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Zero-Aliasing Space Compaction of Test
Responses Using Multiple Parity Signatures
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Abstract—We present a parity-based space compaction tech- Zero-aliasing space compaction for a specific fault model
nique that eliminates aliasing for any given fault model. The has been studied recently using a graph model [3]. For a
test responses from a circuit under test with a large number  ivan circuit under test, a fault model, and a test set, maximal

of primary outputs are merged into a narrow signature stream i llest val . hi d b lating th
using a multiple-output parity tree. The functions realized by the compaction (smallest value @j is achieved by relating the

different outputs of the compactor are determined by a procedure compactor design to the graph coloring problem. It is shown
that targets the desired fault model. Experimental results for the in [3] that the number of test observation points can be

ISCAS-85 benchmarks show that zero aliasing of single stuck-line reduced to one or two for all the ISCAS-85 benchmarks [1].
faults can be achieved with a two-output parity tree compactor.  y,\yever, with this approach it is difficult to determine the
Our findings corroborate recent results on the fundamental limits ’ . . .
of s : hardware overhead, in part because maximal compaction does
pace compaction. -
not always yield the lowest cost compactor.
We present a new technique for designing zero-aliasing
space compactors tailored to a specific fault model. We show
I. INTRODUCTION that zero aliasing for S_SL faults_ can be gchieved_for all the
ACE fion i tor builti If-testi ISCAS-85 benchmark circuits using a parity tree with at most
BIST ctompac lon 15 dﬂneﬁess‘zry do; u; -n S? “estingyo outputs. This is consistent with the results on maximum
bitwid ) otcomptress i hl “wide ;isbream Oblal' compaction presented in [3]. The advantages of using parity
itwide sighature stream, wWhete << f. asic probiem y.qqq for space compaction are that the hardware overhead is

associated with compaction is aliasing, which occurs when Atermined a priori, and close to 100% coverage can be easily
faulty response maps to the fault-free signature. Aliasing Chieved for faults in the compactor itself [4]
fects BIST testing quality by reducing fault coverage, therefore '

design techniques that eliminate aliasing are of considerable I
interest.

A desirable property of a space compaction circuit is that We first review some terminology [2] related to fault sensi-
it propagate all errors from its inputs to its outputs. A parityization. A fault f is odd-sensitizedby a test set/ if there
element such as an exclusive-or gate has very good sigR¥ists at least one test pattetne 7 that sensitizesf to
propagation properties, therefore, parity tree circuits are oft8 0dd number of primary outputs. A fault that is not odd-
considered ideal for space compaction [2], [9]. A parity tregensitized is calle@ven-sensitizedlo achieve zero aliasing,
propagates all errors that appear on an odd number of W& have to eliminate even sensitization. This can be done
inputs; however, it masks errors that appear on an even num§iéper by altering the test set or by modifying the parity tree
of inputs. While experimental results indicate that a high¢l: However, both these methods lead to a longer response
percentage of single stuck-line (SSL) faults in typical logi€edquence with a corresponding increase in the test application
circuits are detected with a parity tree space compactor [Sine. Multiple parity functions (signatures) allow us to achieve

Index Terms—Aliasing, built-in self-testing (BIST), parity trees,
test response compaction.

. MULTIPLE PARITY SIGNATURES

[5], zero-aliasing compaction is rarely achieved. zero aliasing without requiring any changes to the test set or
A multiple-output parity tree has better error propagatiofny increase in the test application time.
properties than a single-output tree. This is exploited by L€t the circuit under test haveoutputsz,, zy, - - -, z, and

