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Abstract — A diagnostic automatic test pattern

practice, detection tests with high coverage may no

generation (DATPG) system is constructed by adding have adequate diagnostic capability. One often iests

new algorithmic capabilities to conventional ATP@&da
fault simulation programs. The DATPG aim to generat
tests to distinguish fault pairs, i.e., two faultsist have
different output responses. Given a fault pair, by
modifying circuit netlist a new single fault is nebed.
Then we use a conventional ATPG to target thdt.fHu

a test is generated it distinguishes the giventfpalr.

We use a fast diagnostic fault simulation algoritbon
find undistinguished fault pairs from a fault likir a
given test vector set. In this fault simulator fauhre
partitioned into different groups according to thei
output responses obtained by a conventional fault
simulator. Thus, fault pairs that a simulated veatan
distinguish between are split among separate groups
Faults that form a single fault groups are dropgdeaim
further simulation with subsequent vectors. We ase
proposed diagnostic coverage (DC) metric, defined a
the ratio of the number of fault groups to the nembf
total faults. The diagnostic ATPG system startditsy
generating conventional fault coverage vectors. SEho
vectors are then simulated to determine the DC,
followed by repeated applications of diagnostict tes
generation and simulation. We observe impoved IDC i
all benchmark circuits. Cases of low DC have helped
identify new open problems.

1 Introduction

A common objective of testing is to detect all apsn
modeled faults. Although fault coverage (percentage
fraction) has a somewhat nonlinear relationshigh e
tested product quality or defect level (parts pdlion)
for practical reasons fault coverage continues doab
measure of the test quality [4].

Most test generation systems are built arogode
ATPG algorithmg4] for (1) finding a test vector for a
target fault and (2) simulating faults to find homany
have been detected by a given vector. The system th
attempts to find tests dfigh fault coverage because the
primary objective is fault detection, i.e., presenar

for multiple fault models [25, 28] or multiple tesfor
the same model [3]. Basically, we generate testsate
redundant for fault detection and then hope they thill
provide better diagnostic capability. To reduce the
excess tests we may resort to optimization or rexthol
unnecessary tests [11, 24].

A contribution of this paper is in providing basiore
algorithms for a diagnostic test generation syst@iwen
a pair of faults, we should either find a distirghing
test or prove that the faults are equivalent inagmbstic
sense; diagnostic equivalenceimplies that faulty
functions at all outputs of a multioutput circuitea
identical [23]. The new exclusive test algorithm of
Sections 3 and 4 represents a non-trivial improvrire
computational efficiency over previously published
work [1]. Next, we provide a diagnostic coveragenne
in Section 5.1 similar to the detection fault cags,
such that a 100% diagnostic coverage means that eac
modeled fault is distinguished from all other fault
Diagnostic fault simulation of Section 5.2 is ar@thore
algorithm presented. A fault simulator is an edsént
tool for obtaining meaningful tests. Years of resha
has produced highly efficient fault simulation algfoms
and programs [4]. The key features of the diagnotic
algorithm presented here are (1) it accepts fatkation
data from any conventional fault simulator thus
benefitting from the efficiency of a matured pragrg2)
fault dropping is used to delete diagnosed fautimfthe
list of faults as fault simulation progresses, &Bdfor a
given set of input vectors it provides fault cowgma
(FC), diagnostic coverageDC), and necessary data for
fault dictionary. In Section @ diagnostic test generation
system combines the core algorithms and the new
coverage metric into an ATPG system.

2 Background

Exclusive tesfor a pair of faults has been defined as a
test that detects one fault but not the other [fd.

absence of faults. In some test scenarios we mustprimary intent is to distinguish between the fadtr.

diagnoseor identify the fault, making the test intent
different from the original detection coverage. In

* Student presenter.

