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Abstract — 2. Model and Algorithms

Let {T,, T, ..., T} be a given sequence obmpletely
specifiedtest patterns. The problem of power reduction dur-
ing BIST can be formulated as the identification of a permu-
tation [y, ...,i [ such that the power of applying a

For a significant number of electronic systems used in
safety-critical applications circuit testing is performed peri-
odically. For these systems, power dissipation due to Built-

In Self Test (BIST) car] r'epre'sent a S|gn|f|ca'nt percenFage Owsequence of test patternd , T, , ..., T, , T, C is minimal
. 1, 2 1 .
the overall power dissipation. One possible solution toover all possible permutations. In the todel we derive

address this problem consists of test pattern reordering W|tIbeIOW we explicitly assume that power dissipation is pro-

the purpose of reducing the amount of power dissipated durportional to the Hamming distance between test patterns.

ing circuit testing. By reordering test patterns one is able tcEven though this assumption does not necessarily hold true

f'n_d test sequences for which _povyer dissipation is min, general, it is amply confirmed by the experimental results
mized. Moreovera key observation is that test patterns aregiven in Section 3.

in general expected to exhibit dowares, which can natu-

rally be exploited during test pattern reordering. In this The problem of power reduction can naturally be reduced to

paper we describe fafient algorithms for test pattern reor- the traveling salesman problem (TSP). Indeed, by viewing

dering in the presence of dorcares. Preliminary experi- €ach test pattern as a vertex in a graph, and the Hamming
mental results amply confirm that the power savings due tcdistance between each pair of test patterns as the weight

test pattern reordering using dboares can be significant. ~ Petween those two vertices in the graph, then the sequence
that minimizes power dissipation during BIST corresponds

1. Introduction to a tour of least weight in the graph, i.e. the solution to the
TSR Consequentlydifferent polynomial-time approxima-

This paper addresses the problem of reducing power dlss‘tion algorithms can be used [4].

pation during Built-In Self &st (BIST). In applications
where BIST is applied periodicallBIST power reduction  This simple model explicitly assumes that test patterns are
techniques can significantly contribute to overall power completely specified. Hence, if test patterns have unspeci-
reduction. It is well-known that power dissipation during fied bits, then the straightforward reduction to the TSP no
circuit testing can be achieved by reordering the testinglonger holds true. Indeed, edge weights in the graph repre-
sequencg2]. However existing approaches explicity sentation of the test pattern reordering problem can now be
assume completely specified test patterns. In general, howiewed as conditional values which depend on the final
ever test patterns need not be completely specified. Indeecvalue of bits unspecified in each test pattemsdive this
incompletely specified test patterns can play a significaninew optimization problem we propose the following heuris-
role in BIST desigril]. The purpose of this paper is to tic procedure which is based on TSP approximation
describe techniques for BIST power reduction in the pres-schemes:

ence of dort’ cares. Experimental evidence obtained on a 1. Use a dedicated algorithm for computing a test set
significant number of benchmark circuits clearly shows that where each test pattern contains don’t cf8Es
exploiting dont cares in test patterns can lead to very signif- 2. Apply a heuristic procedure for identifying an

icant savings in overall power dissipation. initial tour. Several different heuristics are
described below.



Completely Completely
specified Incompletely specified versus specified Incompletely specified versus
(ordered vs. ordered completely specified (ordered vs. ordered completely specified
Circuit | unordered) Circuit | unordered)
% PS % PS
#V | %PS| #V #V | %PS|#V
H1 | H2 | H3 | H4 | H5 H1 | H2 | H3 | H4 | H5
9symml 78| 481} 79| 37| 51| 125 58| 99 9symml 78| 481] 92| 03| 13| 7.7/ 05§ 105
cht 17| 10.4] 10| 16.5| 19.0| 21.0, 9.2| 101 cht 17| 104] 11| 17.4| 28.3| 15.0| 189| 220
cml38a 12| 186] 12| 11.9| 26.7| 19.0, 7.4| 323 cm138a 12| 186] 12| 185| 23.6| 32.3| 19.6/ 25.7
cm150a 34| 10.7) 38| 36.6| 44.7| 45.6| 47.8| 48.8 cm150a 34| 10.7) 36| 52.9| 49.5| 53.3| 49.5| 53.3
cmil63a 14 92] 14| 39.7| 432| 43.8| 426| 443 cmi163a 14| 9.2] 13| 50.8| 56.5| 50.8| 50.8| 585
cmb 29| 434) 26| 14.7| 16.8| 21.0| 16.8| 144 cmb 29| 434] 28| 485| 44.4| 375| 436 311
comp 57| 28.6] 60| 56.5| 53.7| 53.7| 53.4| 52.3 comp 57| 28.6] 72| 45.4| 414 434| 42.7| 411
compl6 711 36.5] 99| 38.4| 40.4| 40.7| 40.6| 41.9 compl6 71| 36.5] 108| 37.7| 35.4| 42.1| 39.8| 37.2
cordic 42| 354] 46| 50.3| 53.2| 56.9| 51.2| 52.9 cordic 42| 35.4] 55| 58.3| 60.0| 54.6| 61.4| 58.0
cu 271 37.3] 26| 21.2| 30.3| 35.8| 424| 376 cu 27| 37.3] 30| 41.3] 25.9| 41.2| 37.0] 39.2
majority 11| 14.2) 11| 21.5| 20.6| 215/ 17.5| 25.0 majority 111 14.2) 11| 186| 14.2| 22.1| 104| 237
misex1 16| 17.8] 17| 23.0| 12.4| 29.6| 19.0| 239 misex1 16] 17.8] 19| 325| 334| 29.8| 30.1| 326
misex2 49| 26.8] 39| 42.3| 48.2| 54.2| 535| 49.9 misex2 49| 26.8] 40| 51.2| 53.1| 54.0/ 48.4| 56.0
mux 35| 184) 37| 32.7| 36.8| 36.8| 385| 274 mux 35| 184 36| 37.0| 434| 36.4| 384| 26.1
pcle 19 231] 19| 22.8| 33.8| 318 321| 327 pcle 19| 231] 19| 32.0f -40| -40| -40| 169
pcler8 19| 84] 23| 358| 37.4| 385| 41.0| 49.0 pcler8 19| 84] 24| 232| 222| 31.6| 22.2| 232

