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2 Exclusive Test

An “Exclusive test” is an input vector that detects only

We introduce a new type of test, called exclusive test, .o fault from a pair of targeted faults at a primary
and discuss its applzcatzo to fault diagnosts in combz- output [1]. The general exclusive test problem can be
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from a given pair of faults is called an exclusive test i

om a giwen par of faulls is called an exclusive tesl.  oyer we will study it for a pair of fauits, f; and f2. An
I" general generatzon of an erclusive test by a Jcon- exclusive test must detect exactly one of these faults.
ventional automatic tesi generator requires a model of (\oneider a fault free circuit Cy. O and Oy are the same
the circuit with multiple-faults. We describe an ATPG  peni he
model that transforms the exclusive lest problem into iy

J assumed to be combinational a

a single-fault test generation problem. We present a  of inputs. For clarity, we will only con81der smgle out-

generalized diagnostic method and illustrate the use of
czxelusive tests in improving the diagnostic resolution of

put functions. The Boolean satisfiability formulation of
the exclusive test problem is,

a test set  Resulte of diaanosis with erclusive teste for
a test set. Results of diagnosis with exclusive tests for
ISCASSH benchmark circuits are included. (CodCD(CodCy) =1 (1)
1.1 M 1 4
1 Tt vec T va oot S e which simplifies to,
i L1Ntroauctiion
Meat disonactic nrocedires are haced on cnglefanlt Ci1Cy = (2)
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teste. Asg a result. the “ecvmntom” or “sionature” nro-
”””””” e e o e T T and may also be expressed as
duced by an actual defect often does not map onto the ’
output generated by a single-fault simulator. Never- (o YN o (S s N 1 /N
ihnlace the cimale fraeidt Aimtinmear: ampmemach [E & 1F] \Vow o) wivl w2y — 1 \2)
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s frequently used. The resolution : (‘)fﬂa c}lagnos‘glc PTO- Fquation 2 is a condition for distinguishing between the
cedure can be 1mDroved if we could find tests for SUS- 11 farilic Mhe amimmlormond s comdition . @
, 11 1 . R LWO 1Laulud A 11C bUllll)lClllCllbaly bUllulblUll, \/1 Uj\/2 e UJ
DCCECG Ia‘UIL set Wﬂlcﬂ IS IG.CHEH_ICG. Dy tne smmgle-taultl ¢ lenown ae the sndictinaiichability condition 5] and
boihee tat M e A - Py is known as the indistinguishability condition |5}, and
Lll\,blulld/l‘y YYC Call alduw pDCLICILL 11O LESdSLd Lllau cAClLU- Wth S t] ﬁed hv all 1 DI t make he two fﬁl]”Q e(\]]]]V_
sively” detect one fanlt, but not the others, in the sus- 5 0 m os  Sal e L L R
’ ) ’ S, ’ alent. Equation J indicates that an exclusive test is a
nected fanlt set. Attempts were made to generate such L T T L KU R
4 an r N Or' 1. 1 bcbb 10T a aouple 1ault iil TWO LUPICD O1 bllC (,ll(,l,llb u luCl
test in [9, 14] using a conventional single fault model. test producing a single output through an exclusive-OR

However, those method require specialized ATPG or

<t ocenerations
5L SCICTaviOls.

In this paper, we define exclusive test, present a
method of generating it without any modification of
ATPG and gives its application to diagnosis. In Sec-
we provide a model for exclusive test genera-
tion and fault simulation. An example is included to
illustrate the use of exclusive test to improve the di-
agnostic resolution of a fault dictionary. In Section 3,
we present a generalized algorithm for fault diagnosis
using exclusive tests. To demonstrate how exclusive
tests help improve the diagnostic resolution of a com-

binational circuit, we include diagnostic results of the
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gate, and each copy contains a different single fault.
This ATPG model, shown in Figure 1, has been used
to derive exclusive tests by a multi-valued logic sys-
tem [9]. We take an alternative approach to adapt the
problem to a single fault ATPG. We make the following
observations:

test exists for two faults then either
they are equivalent or both faults are redundant.
Although not often recognized, all redundant faults
of a combinational circuit form an equivalent fault

set.

e If no exclusive

If two faults are independent then any test that

proposed r ISCASS85H circuits 4. detects either one of them is an exclusive test for
*Visiting Professor, Dept. of ECE, Rutgers University, Piscat- the pair. Two faults are defined as independent [2]
away, New Jersey. if no vector can detect both of them
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Figure 1: Generation of exclusive test.