For a multiple output circuit, this definition ipplied
separately to each output. An exclusive test caactle
both faults as long as they are not being deteatdtle
same outputs. Perhaps a more appropriate term vbeuld
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distinguishing test. However, following existingage 3 Boolean Analysis of Exclusive Test

of the term, we will continue witbxclusive test S ) o
To further simplify the solution shown in Figuread

This background is reproduced from previous equation (2), we first transform it into an equima

publications[1, 9]. Consider a pair of faulfg,and f. single-fault ATPG problem shown in Figure 3. Here w
Figure 1 illustrates generation of an exclusive.tés have introduced a new primary input varialyle The
fault-free digital circuit under test (CUT) is showsCo. function G in Figure 3 can be expressed as Shannon’s
Blocks C; andC; are the same circuit with faults and expansion [4] about with cofactorsC; andC,[31]:
f,, respectively. The circuit is assumed to be G(X,y) = 7C, + yC, (3)
combinational and can have any number of inputs. FO The condition for detecting s-a-0 or s-a-1 fault yn
clarity, we will Onhl cons(ijder single output funaotis. using Boolean difference [4] , is
Any input vector that produces a 1 output in Figlire G _
i.e., detects a s-a-0 fault at the primary oututan oy (EOSCHD =GO G )
exclusive test for the fault pairf;( ;). This is the This is identical to the second exclusive testdition
Boolean satisfiability version of the exclusive ttes Of equation 1. Thus, we establish that a veetahat
problem [31], detects either s-a-0 or s-a-1 faultyom the circuitG(X,
y) of Figure 3 will also detect the output s-a-0 faal
GOC)BG®C)=1 1) the circuit of Figure 2. We calb as ATPG circuit It
Which simplifies to, maps the given complex ATPG problem as a singlk fau
ATPG problem. Next, we synthesize a compact circuit
GOCG =1 (2) for G(X, y)

The second simplified form, shown in Figure 2,  Suppose faully is linex s-a-a and faulk, is linex, s-
implies that the two faulty circuit outputs difféor the a-b, wherex, andxare two signal lines in the circuit
exclusive test. There are two ways to generateusivel Fault variables andb can assume any value 0 or 1. The
tests. We can either modify a single-fault ATPG Primary input ofC is a vectorX that may or may not
program [9] or modify the circuit and use an unrfiedi contain the two fault lines. We express the fangef

ATPG program [1, 26]. This way we can take advamtag function using Shannon’s expansion ¢}

of newly developed ATPG programs while for a C(X,x,,%,) = %%,C(X,0,0)+ %x,C(X,0,1)
specially designed DATPG [9] the entire program tfoas + x5%,C(X,1,0) + x,x,C(X,1,1)
be modified to implement any new algorithm. Y Y )

Therefore, the cofactors &f(X, y)are given by,

Input vector Ci=CX,a,x,) = ax,C(X,0,0)+ ax,C(X,0,1)
X—e— €4 + a%,C(X,1,0) + ax,C(X,1,1)
:)DD— C, =C(X,x;,b) = %bC(X,0,0) +%bC(X,0,1)

| Cy + x,bC(X,1,0) + x,bC(X,1,1)

s-a-0 (6)
jz > Let us define following variables:
C
* 2 jji x; =ya+yx; and x), =¥yx,+yb @)

| |
L C | |
0 X —! ¢y :
| |
Figure 1. The general exclusive test problem. | —G
| |
: Ca |
Input vector : :
X ¢y f |
s-a-0 y \ |
} > < . s-a-0 or s-a-1 ,
e e e o e e e e e |
C 2 Figure 3. An ATPG circuit for exclusive test.

Using the rules of Boolean algebra, such as alisorpt

Figure 2. The simplified exclusive test. and consensus theorems [18], we obtain [31]
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X%, = yax, + y%b 8
X1X; = yax, + yx,b ©)
xi Xy = yax, + yx,b (10)
X1 X3 = yax, + yx.b (11)

First we substituteC; and C, from equations (5) into
equation 2 and then make use of equations (7) gihrou
(10), to obtain [31]:

GX,y) = Xx;x;C(X,0,0)+ x;x;,C(X,0,1)
+ x%C(X,1,0) + x;x;,C(X,1,1)
= CX,x1,%3) (12)
where the last result follows from the Shannon’s

expansion of the original circuit functio@, given by
equation (5), in which new variables andx, defined
in equations (7) replacg andx,, respectively.

By sy
Y. : L 2 | ,
s-a-0 1 |
sgar-l e :
X—— —G
Xy - :7 77777777 b-mux |
[ ) -y
| R
' b }
CUT C

Figure 4. ATPG circuit with multiplexers inserted in
CUT such that a test for s-a-0 or s-a-1 fault ogis an
exclusive test for faultsx; s-a-a and x, s-ab.