Tarnick [10] to achieve high coverage of the errors inducd@lt /1 = #z1 @ z2 @ -+~ @ 2, be the function realized by
by a set of SSL faults. He uses a greedy covering procedd@esingle-output parity tree. Our goal is to determipe- 1
to find the number of compactor outputsequired to ensure additional parity functionsfy, fs, - --, f; such that an error
zero aliasing for the given set of errors. A drawback of thi§ the circuit under test is propagated by at least one of
method is that the value of is high and zero aliasing is notthe fi's, 1 < ¢ < ¢. These functions are of the form:
achieved for all SSL faults. Ji=2i121PTi222@® D2, 2 < i < g, and where each
x;; € {0,1}. First, we assume that; | +z; 0+ -+ -+ 2 1 =
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Even-sensitized | Primary outputs Even-sensitized Primary outputs

faults 21 22 zZs Z4 faults 21 2z 23 24 Zs

z3 s-a-0, s-a-1 1 1 1 1 T2 s-a-0, s-a-1 1 1 1 1 0

x4 s-a-0, s-a-1 0 1 1 0 z3 s-a-0, s-a-1 0 1 1 0 0

x5 s-a-0, s-a-1 0 1 1 0 x5 s-a-0, s-a-1 1 1 1 1 0

s s-a-0, s-a-1 1 1 1 1 e s-a-0, s-a-1 0 0 0 1 1

l; s-a-0, s-a-1 0 1 1 0 I; s-a-0, s-a-1 0 1 1 0 0

Iy s-a-0, s-a-1 0 1 1 0 Iy s-a-0, s-a-1 0 1 1 0 0

l3 s-a-0, s-a-1 0 1 1 0 l3 s-a-0, s-a-1 0 1 1 0 0

l4 s-a-0, s-a-1 0 1 1 o l4 s-a-0, s-a-1 0 1 1 0 O

ls s-a-0, s-a-1 0 1 1 0 ls s-a-0, s-a-1 0 1 1 0 o0

(b) (b)
Fig. 1. Zero-aliasing space compaction via multiple parity signatures: (&) -
cig:uit with even-sengsitiged faults F3':1nd zero-aliasing pa?ity %:Jncgtjiﬁnsand "Even-sensitized Primary output pairs
f» and (b) its sensitization table. faults 1 2 3 4 5 6 7 8 9 10
z2 s-a-0, s-a-1 6 0 0 1.0 0 1 0O 1 1
. T3 s-a-0, s-a-1 0 0 0 1. 0 0 1 0 1 O
columns denote primary outputs, zs,---, 2, and whose
. . x5 s-a-0, s-a-1 g 0 11 ¢ 1 1 1 1 1

rows denpte the ev_en-sensmzed faults. The entry mzth_e 26 5-a-0, s-a-1 000 1 1111110
row andj_th colur_n_n is 1 if and only the fault correspondl_ng I, s-a-0, s-a-1 110 00 1 1 11 0
to row i is sensitized to output; by some test pattern inf 4, s-a-0, s-a-1 1 1 0 0 06 1 1 1 1 0
the test set. Consider the example circuit of Fig. 1(a), whoge; s-a-0, s-a-1 i1 0 0 0 1 1 1 1 0
sensitization table for a complete (exhaustive) test set is shcjt\/m s-a-0, s-a-1 11 0 0 06 1 1 1 1 0
in Fig. 1(b). This implies that the minimal sensitization covef Is s-a-0, s-a-1 110 0 0 1 1 1 1 0

is either{z;} or {z3}. Therefore, zero aliasing can be ensured
if the space compactor generates two functigngnd f>, as . ) o ) o o
Fig. 2. Obtaining multiple parity signatures using a pairwise sensitization

shown in Fig. 1(b). . o . cover: (a) circuit with even-sensitized faults, (b) its sensitization table, and
The above method for ensuring zero aliasing is complete) its pairwise sensitization table.

since it is always possible to find a sensitization cover for a

set of (detectable) even-sensitized faults. Howeyeran be 4 @io+ - +aix =2,2<i<q Inorder to determine
. . . ) 2, L,k T Sy& =0 = -

large, thus reducing the effectiveness of space compaction. value ofg and assign values to the s, we construct a

example, consider the circuit of Fig. 2(a). A sensitization COVErairWise sensitization tabl@®ST) by considering all possible

for this circuit using a complete te_s,t Se,t is always of size tw airs of primary outputs. The even-sensitized faults make up
e.g.,{z2, 25} and{zs, z4} are sensitization covers. Thereforethe rows of this table, while thé:(k — 1)/2 output pairs

in order to ensure zero aliasing using only the sensitizatiQl) \s+itute the columns. We map the pair, ;) to the column
cover, say{zs,z4}, We have to use a compactor with three S

