
(a) lteration 1

tme | 0 1 2 3 4 5 &6

input 0 6 3 4

reset 0 - - -

state 0 0o 3 2 2

output | 18 10 4 9 4 9 8

(b) Iteration 2

tme | 0 1 2 3 4 5 &
input 0 6 3 4 3 4
reset 0 - - 0 -
state 0 0O 3 20 3 2 2
output | 18 10 4 9 4 9 8

and selecting state-transitions from a stat§ iro the se-
lected state it9,44, foru’ =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-(3)
dure 1 iteratively. Initially, Procedure 1 is used to justify the
longest possible prefix dD. At an arbitrary iteration, we have (4)
input, state and reset sequences to justify a p@fiaf O. Let (5)
the last justified output value be at time unitWe replace the

state at time uniti by s, and check if it is possible to find an (6)
input sequencé’ to justify a subsequend®’ of O that starts at

Procedure 2: Justifying an output sequen€2 with multiple-
reset single-statg,

DefineO' = (¢) and L' =0 (O' is the justified part oD
and L' is its length). LetR=(-,—,---,-) and | =(¢).
LetST=(-,—,—,---,-).

Setu=1L".

If ST[u] = s, go to Step 7 (the state at timds already
Sp; No additional justification is possible by resesip
DefineO" = (O[u], O[u +1],---,O[L —1]).

Call Procedure 1 wit®" ands,. Let the input sequence
found by Procedure 1 Hé¢ of lengthL".

Ifu+L">L'(l" allows to increase the length of the jus-
tified part ofO):

Add O" to O starting at timeu (i.e., set
O'[u] = 0"[0], Ofu+1]=0"[1], S
O'[U + Ln - 1] - O”[L” _ 1])

time unitu, assuming the state at time unitis s,. We keep (@)

reducingu as long as no subsequeniceis found. If a subse-

quencel” is found starting at time uni, the reset, input and ) -

output sequences are updated @hds redefined. This process (b)  AddI" to | starting at timeu.

is illustrated by the following example. The general procedure is (c)  SetR{u] = spandR{u] = - for u’ > u.

shown in Figure 4. (d) Update the state sequerf8€ according tol"" and

Example 4:Consider the output sequence (18,10,4,9,4,9,8) of R. , .

dk15. Applying Procedure 1 to this sequence, we find that it is (e) Setl'=u+L" ,

possible to justify the output values up to time unit 3, as shown (H If O=0, stop: | and R are the required se-

in Table 3(a). quences.

Next, we consider the following options. Applying reset at time (9) GotoStep2. o

unit 4 would change the state at time unit 4 to 0. We call Proce-(7) ~ Setu=u-1.Ifu <0, stop:O cannot be justified.

dure 1 with the remainder of the output sequence, (4,9,8), how{8) ~ Goto Step 3.

ever, state 0 cannot produce an output pattern 4, and therefore; .

no additional input values can be justified. Applying reset at Figure 4: Procedure 2

time unit 3 would change the state at time unit 3 to 0. We call other time unit. Thus, if there exists input and reset sequences to

Procedure 1 with the remainder of the output sequence, (9,4,9,8)ustify O, Procedure 2 will find them.

and find the input sequence (4,3,4) to justify two additional out- It is possible to solve the multiple-reset single-state prob-

put patterns beyond those already justified in Table 3(a). Thelem by extending Procedure 1 as follows. Whenever a state-

new sequence is shown in Table 3(b). transition exists from statg to states’, the next-state can be

Next, we consider the following options. Applying reset at time changed tos, by applying reset. Consequently, for every edge

unit 6 would change the state at time unit 6 to 0. We call Proce-from s to s”, we also include an edge frashto s,. In the result-

dure 1 with the remainder of the output sequence, (8), howeverjng state-transition graph, each path defines input and reset

state 0 cannot produce an output pattern 8, and therefore, nsequences for the output sequence. However, Procedure 2 is eas-

additional input values can be set. Applying reset at time unit 5ier to extend to the case of multiple reset states considered next.