The synthesized circuit f@(X, y) shown in Figure 4,
is obtained by inserting two multiplexers, a-muxdan
b-mux controlled by a new primary inpytin the
original circuit C(X). Veneris et al. [26] arrive at a
similar construction though our derivation provides
greater insight into the procedure. For any 0 ealle
of variablesa andb each multiplexers simplifies either
to a single gate or a gate with an inverter. Carsitie
example circuit of Figure 5 from a previous papgr [

We seek an exclusive test for two faults shown. The

ATPG circuit for this problem is given in Figure Bhe
logic shown with shading is obtained by simplifyitige
multiplexers of Figure 4 upon settirg= 1 andb = 0.
The exclusive test found by a single fault ATP@ s 0,

b=1,c=1,d=0. The signal values shown on lines are

from five-valued D-algebra [4].

s-a-1

Figure 5. A circuit with exclusive test required fg
e s-a-1 andb s-a-0[1].

4 Generation of Exclusive Test

An exclusive test for two faults in a single output
circuit must detect only one of those faults. Imaltiple
output circuit, that same condition must be safat
least on one output. Supposk,andC; blocks in Figure
2 each has n outputs. We will then have n two-input
XOR gates such that thith XOR gate receivesth
outputs fromC,; andC,. All XORs feed into an n-input
OR gate whose output contains the single s-a-Qsfaal
be detected.

Figure 6. ATPG circuit for the exclusive test probém
of Figure 5.

In general, an exclusive test for a multiple outpitduit
can detect both targeted faults as long as thegatre
being detected on exactly the same outputs. TheGATP
circuit derived in the previous section remainsd/ébr
multiple outputs. Figure 7 shows the construction f
two outputs.

Gl xlr |
y |G- | ,1 7G1
y s-a-0 X
s-a-0 or s-a-1 or 2
s-a-1 - ﬁb L
\O-mux 1, G
c, G X ———oeees. 2 2
2 CUTC
Figure 7. Exclusive test ATPG circuit for a two-
output CUT.
3
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DATPG can greatly benefit from a fast simulation
scheme.

5.1 Diagnostic Coverage Metric

To generate diagnostic tests we need a coverage
criterion. This would be similar to the fault coage
(a) C17: Bxclusive test problem for two s-a-1 faults. (FC) used in conventional ATPG systems where fault
detection is the objective. Since the core algoritbf
previous sections generates distinguishing testéafat
pairs, our first inclination was to specify covegaas the
fraction of distinguishable fault pairs. This haseh
called diagnostic resolution in several papers[627].
Consider an example. FoN faults, there will be
N(N — 1)/2 fault pairs. For a moderate size circuit,

(b) ATPG circuit and an exclusive test. supposeN = 10,000 then there are 49,995,000 fault
. . . pairs. If our tests do not distinguish 5,000 faueiirs,
F_lgur_e 8. Exclusive test example for multi-output then the coverage would be (49,995,000 — 5,000)/49,
circuit ¢17. 995,000 = 0.999, which turns out to be highly ojittin.

There is additional problem of high complexity; fér=
10° the number of fault pairs is approximately half a
billion. We, therefore, propose an alternative isetror
a set of vectors we group faults such that alltéawithin
a group are not distinguishable from each othethbge
vectors, while each fault in a group is pair-wise
distinguishable from all faults in every other gooT his
. . . grouping is similar to equivalence collapsing exdegre
5 Diagnostic Fault Simulator grouping is conditional to the vectors. If we gertera

Several diagnostic fault simulation methodsehagen ~ N€W vector that detects a subset of faults in agtben

presented [27, 29]. In one of the proposed metfzdts that group is partitioned into two groups, one aaming
are grouped into classes. Faults with identicalpout the detected subset and the other containing tbe re

responses are put in the same class. Fault pairSSuppose, we have sufficient vectors to distinguish

consisting of faults from the same class are serdnt

equivalence identification tool. If the fault p&rproved - . . .
equivalent, one fault is dropped from the fault. IBy Prior to test generation all faults are in a singjleup we