Table 1: ATALANT A results for the MCNC benchmarks

3. For the initial tour, compute the tour cost by
specifying don’'t care bits which minimize the
distance between consecutive test patterns.

4. Usethe 2-opt |ocal-search approximation algorithm
for the TSP [4] to reorder the test patterns.

5. At each step of the 2-opt algorithm, and while the
total tour cost is being reduced, repeat step 3.

The following initial ordering heuristics have been imple-
mented:

Random ordering.
Decreasing order of don't caresin each test pattern.

Apply heuristic 2. Afterwards, greedily select the
next test pattern as one that minimizes the distance
from the current test pattern.

4. For each bit position, set don’t care bits to the bit
that occurs more often. Afterwards order the test
vectors approximating Gray coding.

5. Same as heuristic 4, but without ordering the test
vectors. Afterwards, the Christofides TSP
approximation algorithm [4] is used for defining an
initial tour.

Table 2: MTP results for the MCNC benchmarks

3. Experimental Results

The results of applying the different variations of the algo-
rithm to the MCNC [6] benchmark circuits are shown in

Table1 and Table2. Table1 contains the power savings'
results from using ATALANTA [5] to generate the incom-
pletely specified test patterns, whereas Table 2 contains the
results from using MTP [3] to generate test patterns with the
maximum number of don’t cares.

The columns labeled completely specifiedndicate the per-
centage power savings (%PS) that result from ordering a
sequence of completely specified test patterns, and the num-
ber of computed test vectors (#V). For this experiment the
Christofides approximation algorithm [4] was used. The col-
umns labeled incompletely specified indicate the power
savings from exploiting the don’t cares in incompletely
specified test patterns over an aready ordered sequence of
completely specified test patterns. For this experiment the
algorithm described in previous section was used, and the

1. Notethat these results correspond to the actual power
dissipation obtained from simulated test sequences.



Completely

specified Incompletely specified versus

(ordered vs. ordered completely specified
Circuit | unordered)

% PS
#VY | %PS| #V
H1 | H2 | H3 | H4 | H5

c432 58| 16.9 75| 36.7| 48.6) 43.5 41.3] 43.0
c499 60| 28.9 61 18.3] 14.8 17.4| 18.5 15.9
€880 51| 10.4 79| 52.1 46.8 44.9 44.9 54.2
c1355 94| 30.94 96| 9.7| 7.8 10.8 11.4| 10.7
c1908 128| 27.4 175 44.8 45.2 50.3| 44.7) 50.8
c2670 117| 14.2 156 68.0 68.5 68.7| 66.2 69.4
c3540 159| 18.7 253| 30.7| 33.6) 44.2 33.9 47.4
c5315 116 11.0§ 158 50.1) 49.9| 52.9 50.7| 53.6
c6288 25| 18.9 54| 55.6| 57.7| 57.5 57.1 53.9

Table 3: ATALANTA resultsfor the ISCAS85 benchmarks

different initial ordering heuristicsH@L throughH5) were
considered.

As can be readily concluded, d@r power savings ranging
from 30% to 60% are achieved in most cases. This is partic
ularly significant since these results measure the percentac
power savings over thaready ordered sequence of test pat-
terns.

Moreover from the two tables of results, we can also con-
clude that MTP [3] in general permits greater power savings
than ATALANTA [5]. This should be expected since MTP
necessarily computes test patterns with gelanumber of
don't cares.

The power savings results for ISCAS’85 [7] benchmark cir-
cuits are shownable3, where AALANTA is used to gen-
erate the test patterns, with and without taares. From
this table we can conclude that for the majority benchmarks
the power savings are between 40% and 60%. Consequentl
we can conclude that test pattern reordering in the presenc
of don't cares leads to Ige power savings over already
ordered test sequences

Furthermore, we noticed that the percentage power saving
in general increases as the size of the circuit and number ¢
test patterns increases. Hence, fogdacircuits we expect
the proposed power reduction algorithm to lead to similar or
greater power savings. Regarding the heuristics proposed i
Section 2 for constructing the initial touhe results do not
identify a clear best heuristic, even though the greedy heu
ristic H3 performs better in most cases. Finahese exper-

imental results clearly indicate that exploiting dardres in
sequences of test patterns may prove extremely useful
whenever power reduction is the main objective.

4. Conclusions

In this paper we propose a model and algorithm for test pat-
tern reordering in the presence of dardres. An immediate
application is the reduction of dissipated power during
BIST. Even though we describe a simple heuristic approach
for solving this problem, preliminary experimental results
indicate that very significant savings in dissipated power can
be achieved by applying the proposed procedure.

Additional research work entails the introduction of a more
detailed model, intended to accurately predict power dissi-
pated during transitions between test patterns, and studying
alternative algorithmic solutions.
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