5 = (1 — Dk + 5 —i(z + 1)/2 of the PST. This ensures

OUMpULS, f1 = 21 & 22 ® - @ 25, f2 = 22, AN f3 = 24. TO 454 the PST columng, 2, - - -, k(k —1)/2 denote the output
alIewgte this problerr_1,_ we propose an alternr_altlve approach tlﬂ%rs(l, 2),(1,3),- -, (LK), (2,3), -+ (2, k), (k= 1, k),
examines fault sensitization to groups of primary outputs. respectively. The entries in the PST are assigned values (0, 1)
according to the following rule: PSI s] = 1 if and only if
the even-sensitized fault corresponding to rewf the PST

We turn next to the case where each parity functin is sensitized by at least one test patternzig;), but not to
is the exclusive-or of two primary outputs. This implies that;(z;); otherwise, we set P$T, s] = 0.

©

I1l. PAIRWISE SENSITIZATION
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The next step is to find a set of columns of the PST th#tan using sensitization covers? We explain this below in
cover all the rows. The number of parity functions (apart fromprobabilistic terms.
f1) is equal to the number of columns in this cover. The values The sensitization table and the PST table are used to “cover”
of thez; ;'s are determined by thg;, ;) pairs corresponding all the even-sensitized faults. These covers are called the
to this cover. Now, from the pairwise sensitization cover, wegensitization covers and the PST covers, respectively. One way
find that columns 7 and 9, i.e., the pai{s, z; } and{zs,2;}, to compare the two approaches is to determine, for each case,
are both pairwise sensitization covers. Therefgre; 2, and the probability that an entry in the corresponding table is “1.”
we can ensure zero aliasing with only two signatures by settiRgcall that STi][j] = 1 if there exists a test pattern in the test
f2 to eitherz, @ z5 Or 23 @ z;. set that sensitizes faulf; to z;. Similarly, PST:|[(jk)] = 1

We next pose the following question: Is it always possibié there exists a test pattern that sensitizeésto z;(z;) but
to find a pairwise sensitization cover? The following theoremot to z(z;).
shows that such a cover always exists. Let 8; be the event that a given fauli, is sensitized by

Theorem 1:For a circuit under test” with a test se” and test patternt; to primary outputz;. Let the number of test
a set of even-sensitized faullg, it is always possible to find patterns bern. We assume that the propagation of a fault effect
a pairwise sensitization cover far. to primary outputz; by test patterrt;, is independent of its

Proof: A pairwise sensitization cover cannot be foungrropagation toz; by ¢;,. This assumption is justified because

only if there exists an even-sensitized fayjte F' such that the output of a combinational circuit depends only on the
PST:][j] = 0 for all 5. This in turn is possible only if (a) values applied at its inputs. This implies that forlal ¢ < m,
y; is sensitized to every primary output, and (b) the numbére event§;ﬁ’s are independent. Le‘P[S;?] = p;, and let€; be
of primary outputs is even. However, in such cases, we ctre event that the columpentry of the sensitization table for
detecty; by letting f = z; for somei, 1 < < k. O the row corresponding tg, is one. (We lep; be the fraction

It might be expected that the entries in the PST can Ioé test patterns that sensitiZg to z;.) The expected number
obtained by simply exclusive-oring the corresponding entrie 1's in this row of the sensitization table i°[£;], wherek
in the sensitization table. Let &][j] denote an entry in is the number of primary outputs, i.e., the number of columns
the sensitization table and let be the function that mapsin the sensitization table.
an (i,j) pair to a column of the PST. Then, we ask, “Is Now, P[§;] = P[U;&]], and since the events! are not
PSTk][¢(¢, 5)] = STk][:] @ ST[k][4]?" We show below that mutually exclusive, the probability of the union of these events
this is not true. Suppose test pattern(and onlyt; ) sensitizes is not equal to the sum of the probabilities of the individual
the fault f;, to primary outputz;. Also suppose test pattets events. Therefore