Table 1: Fault dictionary enhancement by exclusive
test.

100% coverage tests Fxclusive test added

Test Mapped Test Diag.

syndrome faults syndrome fault
0000001 c1 0000001000 c1
0000011 | bg,e1,t1,k1 || 0000011000 bo
0000100 ny 0000011100 el
0001000 b1, hi, m1 0000100000 n1
0010000 {1 0001000000 b1
0011000 10 0001000001 mi
0110100 ao 0001000010 hq
0111100 20 0010000010 I
1000000 di, g1 0011000011 10
1000011 ai, 21 0110100010 ao
0111100011 Zo
1000000000 d;
1000011100 a

[ 0000000 | fi,ji || 0000000000 | fi |

2.1 Application

We illustrate the use of exclusive test in the generation
of a diagnostic fault dictionary [5] through an example.
Consider the circuit shown in Figure 2. Seven tests,
71 = 0000, 75 = 1100, 75 = 1000, Ty = 0011, 75 =
1111, Tg = 0111 and T = 0101, were generated by an
ATPG program [7].

We obtain a total of 19 faults via structural equiva-
lent fault collapsing, namely, (ag, a1, bg, b1, c1, d1, e1,
fla g1, hla iOa ila jla kla lla my, N1, Zo, Zl) where the
subscripts denote the stuck-at values. The fault dictio-
nary is given in Table 1. For the seven tests, each fault
has a syndrome that is a seven-bit vector [5]. The jth
bit ¢; of this vector is 1 if test T} detects that fault. Two
faults, fi, 71, are redundant and are not detected by the
seven tests. These redundant faults always have all-0
syndromes regardless of applied tests. The second col-
umn shows the mapped faults exhibiting the syndromes
shown in the first column. Thus, the fault by (b s-a-0),
detected by T and 1%, has a test syndrome 0000011.
Three other faults, e1, ¢; and k1, also have the same test
syndrome as by and those are not distinguishable by the
given tests. Additional test(s) are required to resolve
this ambiguity. This can be achieved by using exclu-
sive tests for these faults. Figure 3 shows exclusive test
generation for the fault pair (bg,er). This previously
proposed model [10] allows detection of multiple faults
by a single-fault ATPG [7], which generates the vector
Ts = 0110. The vector, which distinguishes between
faults bo and ey, 1s appended to the existing vector set

s-a-1

- <o|~» ®
e
v

Bt

and the fault dictionary is updated. Two additional
tests, Tg = 1010 and Ty = 1001, which distinguish be-
tween faults of pairs (b1, k1) and (b, my), respectively,
are also appended. However, there is no test for fault
pairs (alazl)a (ilakl)a (bOail)a (bOakl) and (dlagl) indi-
cating these pairs are equivalent pairs. These equivalent
fault pairs form three equivalent fault classes {ay, 21},
{bo, 71, k1} and {d1, g1 }. Since a fault in the equivalent
fault class cannot be distinguished from other faults in
the same equivalent class, we list only one fault (shown
in boldface) to represent each equivalent class. The
resulting test syndromes and diagnosed faults (Diag.
fault) are shown in the last two columns of Table 1.
Now every fault in the list can be diagnosed and the
faults representing equivalent fault classes are shown
in bold face. Only two fault pairs out of three pairs,
(i1, k1), (bg, 1), (bg, k1), are required to be tested to
establish equivalence of all three faults. Also, 1t should
be noted that redundant fault f; also represents redun-
dant fault set which has all-0 syndrome.