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 the3.3 The multiple-reset multiple-state problem

input sequence (4,5). The output sequence is now justified. To justify a given output sequenGeusing multiple reset states,
Procedure 2 covers the given output sequéhbg using Procedure 2 is extended as follows. At every time urgtong

input subsequences that start from the reset sfaed produce O (u=L",L'-1,---,0 whereL" is the length ofQ’), the

subsequences @. The ability to justify a subsequence @fby sequenc®" is defined as the remaining, unjustified subsequence

settingR[u] = s, for someu is not affected by setting[u'] = 5 of O, as in Procedure 2. However, instead of trying to jusiify

at another time unit'. In other words, the decision to apply reset starting froms,, we use every possible state as the starting state

at any time unit is independent of the application of reset at anyat time u. The first state that produces an input sequdrice




allowing the length ofd' to be extended is accepted. To mini- Table 4: Results of Procedures 1, 2 and 3

mize the total number of reset states required to juStjfye 1r1s mrls mrms
start with a set of reset stat®@icluding onlysy. Whenever pos- nseq nseq resel reset
sible, we use a reset state that is alreadyS.irOnly if no circuit unjst  jst unjst st jst n | st
sequencel” exists using a state froi8, a new reset state is  ppara 100 0 100 d 00 3.9 3.00
selected and entered in® The extended procedure is referred bbsse 100 0 100 Q0 00 17.30 5.81
to as Procedure 3. bbtas 100 o * 99 1 2.0 4.4 2.00
We point out that for an output sequence defined Ayar ~ CS€ 100 0 100 0 009 156 5.96
sequencd" can always be found far= L', and no additional dti‘?‘ igg 8 N 1&? f f'go ?'g ;533
time units need to be considered. This is because there is alwa 27 100 ol * 99 1l 500 08 231
a state from which any given output vaIL_Je can be justified. Itis gyram 100 0 100 o 00 185 13.05
possible to extend Procedure 3 to consider all the states at timgyo 49 51 49 51 1.0 1.0 1.49
unit u = L' and select the one that results in a maximal increaseex4 100 0 100 o 0.0 17.8 7.63
in the length ofO" (instead of selecting the first one). This ex5 78 22| * 51 49| 1.9 2.0 1.51
extension did not result in a significant improvement in the ex7 49 51 49 51 1.0 1.0 1.49
results obtained. It is also possible to consider each sta8e in fetch 100 0 100 0 0.00 1894 12.46
under multiple time units. firstex 100 o * 98 2| 400 80 1.98
keyb 100 0 100 0 0.0 10.6 2.00
- lion 0 100 0 100 1.00 1.0 1.00
3.4 Experimental re;ults . liono 51 49 51 2 10 13 151
The goal of the experiments reported here is to demonstrate thg,g 100 0 100 ol 000 184 12.05
hardware overhead involved in justifying a given output mark1i 100 0 100 0 0.0 18.3 10.21
sequence by using reset. In the context of a complete test generae 100 0 100 0| 0.00 183 12.83
tion procedure, it is expected that reduced hardware overheaghiftreg 93 7 93 71 1.0 4.3 1.93
would be achieved by allowing backtracking to modify the out- tav 100 o] ~ 99 1] 500 11.6 2.00
put sequences that need to be justified. We applied Procedure$2inll 0 1001 0 100 1.0 1.0 1.00
1-3 to MCNC finite-state machine benchmarks. As output "ain4 % 10 0 100] 32 32 1.00