(and onlyt,) sensitizesf;, to primary outputz, (i # j). Then, m m

STIKi] @ STIH] = 0 but PST(i.j)] = 1, Ple=mp; = (7 )i+ (7)o oo (-0
Since the number of outputs of the space compactor is one 1 .

more than the size of the PST cover, the effectiveness of the =)™ (p; -+ 1. 1)

pairwise sensitization approach is measured by the size ofN , .
. - . ext, let £, be the event that for the given faufi,, the
the PST cover. Let the compaction efficiengype defined as column(jk) éntry of the PST for the row corresponding o

= (k- k—1) wherek is the number of primary outputs. . . . ) S
Zf th(e cir?:L/it( unde)r test, anglis the number 0[12 outpl)Jlts ofpthe is one. The probability associated with this event is given by

compactor. Note thal < < 1, andn = 1 (0) if ¢ = 1(k). g[gék]f.: Zéjgl _p’Y)T(l — ;)P ;pj +ptf —2pjp;a. I;]et 8;’“
For intermediate values of,n lies between zero and one. e defined in a similar manner &3 as above, and therefore
The higher the value ny, the more effective i_s the space PlEj] = (_1)m—l(pj k=20 =)™+ 1 (2)
compaction. We use this measure in the following section.

We can easily see th®[€7,] > P[£]] if p; < 0.5. Similarly,
P[&;i] > Pl&;]if p; <0.5. Thus if there aré: primary outputs,

We performed a series of simulation experiments for ttendp, < 0.5 for 1 < j < k, then the probability of a “1"-entry
ISCAS-85 circuits to determine the size of their PST cover the PST is higher than the probability of a “1"-entry in the
The problem of finding sensitization and pairwise sensitizati@ensitization table.
covers is equivalent to the NP-hard set-covering problem [6]. If a fault were typically sensitized by a small fraction of test
Therefore, we used a fast, heuristic covering procedure frgratterns to any given primary output, we would have 0.5,

[2]. The simulation results are listed in Table I. (We knovand therefore the compaction efficiency would be higher for
from [2] that every SSL fault in ¢880 is odd-sensitized by thmultiple parity signatures using pairwise sensitization. To
test patterns generated by COMPACTEST or ATALANTA.)nvestigate this issue further, we carried out experiments for
The CPU times for these experiments on a SUN Sparc $0me of the ISCAS benchmark circuits. In each case, we
workstation ranged from 1 to 421 s. For comparison purposesnsidered all the even-sensitized faults for the reduced test
the sizes of the sensitization covers are also listed. The resgks$s generated by COMPACTEST and ATALANTA. We found
show that the use of the PST cover improves the compactitrat in almost all cases, an even-sensitized fault is sensitized
efficiency significantly. to any given primary output by only a small fraction of test

These results also raise the following interesting questigmatterns, i.e.p < 0.5. For example, for the ¢c432 circuip

Why is the compaction efficiency higher using PST coveis at most 0.143 for both test sets. For c499, the maximum

IV. EXPERIMENTAL RESULTS AND ANALYSIS

Authorized licensed use limited to: DUKE UNIVERSITY. Downloaded on June 29, 2009 at 01:10 from IEEE Xplore. Restrictions apply.