concurrently performing diagnostic fault simulatiand will call g,. As te§ts are generated, detected faults leave
equivalence identification, the simulation timegigatly ~ 9o @nd start forming new groupgy, g, . . -gn, Where
reduced. In our method a fault is dropped whersit i N IS the numk_Jer of dlstlngmshable fault groups. For
distinguished from all other faults; this is actedv ~ Perfect detection testg, will be a null set and for
without fault equivalence checking, though we cmma  Perfect diagnostic tests) = N, whereN is the total
benefit from it. In [27], a diagnostic fault simtda is number of faults. We defindiagnostic coveragdC, as

constructed for sequential circuits. Because of the

Consider the problem of finding an exclusive test f
two s-a-1 faults in the ¢17 circuit shown in Fig@(@).
The fault on signay in the ATPG circuit of Figure 8(b)
provides a test X0011. We can verify that this test
detects both faults but at different outputs, heibedll
distinguish between them.

between every fault pair, then there will be as ynan
groups as faults and every group will have just fas.

possibility of the X state at a primary output in a DC:Number of detected fault groups _ n (13)
sequential circuit, additional information has tdiored Total number of faults N

for diagnosis. For example, consider a sequeniialiit

with three primary outputs. For a certain input teec Initially, without any testspC = 0, and when all

suppose fault 1 has a response 1X0 and fault 2,. X1X faults are detected and pair-wise distinguistieti= 1.
These two faults are said to petentially distinguished Also, the numerator in equation (13) is the numdfer
However this is not the case for combinational wlt f  fault dictionary syndromes [4] and the reciprocAD@
scan circuits for which the simulation method dibet is thediagnostic resolutioriDR) defined as the average
in this paper can be more memory and time efficiemt size of fault group that cannot be further diagdogd.

[9], a diagnostic test pattern generator (DATPG) for Other metrics, diagnostic expectation [22, 30] taes
combinational circuits is presented. It aims ategating unnormalized and often large values and diagnostic
distinguishing test vectors for given fault pairsdano power [6] that gives normalized but pessimisticues,
diagnostic fault simulation process is used. Such need to be compared witbC defined here. For
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completeness of this discussion, detection faulezge
(FC) is,

e = Number of detected faults N —|go|
B N

Total number of faults a4

5.2 Diagnostic Fault Simulation Algorithm

We explain the simulation algorithm using a
hypothetical example given in Figure 10. Suppose a
circuit has eight faultéN = 8), identified asz through
h. Assume that the circuit has two outputs. The grey
shading, which identifies the undetected fault grog
indicates that all faults are undetected in theaihfault
list. Also, fault coveragéFC) and diagnostic coverage
(DC) are both initially 0. We assume that there areehr
vectors generated in detection phase and can datect
faults (Blocks 1 and 2 in Figure 9), thus havin@@%0
FC. Later in the simulation process more vectors el
generated by diagnostic ATPG to improve diagnostic
coverageDC).

% FC DG
Initial fault list [abcdetgh| os o
9 % %
Detection test 1detects fautts a,e,9 [a e[g[b c d f h| 38 28
Drop g
91 92 93 90
Detection test 2 detects faults b,d  [a e[g[ b d[ c f h| 58 38
91 96 92 93 94 95
Detection test 3 detects faults a, ¢, f, h ‘ a‘ e‘ g‘ b d‘ c f‘ h‘ 8/8 6/8
Drop a, e, h
91 9692 93 94 95
Exclusive test for pair b, d is impossible‘ a‘ e‘ g‘ b >¢{‘ ¢ f‘ h‘ w7 6
Eliminate d 9,9 9 93 9,9, 9
Exclusive test 4 detects fault ¢ Hﬂnnnn oo

Figure 10. lllustration of diagnostic fault simulation.

Faultg, which is in a single fault group, is dropped
from further simulation. This is similar to diagrios
fault dropping reported in other papers [27, 2%c8use
this fault has been uniquely distinguished fromagitier
faults, its distinguishability status will not ctgm by

The diagnostic phase begins with the three vectors other vectors. Note that pair-wise distinguishapili

supplied to Block 3. The first vector is simulatied all
eight faults using a conventional fault simulate use
afull-responsesimulator that gives us the fault detection
information for each primary outpuPQ). Suppose we
find that the first vector detecis e andg. Also, faultsa
and e are detected only on the first output apds
detected on both outputs. Thus, fault pdirsg) and
(e,g) are distinguishable, while the pdit,e) is not
distinguishable. The result is shown in the sed®tdn
Figure 10. The fault list is partitioned into thrgeups.
The first two groupsg, andg,, shown without shading
contain detected faults. Grogg now has 5 faults. Each
group contains faults that are not distinguisheamfr
others within that group, but are distinguishednfro
those in other groups. Counting detected faults falilt
coverage is 3/8 and counting detected fault grothpes,
diagnostic coverage is 2/8 [31].