sequences we use 100 random sequences for each machine ajéing a single reset state. As can be expected, more output
we report averages over these 100 experiments. Each sequenégquences are justifiable using a single application of reset.
is of length 20. The sequences were defined over the set of outysing multiple applications of reset with a single reset state
put patternsA that can be produced by the machine. Although allowed more sequences to be justified in 8 of the circuits. The
actual test sequences to detect all the faults in a given machingomplete set of results is omitted for space considerations.
may be longer, a test generation procedure can generate test
sequences that are easier to justify than the random sequencep Multiple submachines
considered here. . In the previous sections we considered the selection of a reset
The results of Procedures 1, 2 and 3 are shown in Table 4equence for a single machine. In practice, it is necessary to con-
as follows. Under the rlLs column we show the information  sjder multiple machines to minimize the hardware overhead of
using the single-reset procedure (Procedure 1). The informatiorpytput sequence justification using reset. The general problem is
for the multiple-reset single-state procedure (Procedure 2) isformulated as follows.
shown under colummnrls. For each procedure, we show the The multiple-reset multiple-state problem for multiple
number of unjustifiable sequences followed by the number of machines: Given finite-state machined,, M,, - - -, M,,, a reset
justifiable sequences. For Procedure 2 we also show the averagftates, and an output sequen€ for M;, 1<i <m, find an
number of times reset is applied during the justifiable sequencegnp s'equencei and a reset sequen& for every 1<i < m,
(columnreset jsJ. There are only seven circuits (marked with g,ch that the following conditions are satisfied. (1)l;/fis
asterisks) where the use of multiple applications of reset helpedypplied toM; together withR,, M; produces the output sequence
justify sequences that could not be justified using a single appli-o. "1 <j < m. (2) The number of different reset configurations
cation of reset. The results obtained using the multiple-resetdefined below) is minimum.
multiple-state procedure (Procedure 3) are shown under column A reset configurations a pattern Ry[u] R,[u] - - - Ry,[u]).
mrms In this case, all the output sequences can be justified.., gach such pattern, the reset hardware has to contain appro-
Under subcolummeset nwe show the average number of appli- riate gates to implement the reset b to state R[u]
cations of reset, followed by the average number of reset stateg _j - 1, By minimizing the number of reset configuratibns
used in every justified sequence. In most cases, the average nurwg aﬁehpt to minimize the hardware overhead of reset. '
ber of reset states is low, between 1 and 3 states. Even when the The brocedure for solving the multiple-reset multiole-
sequence length was increased to 100, the number of reset Statgfate roblel?n for two machinas 9 M. is referpred 0 as Proc%-
required increased only slightly in most cases. The run time in uref Procedure 4 is based orTProzcedure 3 of Section 3.3. with
seconds on an HP 730 workstation is less than one second fq f ”‘ . h Th t of t std dinP o
Procedures 1 and 2. The highest run time of Procedure 3 is 13.0 elo 9wmg|c ag%es. N ?e of reset s .eusel md roced
seconds for circuifetch The run time is over 2 seconds only 0ur€ 3 i replaced by a set of reset state pairs, also defiote
for four circuits. pair (_sl, sz_) _|m_pI|es thatM; is reset to stats, i = 1_, 2. The size
. .of Sis minimized by always trying to use a pair of reset states
_We also restricted the output sequences such that theily,, pag already been used, before new pairs are tried. The two
first pattern was randomly selected out?q0), and the remain- output sequence®, and O, are justified simultaneously by

ing patterns were randomly selected out Af Thus, the : :
sequences satisfy the necessary condition for being justifiablereloeatedly extending the length of the shorter of the two prefixes



that have already been justified. A change is accepted if it

Table 5: Results of Procedure 4 (pairs of machines)