312 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 6, NO. 2, JUNE 1998

TABLE |
SIMULATION RESULTS FOR THEISCAS BeNcHMARK CIRcuITS USING REDUCED TEST SETS GENERATED (&) BY COMPACTESTAND (b) BY ATALANTA
ISCAS | Number of | Number | Size Size
bench- | even- of of of Compaction efficiency | CPU
mark sensitized primary | sensitization | PST | Sensitization | PST time
circuit | faults outputs | cover cover | cover cover (sec)
c432 6 7 2 1 0.67 0.83 1.02
c499 63 32 15 1 0.52 0.97 10.43
cl355 8 32 3 1 0.90 0.97 5.15
c1908 14 25 3 1 0.87 0.96 8.85
2670 79 140 8 1 0.94 0.99 137.35
¢3540 77 22 9 3 0.56 0.86 43.73
c5315 87 123 10 1 0.92 0.99 148.78
c6288 105 32 18 8 0.42 0.74 152.61
c7552 58 108 10 1 0.91 0.99 421.33
(@
ISCAS | Number of | Number | Size Size
bench- | even- of of of Compaction efficiency n | CPU
mark sensitized primary | sensitization | PST | Sensitization | PST time
circuit | faults outputs | cover cover | cover cover (sec)
c432 7 7 2 1 0.67 0.83 1.08
c499 9 32 1 1 0.97 0.97 1.75
c1355 7 32 5 1 0.84 0.97 5.42
c1908 7 25 3 2 0.88 0.960 9.57
c2670 5 140 1 1 0.99 0.99 246.72
c3540 17 22 8 2 0.62 0.95 53.70
¢b315 45 123 1 1 0.99 0.99 68.13
c6288 9 32 4 1 0.87 0.97 157.88
c7552 59 108 10 1 0.91 0.99 420.77
(b)
TABLE I TABLE I
Sizes OF THE THIRD-ORDER SENSITIZATION COVERS FORCIRCUITS FOR CoMPARISON BETWEEN THE NUMBER OF OUTPUTS ¢ AND THE COMPACTION
WHICH THE PST QVERS ARE OF SIZE GREATER THAN ONE EFFICIENCY 77 FOR THE COMPACTOR OBTAINED USING PST QVERS TO THE
; - . § ONE OBTAINED USING TARNICK'S GREEDY COVERING METHOD [10]
ATPG Size of the third-order | Compaction | CPU time
program Circuit sensitization cover efficiency (sec) ISCAS Number of PST covers using Tarnick’s greedy
COMPACTEST | <3540 1 0.95 177.65 benchmark | primary ATALANTA test sets | covering method [10]
c6288 1 0.97 111.05 circuit outputs q n q n
ATALANTA 1908 1 0.96 36.98 432 7 2 0.83 7 0
€3540 1 9.9 132,77 499 32 2 0.97 6 0.84
c880 26 1 1 8 0.72
c1355 32 2 0.97 5 0.87
value of p for tests generated by ATALANTA is only 0.031. g:gg 1510 g g:gg ‘51 g‘gg
There are 63 even-sensitized faults in c499 for the test sets4o 32 3 0.95 14 0.38
generated by COMPACTEST, of which there are ten faults?>1° ;33 2 g-gg g ggi
that are sensitized to two outputs with> 0.5. Note that there 7552 108 9 0.99 5 0.96
are 32 primary outputs, and thus fmost(fault, output) pairs,
p<0.5.

We next compare our results to those obtained by Tarnickvers of size>1. Now, it might be expected that for these
[10] and Table IIl. The method in [10] used pseudorandom tegxamples, there would exist third-order sensitization covers
patterns and a sample of only 100 faults for each circuit. 9f size one. This is indeed the case, as illustrated by Table II.
is clear that our method, which directly addresses SSL faulksvery column of the third-order sensitization table corresponds
provides considerably higher compaction efficiency and is ali®a group of three primary outputs;, z;, zx). If the test set
computationally feasible. contains a pattern that propagates an even-sensitizedffault

The notion of sensitization covers can be extended i@ either exactly one or all three of these outputs, then the entry
include larger groups of primary outputs.jforimary outputs N the table corresponding to roy, and column(z;, z;, z)
are combined to form the parity signaturgs fs.,- -, f,, the 1S One.
sensitization cover thus obtained is tfte-order sensitization
cover Hence, the sensitization and PST covers are the first- REFERENCES
order and second-order, respectively. 1] F. Brglez and H. Fujiwara, “A neutral netlist of 10 combinational

Returning to Table |, we see that 3540 and c6288 in (a)[’ bénchgmark circuits arjld a t’arget simulator in Fortran,"Piroc. 1985
and ¢1908 and c¢3540 in (b) have second-order sensitization Int. Symp. Circuits Syst. (ISCAS)985, pp. 695-698.
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