| detection

1 | 1. Structurally 2. ATPG system | ' vectors
'l collapsed |« fordetection |
t| fault set fault coverage
functionally T
equivalent
fault-pair  yndiagnosed
fault-pair | 4 Exclusive

test generator

3. Diagnostic
fault
simulator

‘Adequate
diagnostic
cove;age

Yes (Stop)

Figure 9. Diagnostic test generation system.

provided by future vectors can only subdivide theugs
and subdivision of a group with just one fault wik
impossible. The fact that faults can be dropped in
diagnostic fault simulation is not always recogulize
However, fault dropping is possible here only beegau
our interest is in diagnostic coverage and not in
minimizing the vector set. Seven faults are now
simulated for the second vector, which detectstsaul
andd. Supposeb andd are detected at the same set of
outputs and hence are placed within same partition
Thus,FC = 5/8 andDC = 3/8. No new fault can be
dropped at this stage.

Vector 3 detects faults, ¢, f andh increasing the
fault coverage to 100%. Suppasandf are detected at
the same set of outputs and so are placed togather
groupg,. Detection at different outputs distinguisttes
from these two and henéeis placed in a separate group
gs. Also, noting that this test distinguishes between
ande, groupg, is split intog, andg,. Now, FC =
8/8 = 1.0 andDC = 6/8. Faults in fault groups with
single fault are dropped.

Having exhausted the detection vectors, we find tha
two pairs,(b,d) and(c, f), are not distinguished. We
supply target fault paifb,d) to Block 4 in the ATPG
system of Figure 9. Suppose we find that an exatusi
test, i.e., a test that detects any one fault buthe other,
is impossible thus indicating that two faults are
equivalent. We remove one of these faults, daffom
g5 and from the fault list as well. This does not rudpa
fault coverage sinceFC 7/7, but improves the
diagnostic coverage ©C = 6/7. All faults except and
f are now dropped from further simulation.
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The only remaining fault paik, f) is targeted and an
exclusive test is found. Suppose fafilis detected by
this vector but is not detected Thug, is partitioned to
create groupy, with fault f. The new partitioning has
just one fault per grou;C = 7/7, andDC = 7/7.

With fault dropping the simulation time for each
vector is gradually reduced. The CPU time shouleeha
similar curve to that in Figure 13 (but fliped ujples
down).

5.3 Dictionary Construction

Fault dictionary is necessary in a cause-effect
diagnosis. It facilitates faster diagnosis by corimgathe
observed behaviors with pre-computed signatureken
dictionary [24]. One common form of dictionary iset
full-response(FR) dictionary, which stores all output
responses of each faults for each test. But thiel@mois
the size of a FR dictionary can grow prohibitividyge,
i.e.,(F xV x 0) whereF is the number of faultsy is
number of vectors, an@d is number of primary outputs.

Much work has been done to reduce the size of fhe F
dictionary [5, 19, 20]. Here we assign integers to
different output responses. Thus the largest imtege
needed to index all different syndromes in the woase
will be minimum(2™ — 1, F x V) wheren is number
of primary outputs,F is number of faults, an& is
number of vectors. However, it should be noted that
faults in a same logic cone tend to produce idahtic
output respones for a given vector set, so thatatfyest
index is usually much smaller thanx V.

benchmark circuits the reduction can be as higlaras
order of magnitude.

t t2 t3 t4
a 1 0 1 X
b, d 0 3 0 X
c 0 0 3 0
e 1 0 0 X
f 0 0 3 2
g 2 X X X
h 0 0 1 X

Figure 12. Compressed dictionary [31].

Because of fault dropping in our simulator therd wi
be ‘X’ in the generated dictionary. This limits thee of

fault dictionary to single stuck-at fault. For alrelefect
the faulty respones may have no match in the diatip
To solve this problem we introduce a heuristic.