3 Fault Diagnosis

Equivalent fault classes. Any given set of faults can be
divided into subsets of equivalent faults. All equiva-
lent faults produce identical circuit behavior at all pri-
mary outputs that are observed during test [5]. These
fault subsets are called equivalent fault classes or simply
equivalent classes. They have the following properties:

e A fault can belong to exactly one equivalent class.

e All redundant faults belong to the same equiva-
lence class, which also includes the fault-free cir-
cult or the “no fault” condition.
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Figure 4: Diagnosis with exclusive tests

elong to
fault set. The eonlplete list of faults in the suspected
equivalence class iS more cornprehensive and may be
more useful for the purpose of repair.

(Given a test set and a set of fmﬂfuj each

he equlvalence class fron1 the glven

ault has

a test syndrome or its decimal equivalent, diagnostic
11
1f.

number [i]. We observe:

e A fault with a unique syndrome that differs from
the syndrome of all other faults is classified as
“uniquely diagnosed” or simply “diagnosed”. A set
of faults with the same syndrome forms an “undi-

Qg‘nnqpr] fanlt pr ” which is further a‘nalvvpr]

e Faults with all-0 syndrome are either redundant or
not detectable by the given test set. However, the
faults proven to be redundant fall into a diagnosed
equivalent fault class. Otherwise, their redundant
status is not known. This set of faults also forms

]‘7’79(] F]]Y' }1

wuuu_) zZed furitner

e Faults from an undiagnosed fault set can belong
to either the same equivalence class (i.e., are indis-
tinguishable) or different equivalent fault classes
but not distinguished due to the inadequacy of the

AAAAAAAA | PSRN il o Freacaiamd ey asionad Lo Hao A3 o
Cyulvalcliee, WILICLL s 11CYUucClitly UuUscd 10D 111Gl 15
the equivalence classes 1131 Sunnose that we have

choose a pal of faults and attempt to generate an
exclusive test. We have the following cases.

1. If an exclusive test 1s found for a Dalr of Iaults
the test 1s augrnenueu and simulated to reclas-

aifv the fault set a result. an undiagnosed
Dll‘y lJllC iauit S€i. AS a lCDLlllJ’ A1 lk,ll(l/5 1unCu
fault set now splits into two sets, each guar-

in the set becomes k — 1.

The number of faults in an undiagnosed set, k,
guaranteed to be reduced in both cases and undiag-
nosed set will eventually be {ully diagnosed when & be-
comes 1. However, exclusive test generation could be
aborted due

to hacktrack limit or time constraint. In
this particular case, the aborted fault pair will be ex-
cluded from further exclusive test generation.

We introduce an important measure called diagnostic
resolution (DR) to quantify the quality of the diagnosis.

DR is defined as follow:

1 Yid Yid T
numoer oj jaults

number of syndromes

¥

counted once. ing the diagnostic tes generation we

reduce the number of faults as we discover more equlv—
A perfect DR of 1.0 is achiev

equlvalent fault classes are identified (each equivalence

s represen ted hv one fmﬂt)_

For the example in Section 2.1, the initial DR is 1.55

aleﬂb laUIL sets. cu 11 d,ll

dromes {7 dingnosed fault classes including redundant
ULULIICD '\,ll(]/&ll'\)oc'vl Laulu ciasdcd lll\zll,l'vllll& iTcuulivualiv
fault class and 4 undiagnosed fault sets). After the ex-
clusive tesis, the DR becomes 1.00; there are total of 14
faults and 10 unlquely diagnosed faults and 4 diagnosed
mmml at faults includineg redundant fault class.

C\,ll,llVCl/l 1iv 1aUivs 111\,1uu1115 reaunaant 1 1u viaons

Figure 4 shows a generahzed diagnosis procedure us-
ing exclusive tests. For a given test set, we construct the
fault dictionary using the definitions above. Depend-
ing on the test and the fault set, we may possibly have
two different types of fault sets. diagnosed fault sets
(may be uniquely diagnosed fault or diagnosed equiv-
alent fault sets inciuding the redundant fauit set) and
undiagnosed fault sets(two or more faults have same
syndromes). Tf the diagnostic resolution is not satisfac-
tory, we select a pair of faults to be diagnosed from an
undiagnosed fault set. We generate an exclusive test