lengthens the shorter prefix without reducing the length of the only 1 v 2 b
- L . : . y only oth
longer prefix. This is always possible whéqnis defined over reset reset reset
A;, i =1, 2, for the following reasons. For the shorter justified cjrc1 circ2 [timed n  st| timée n st tme n s
prefix, it is always possible to choose a reset state that allows th@para bbsse 0.24 8.99 3.00 1.2017.18 |5.72 | 6.218.33 9.77 17.2
next output value to be justified. For the longer justified prefix, bbsse bbtas 1.2517.12 5.75 0.06 4.43 [2.00| 6.417.62 7.00 11.5
the actual state reached can be selected as the reset state Higtas cse | 0.04 4.43 2|00 1.14 15.53 5.99 | 2.916.19| 7.95 12.0
ensure that the same prefix length is obtained. cse dk14| 1.0715.42 597 0,09 7.86 3.36 |7.917.1611.98 20.1
Experimental results of Procedure 4 for pairs of circuits gti‘?‘ gtg 8'82 ?ég gzg 8'81 ;'g; ;gg 8'2 ig'gg g'gg g'g
from Table 4 are shown in Table 5. The results include the r””fdk27 dvram 0.05 9.66 2.46 8]7418.58 12.98 P4.119.2717.68 31.9
time, the number of times reset is applied and the number Ofy amex2 | 8.7818.80 13/38 0/09 1.05 1.47201.818.80[14.96 19.7
reset states when only the output sequence of Circuit 1 is justizx2 ex4 | 0.0 1.06 1.43 02217.95 7.58 |3.817.95 |9.98 10.8
fied using Procedure 3 (colunamly 1), when only the output  ex4 ex5 | 0.2617.72 7.62 003 2.13 1.53 |1.317.8312.34 11.7
sequence of Circuit 2 is justified using Procedure 3 (colomiy ex5 ex7 | 0.02 1.91 1.567 006 1.00 1.47 |0.3 1.93 |1.92 23
2), and when both sequences are justified simultaneously usingx7 fetch| 0.06 1.00 1.43 5,76 18.9012.54 12.918.9015.07 17.9
Procedure 4 (columiboth). In the latter case, the subcolumn fetch first | 57818.9212.87 0.05 8.48 1.99 ¥5.919.4716.72 25.6
reset stgives the number of reset state pairs. To interpret the‘;('::;b 'E?)Xr’]b 8-2_; 18-22 ;-Eg 8-32 18;8 f-gg fg ig-gg g-gg 3-8
results, we denote b, the number of reset states required to | "% oo | 001 ‘100 1.0 005 142 153 (04 1.42 1.53 15
justify output sequence i =1,2, and byNs, the number of |59 |oq | 005 1.41 1.87 5.0518.4512.08 21518.5015.78 19.0
reset state pairs required to justify both output sequences simultog  markl 5.22 18.60 12.34 0/15 18.48 10.09 81.919.89[19.84 124.5
taneously. The number of lines needed to endédeset states  marklrie | 0.2218.4910.836 6/50 18.58 12.91 [12.319.9320.27 133.7
is DogZND Thus’ one needs to Compamogz Nr51D + rie shift | 6.46 18.31 13.10 0.06 4.07 1.92 48.718.6017.80 25.1
. i . . shift tav | 0.05 4.13 1.93 0.0411.85 2,00 |0.913.65 [6.93 3.9
Hog, Ny, with Tog, Nis,lJ- Viewed in a different way, the /" n11| 0.0611.51 2.00 006 1.00 1.00 |0.411.51 [2.00 2.0
number of reset state pairs when each output sequence is justimi1 tm4 | 0.08 1.00 1.00 0.02 3.53 1.00 |0.2 3.53 |1.00 1.0
fied separately ifN,, [N;,, and this number should be com- Fyrge 1004 22.3
pared toN,,. We show the value o, [N, in the last col- . ) )
[4] H. Cho, G. D. Hachtel, E. Macii, B. Plessier and F. Somenzi,

umn of Table 5. On the averagé,, is half of N;; [N,,. Ina
complete test generation procedure, it is expected khat
would be significantly smaller than in the stand-alone experi- 5]
ments reported here, &-T 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-[6]
ware overhead for justification can be generated. We point out
that the run time for the pair of circuithsram and ex2 is the
largest sincadvramand ex2 have two of the largest numbers of [7]
states among the circuits considered.
5. Concluding remarks (8]
We proposed ®FT solution to the output sequence justification
problem. The proposed solution considers specific output
sequences required during test generation. Thus, it allows thgg
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 [10]
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. (11]
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