Hamming Distance
ox(V—-X)
Here hamming distance is calculated from olebrv

response to the stored syndromes, ignoring ‘®'ss the
number of primary outputs/ is number of vectors, and

< threshold value (15)

X is number of ‘X’s for a fault in the dictionaryf the
calculated result is smaller than a given threshtiid
corresponding fault will be added to a candidase. i

Then fault simulation without fault dropping willeb

Output responses

Faults t1 t2 t3 t4
a 10 00 10 X

b, d 00 01 00 X
c 00 00 01 00

e 10 00 00 X
f 00 00 01 11

g 11 X X X

h 00 00 10 X

Figure 11. FR Dictionary [31].

performed on this list to obtain additional infortoa to

further narrow down upon a fault candidate.

6 Diagnostic ATPG System

Figure 9 shows the flowchart of a diagnostic ATPG

system implemented in the Python programming

language [21]. Main functions are Blocks 1 throdgh
Blocks 1 and 2 form a conventional detection cogera

ATPG system. In our system, these functions are

provided by Atalanta [144dnd Hope [15hcquired from

Virginia Tech. Block 4 is an exclusive test generat

program that implements the core algorithm of Seti

3 and 4. Internally, it also uses Atalanta for detey a
fault on liney in the ATPG circuit constructed for the

o o ) given fault pair (Figure 4 and 7). Block 3 is aghastic
The dictionary shown in Figure 11 is generated #ase 5,1t simulator described before.

on the example in Figure 10. Among the entries, X 6.1 Redundant and Aborted Faults

means the fault is already dropped and not sindide
stands for pass (same as fault-free response),land
stands for fail. To reduce the dictionary size gsign
integers to index different output responses. Iis th
example, “10”, “11”, and “01” are indexed with 1, 2,

as shown in Figure 12. Although for small circuite
compression is not obvious, for larger ISCAS85

19" IEEE North Atlantic Test Workshop, May 12-14, 2010

In the ATPG system of Figure 9 when a single fault

ATPG program is run it can produce three possible
outcomes, (1) test found, (2) no test possiblg3pirun
aborted due to CPU time or search limit in the prog

In (1) a new detection or exclusive test is foulmd(2),

if it is detection test then the fault is redundand is

6



removed from the fault list. If it is an exclusitest then
the two faults are equivalent (perhaps functionadyd
any one is removed from the fault list. In (3), for
detection phase the fault remains in theggednd results
in less than 100%C andDC. For an aborted exclusive
test the target fault pair remains indistiguishatdesing
reducedDC and worse diagnostic resolutidDR) [1].

7 Results

We used the ATPG system of Figure 9 and Se@&ion
Internally, it employs the ATPG program Atalantat]1
and fault simulator Hope [15]. The circuit modelifay
exclusive test and fault grouping for diagnosticltfa
simulation were implemented in the Python language
[21]. The system runs on a PC based on Intel Catee2
2.66GHz processor with 3GB memory. The results for
c432 were as follows:

* Fault detection phase:
Number of structurally collapsed faults: 524
Number of detection vectors generated: 51
Faults: detected 520, aborted 3, redundant 1
Fault coverage, FC: 99.43%

« Diagnostic phase:
Initial DC of 51 vectors: 91.985%
Number of exclusive tests generated: 18
Number of undistinguished groups: 0
Largest size of undistinguished group: 1
Final diagnostic coverage DC: 100.%

Fault coverageHC) and diagnostic coveragBC) as
functions of number of vectors are shownHigure 13.
First 51 vectors were generated in the fault detect
phase, which identified only one of the known four
redundant faults in this circuit. Diagnostic fault
simulation computed the diagnostic coverage of 51
vectors as 91.985%. The diagnostic phase produged 1
exclusive tests while identifying 13 equivalentlfaairs.
Diagnostic coverage of combined 69 vectors is 100%.
No group has more than 1 fault. We also simulatsdta
of 69 random vectors and their coverages are shiown
Figure 14. As expected, both fault coverage and
diagnostic coverage are lower than those for algmic
vectors. Results for ISCAS’85 circuits, shown irblEal.