test set. Dxclusive tests are generated for pairs of model, generate a test and update the fault dictionary
faults those have identical syndrome. This pair- usi ng the guidelines above. If the exclusive test exists,
wise qtra‘regy is based on the property of fault we simulate the g,--“ated test and regroup faults to
145 @
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ld,gﬂ()bbl(, results :

m, 1 o
lable 2Z:
[
|

| Circuit names c17F | c432% ] c880% T c1355% T c1908% T c2670% | c3540% |
Detection tests
Number of detection tests 6 82 58 104 104 176 236 239
Number of eq. collapsed faults 22 524 758 942 1574 1879 2747 3428
Number of redundant fanlts 0 4 0 5 0 4 4 a0
ber of aborted faults O O 32 2 32 27 881 81
Number of detected faults 22 520 726 935 1542 1848 1779 3257
Fault coverage (%) 10000 | 99.24 | 9578 | 9926 | 9ror | o835 | 6476 | o501
Fault efficiency (%) 100.00 | 100.00 | 95.78 | 99.79 | 97.97 | 98.56 66.8 | 97.57
Diagnosis with detection tests
Number of faults 22 520 726 935 1542 1848 1779 3257
Number of syndromes 14 428 91 789 873 1450 1285 2706
Number of diagnosed faults 9 354 661 686 360 i1i2i 972 2351
Diagnostic resolution 1.57 1.22 1.05 1.19 1.77 1.27 1.38 1.20
Max1mum faults per syndrome 4 5 4 6 11 8 11 12
Diagnosis with detection and exclusive tests
Number of faults 22 520 726 935 1542 1848 1779 3256
Number of syndromes 22 506 710 870 902 1579 1385 2844
Number of diagnosed faults 22 192 691 808 366 1331 1097 2559
Diagnostic resolution 1 1.03 1.02 1.07 1.71 1.17 1.28 1.14
Maximum faults per syndrome 1 2 2 3 3 8 11 8
Total test vectors 11 126 72 152 129 262 293 328
Number of exclusive tests 5 44 14 48 25 86 57 89
Number of equivalent pairs found O O O O O O O 1
umber of aborted pairs 0 14 16 79 744 321 630 662
update fault dictionary. We repeat fault pair select, ex- for a single output circuit, we converted 1SCAS85

clustve fault test generation, and fault dictionary update
steps until a desired DR is obtained.

Major limitations of dictionarv based diagnosis meth-
ods are that they require intensive computmg and sub-

stantial storage space. However, our diagnosis methods
can also be used for adaptive diagnosis as follows. First,
obtain as much dlagnos1s information as possible using
P R R N e Maamiany +hhn madaaal Aio v e irn ~oTn
111itlal LeblL »CU 1Ull 15 Lile acuvudl ulasuumn, yC Cdll
start diagnosis using obtained information. If a fault
is uniquely identified, we can terminate the diagnosis
procedure. However, if the fault is found to be an ele-
R S EN S I DAL A TR A
1€e11t O1 Lllluld;% 105ed 1aull 5eu, LI1ell We Ccall resolve tIlis
ambiguity by using our proposed method.
y 2 YU P
a4 nesuivs
We have presented a detailed flow chart (Figure 4) for
the fault diagnosis procedure in Section 3. typical

; L

cnagnosw proceaure starts with a test set (alS called a

detection test set or detection tests) and a list of faults.
f\Y]]‘7 f]’]f\cﬂ {‘Q]]]fc f]ﬂfﬂ{’fﬂf] ]’\‘7 t]’]ﬂ f]DfD{’ 1f\1’]

Olliy uilOse 1auivs GCLelie e GeLelul

TIn ceneral
111 geliclras,

tests or the subset of detected faults are identified and
included for diagnosis. However, we excluded redun-

dant faults and aborted faults from diagnosis due to
the fact that a cet of redundant fanlte are alreadv r:|1,

viiC 10U viidau @ BCU U 1CGunliailv 1dauivs ar ancaliy

agnosed as one equivalent fault set, and aborted faults
are generally aborted again for generatlon of exclusive
Quu,c 1o dlaguObbu, method can dlbblﬂgulbh be-
tween structurally equivalent faults, we identify struc-
turally equivalent faults and consider only one repre-
sentative fault from each structurally equivalent fault
set. For these reasons, we start with structurally col-

beb

lapsed fault set and consider onlv the detected faults
lapsed fault sct and consider only the detected faults
for diagnosis.