Table 1 indicates a droppin®C as circuit size
increases. Once again, this is expected becausegef
numbers of aborted pairs. Notice 453 aborted fairs
c1355. This circuit is functionally equivalent td39,
which has a large number of XOR gates. In c1356h ea
XOR gate is expanded as four NAND gates. This
implementation of XOR function is known to have
several functionally equivalent faults [2]. Itsiatturally
collapsed set of 1,574 faults reduces to 950 fauiten
functional collapsing is used. If we use the se950

faults, the same 85 + 2 = 87 vectors of Table 1shibw

a significantly higherDC. Thus, the advantage of
functional fault collapsing, though only marginai i
detection ATPG, can be significant in diagnostist te
generation.

1

—
0.8
=
S
B
Boer
(%]
©
(]
g 0 4 L
a of
3
3
0.2 Diagnostic
Detection ATPG Vectors ATPG Vectors
% 10 20 30 40 5 6 70
Number of ATPG vectors

Figure 13. Diagnostic fault simulation of c432 fo69
algorithmic vectors. FC: fault coverage,DC:
diagnostic coverage [31].
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& 06r
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S 04t

Ver:
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C

0.2r

0.1r

0
0

20 30 40 50 60
Number of random vectors

1b 70
Figure 14. Diagnostic fault simulation of c432 fo69

random vectors.FC: fault coverage,DC: diagnostic
coverage [31].

Similarly, the size of the undiagnosed faulbugy
tends to increase for larger circuits. It is 11 62670.
This is related to the lowddC, whose reciprocal is the
diagnostic resolutionOR) [1]. DR > 1 indicates poor
diagnosis; the ideal resolutiddbR = 1 [1] requires that
each undistinguished fault group is no larger than

The above discussion points to the need for imgtove
fault collapsing and efficient redundancy identfion
algorithms. Much work on these has been reported,
which we are exploring for suitable approaches.
Interestingly, we find that most redundancies or
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functional fault equivalences are localized within benchmark circuits. For example in c1355 thered&®
relatively small sub-circuits irrespective of hoavde the aborted fault pairs, which are actually all equévl
entire circuit is. Even though both problems have pairs. This indicates that to obtain hiffC for large
exponential complexities, this observation providepe circuits, improved heuristic algorithms for functi

for finding efficient algorithms. equivalence checking and redundancy identificatidh
have to be implemente®ne possible way is to exploit
the fact that the distance between equivalent Saislt
generally small [12]. Thus an equivalence checking
algorithm can be developed based on extracting a
subcircuit that contains the fault pair.

A comparison of two CPU time columns (columns 5
and 12) of Table 1 shows that diagnostic ATPG takes
significantly more. This is because our implemeatat
uses an existing ATPG program without changes. For
detection ATPG circuit data structure is built orared
then used repeatedly by every vector generation run
Even though the data structure building time ishhig
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Table 1 Diagnostic Fault Simulation of ISCAS’85 bechmark circuits.

Detection test Generation Diagnostic test Generatio
CIrCUI Number Max
t of Detectio| FC CPU | DC | Exclu. | Abort | Equv. : DC CPU | CPU
faults | nvectors| % s* % vectors | pairs | pairs gsriozlép % s* S**
cl7 22 7 100.0C | 0.031 | 95.4¢ 1 0 0 1 100.0( 0.3 | 0.03C
c432 524 51 99.24 0.03 91.99 18 0 13 1 100}00 1}76.031
c499 758 53 100.00 0.03p 97.36 0 12 0 2 98.40 0/30.031
c88( 94z 6C 100.0C | 0.047 | 92.57 10 0 55 1 100.0( 2.71 | 0.051
c135¢ 157¢ 85 100.0C | 0.04¢€ | 58.9( 2 452 287 3 72.5i 26.0¢ | 0.131
c1908 1879 114 99.89 0.047 84.73 20 247 5¢4 3 88|960.84 | 0.066
c2670 2747 107 98.84 0.110 79.10 43 397 98 11 891626.70 | 0.336
c354( 342¢ 14¢ 100.0C | 0.12¢ | 85.1¢ 29 432 111 8 92.6¢ 22.0: | 0.42C
c6288 7744 29 99.5 0.220 85.32 104 842 172 3 86[827.15 | 7.599
c7552 7550 209 98.24 0.390 85.98 87 904 236 7 86/826.36 | 2.181
*Intel Core 2 Duo 2.66GHz, 3GB Ram. ** CRibhe without rebuilding data structure
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