Since our exclusive test generation model is defined

benchmark circuits to single output circuits by adding

an “xor tree”, a network of Exclusive-Or (xor) gates, to
1

o LS. .

their uuupuub sii i1l Hque called ~parity-scan
design” was used to compact [8] the outputs of scan-
remqterq to minimize scan-in and scan-out effort. For

me subsequent discussion, we use * io denoie a modified
3 1 single Uutpui xor tree at its outputs
noted that an exelugive test for the mod
1OULCU vllal all CALIUDLVE LCdhL 1UL LT 111uud-
utput circuit ig alse an exclusive test for
the original m ltlple output circuit. However th
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Table 2 summari
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these are explained below.

First row lists the names of the ISCAS85 circuits used
in our study for fault diagnosis. The remaining table is

dividad inta thres gomarats hlanla Tanh anliivnan con
Qiviaed w0 udree sCpatraile o10CKs. wali COluiliil COli-

tains the results for each modeled ISCAS85 benchmark
circuit and circuits. The first block, listed under the
heading Detection tests, contains initial test generation
results and the corresponding statistics. In this block
the Number of detection tests is the number of test vec-
tors generated by the combinational ATPG that are to
be used as the mitial test set for diagnosis. The re-

A oot

4147~
e Statistic

S
1€
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redundant faults is the number of faults identified re-
dundant (nntestnhle) in t.hp mndlﬁed circuits. In all

g It remains aborted durine the test seneration
some faults remains aborted during the test generation
Dphase
phas

lhe second block 1n the Table 2, listed under the

heading Diagnosis with detection tests, shows the re-
sults of initial fault dictionary construction using only
the detection tests. Number of faults is the number of
faults to be diagnosed, which 1s same as the Number
of detected faults from the first block. Number of syn-
dromes 1s the number of distinct syndromes obtained by
the detection tests. Number of diagnosed faults is the
number of faults which have unique syndromes, thus
dlagnosed by the detectlon tests Dzagnos-

‘.
.
s
£:
%
-
ha
-
b
<.
-
c

o, C;

per syndrome mdlcat the worse dlstrlbutlo mong
syndromes. For the computation of DRs, we assume
detected faults arc uniquely diagnosable and cach fault

19 ol d once gince w
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mte have no information
15 COUnNCa OI1CC sit
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fault equivalence at this stage of diagnosis.
The third block,

under the heading Diagnosis with

Xclusive test genel atl()llb and this
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a fault palr was identified to be

in the computation of
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only on the fault simulation to create fault dictionary.
For this approach, the quality of diagnosis is limited by
the supplied test sets. Often, some faults cannot be di-
agnosed by the supplied test set when there exist some
other test sets that can diagnose those fanlts. Another
limitation of simulation-only based diagnosis methods

Table 3: Diagnostic results for C432.
! Circuit names [ c432% [ c432 | c432 |
Detection tests
Number of detection tests 82 82 82
Number of eq. collapsed faults 524 524 524
Number of rer]nnr]npf faults 4 4 4
y : O O O
Number of detect d faults 520 520 520
Fault coverage(%) 99.24 | 99.24 | 99.24
Fault efficiency(%) 100 100 100
Diagnosis with detection tests
Number of faults 520 520 520
Number of syndromes 428 495 500
Number of diagnosed faults 354 471 479
Diagnostic resolution 1.22 1.05 1.04
Max1mum faults per syndrome 5 5 4
Diagnosis with detection and exclusive tests
Number of faults 506 507 507
Number of syndromes 506 507 507
Number of diagnosed faults 192 191 191
Diagnostic resolution 1.00 1.00 1.00
Maximum fanlts per syndrome 1 1 1
Total test vectors 131 131 123
Number of exclusive tests 49 13 41
Nummber of equivalent pair found 14 13 13
Number of aborted pair 0 0 0

expanded the method of identification of fault equiva-
lence based on fault implication of the faulty values and
functional evaluation at the dominator gate where all

:

tne CHCCES OI tne IaulE must De propagatea tnrougn to
MThia rmethad affered an imnrave A faaa 14
11118 IMetnoa oiierea ai improved iauit

equlvalence identification. However, it has two maJor
limitations namely remnrmq a SDP(’]HJ tool and 1ts in-
T

ability to identify all equivalent fault classes. In [9, 14],
ciriilan oo A L wwrac 1iceed to goniavats Adiagnac 430 Fact
Siiriiial CLPPLUCL\,II Vas udcu Lo 5 11CL aLe L,ll(l;sllubb LU Vw3 U]
patterns and 1deptil all fault equivalneces with their

1dcnt1fy all faults equivalences using any conventional
ATPG without modification. However, we need to sub-
stantially increase the backtrack limit as well as the test
generation time in order to determine fault equivalences
Lo 11 o A5 o T LT KT A cnt it o Al L
101 all u luldé 10BCU LaUulls. YVYC »SCL oul all opjeculve Ol
perfect DR (:1) for the circuit c132*. The results of

this study are glven in Table 3. All aborted fault pairs
in Table 2 are now identified as 14 diagnosed equivalent
fault sets and each has two faults per set. Consequently,
number of fault to be diagnosed is reduced to 506 since
14 out of 28 faults represent each equivalent fault class.
Note that in this case the appended vectors are different
than thosc gencerated in Table 2.

4.2 ulti

In general, we do not have to modify a circuit to have
a single output. Because the exclusive test generation
model can be extended to a multiple output circuit by
XORing each pair of outputs (outputs from the CUT

with fault f; and the corresponding outputs from the

is that they are unable to prove if certain faults are CUT with fault f5 in Figure 1). An exclusive test based
equivalent (cannot be distinguished) with respect to all diagnosis of a multiple output circuit is less restrictive
tests; it can only establish some faults are equivalent than the circuit modified by an XOR-tree to have a sin-
with respect to the given test set. In [4], Amyeen et al gle output as discussed in the previous sections. The
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1 lulblplc Uubp L 111oudct plUVlqu 101¢C Uubpubb 101 plUP— LAJ D. DL AKEer's, L. JOsSEPIL, alld D. IIisinatiuruily, UIL
agating and observing the fault effects than the single the Role of Independent Fault Sets in the Generation of
Outth model. Furt‘her) it fl and f2 are detected on two Minimal Test SGES,"/ in Proc. International Test C‘onf,
v oo ' 1 L1 1QR7 ++w 11NN_11N'7
different o utpu s o the mu tlple output Clr Ult then f]_ IO, PP LAV LU
and fo can be distinguished and diagnosed. Clearly, [3] H. Al-Asaad and J. P. Hayes, “Logic Design Validation
anv test et ohtained usine a sincle output model is via Simulation and Automatic Test Pattern Genera-
any test set obtained using a single ocutput model 18

; ! ’ e w oy ru o
guaranteed to diagnose all corresponding faults in the tion,” J. Elecironic Testing: Theory and Applications,
AT oA . vol. 16, no. 6, pp. 575-589, Nec. 2000,
multlple output (,11(,1111? blll]llallV. II a Dan ot Iaultb are

found to be equivalent in the multiple output model, [4] M. E. Amyeen W. K. Fuchs, |. Pomeranz, and V. Bop-
that pair of faults is guaranteed to be equivalent in the lﬁd“dj Il*inplltmELwI'l f‘“d ]g",dlu;“"“ I;EL}}IE“%%“V L[;II
: : : rOVlng au. qulva ence mn roc.
sm%le‘ogtput model We can I}SG th(?SG ‘I'(ElatIOIl‘ShII?S Test .qumn 1999, pp. 201-207.
to find the appropriate diagnostic method for multiple B
T TS TEORRNNNR SO SO NS Lan o [5] M. L. Bushnell and V. D. Agrawal, Fssentials of Elec-
output clrcults. 1hl1s can neip reduce tvle nuinper ol L=d o Y aae P R
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