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A1 sTRACT

The problem of diagnogiig a gingle short circuit fault
jointly with saingle switch ng element fault in bageline
network haé been studied in 'hig work. The fault model has
been described and upper bouid result on the number of tesgt
vectorsg nccceagsary to detect ahort clrceult fault in baseline
network iz obtained. The tes! vectors for detecting the fault
are also éﬁterminedq The dla:nostic procedurea for the cagseq
ﬁf two-linkKs ghort clircult ¢.se and three link ghort circuit
cage congldered Jointly with single switching element fault
are developed. The difficulties In diagnosing the short
clreult fault for higher number of 1links are finally

digcugsgad.



1.

q.

N

P

ONTENTS
Abatract

Acknowl edgements
INTRODUCTION

.1 Introduction to Multistage Interconnection Networks. .
.2 Propertles and classification of MINa.
.3 Scope 0of the work.

.4 Organization

REVIEW OF FAULT DIAGNOSIS OF MINs

.1 Literature Survey.

.4 Single Fault Diagnosis of a Baseline network

2.2.1 Fault Model and Tegt Set for Testing a SE.
2.2.2 Test Vector Design and Algorithm for Single
Fault Dlagnoaias.
2.2.3 Casewise Diagnosis of Single Fault.
SHORT CIRCUIT FAULT DIAGNOSIS

.1 Problem definition and Motivation.
.2 Fault Model, Upper Bound on the Number of Tesgts

and Tegt Vector Generation.

-3 Diagnosis of Single Fault of Baseline Network.
-4 Short Circuit Fault among Two Links.

3.4.1 Diagnosis of Nonseperated
Two-response Fauvlt.

3.4.2 Diagnosis of Four-regsponse Fault.

.5 Short Circuit Fault asiong Three Links.

3.5.1 Dlagnosls of Nounseperated
Three-responge lault.

3.5.2 Dlagnosia of Five-response Fault.

3.5.3 Diagnosis of Forr—-response Fault.

3.5.4 Dlagnoaig of Sir-regpongse Fault.

3.6 Shert Circuit Fault o Beneg Network.
3.7 Conclusiong.

REFERHNCES

Lo W B

.10
.13

.15
.19

.19
.22

. .23

.25
.26
.. 27
.. 28
. .30



Chapter 1
INTRODUCTION
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1.4 Intraoduction te Multistige Interconnection Networks

To inprove computation:il power and computing speed, the
concept of Parallel Procersging has become quite popular.
Alded by advances In VLS!] technology, multiple processor
systems are configured to provide computational parallelism.
Each processor is called a Frocessing Element (PE), which can
be as complex as a fully functional cantempﬁrary
microprocesgor or a8 gimple a8 a basic ALU block. A
multiproceascr system generally c¢onsists of more than one
memory modulea (MM) to make procesgor and memory bandwidths
compatiblén Unlike a simple PE-MM interconnection bus 1In
uniprocessor aystemg, multiprocessor asyastems usgually have
complex PE-MM data paths.

Multiprocesgor systems may be designed either in
unehared memory configuration or shared memory configuration.
In the former, each PE has ite individual MM connected as a

uniprocegsor system buas and exchange of data/information
among PEg takea place via communication linkas interconnecting
the PEs. In the later, any PE can acega any MM and exchange
of data/information is done via predetermined memory
locationg. Unshared memory configuration 1is sasuitable for
computationsa that are highly i1individualistic and require
little data flow amongst the PEs, for example matrix
trangpogse and multiplication operations, while the shared
memory configuration Ils sultable for computations that are
highly dependent, requiring heavy interprocessor dataflow,
fotr example FFT computations.

Unshared memory eystems are usually configured wusing
statle (dedicated) communication links among the PEs g0 that
the interconnection network has a distinct topology. Linear
array, ring, mesh, gatar syatolic array, hypertree,
hypercube, barrell shifter, cube-conected cycles spra Some Of

the popular static interconnection topologies, some of which



are shown in Fig. 1.

Since shared memory systems require that any PE be able
to acess any MM, the PE-MM data paths need to be dynamic and
memory contention should also be prevented. This is achieved
by a HMultistage Interconnection Network (IMNIN) which has
programmable datapaths so that a path can be dynamically
eatablished between a pair of input-output lines. The
dynamiem of datapaths ia schleved by uasing programmable golid

gtate switchlng elements (SE) grouped together in one or more

atages. The SEs of consecutive stages are interconnected by

communication links, the topology of which give rise to IMIN
conflgurations such ag lisnes, baseline, butterfly, omega,

flip, data manipulator an:! indirect hypercube networks, some
of which are shown in Fig. 2.
1.2 Propertlies and Classification of MINs

The number of stages Interstage connection topelgy and
switching capability of the GSEa characterize a MIN. A
switching element can, in general, have m input lines and n
output lines, so that it is not incorrect to identify a SE as
a interconnection networlk itself. The simplest SE 18 a 2x2Z
awitceh having four poesible input-output routings as shown in
Filg.3. Most MINs use 2x.. switching elements and restrict
their valid states to str-raight (5-mode) and cross (X-mode)
only.

The MIN can be thought of as a permutation function,
which permutes the input lines to a given order at the
output. In this respect, it is important to note that not all
MINs are capable of providing all possible (=N!, where N is
the number of input/output lines) permutationa. On this baasis
the MINgs can be clasgified ags follows
(i) Blocking or Nonrearrangeable type : Theae MIN& cannot
provide all permutationas. Thls happens because, there ia
generally a unique path between a given input-ocutput paif in
the network and it blocks certain other input—output-'paths
from being established. This c¢lass includes the baseline,

omega., reverse bageline, flip and indirect hypercube
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(a) linear array (b) ring (¢) star

(d) hypertree

N

(g} chordal ring (h) 4-cube (hypercube)

Fig.1l. Static interconnection network topologien.
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(c) omega network (d) Clos network

Fig.2 Multiastage interconnection networks



petworks. FiJ.4. shows 1nslances of blocking 1n baseline and

indirect hypercube networic.

(i1i1) Loomely nonblocking or Rearrangeable type
Thease MINg can provide all permutations of the input

lines. However it may be necessary to eatablish an alternate
path for an existing one, so as to accomodate the path for
gome other palr. This 1s called rearranging the network to
achieve the required permutation. This c¢lass IiIncludeg the
Benes, (BIOQZN-—QJ stage omega network, (210321'4*1) atage
amegar—ﬂmegaﬂnetuorka. Fig.5 shows instances of rearranging
in a 8x8 Beneaga network.
(iii) Strictly nonblocking type

Thege MNINg have multiple paths for any input-output
palr and it 1is always posgible to eastablish .a path
independent of exiasting patha. The Cloa network s an example
of this class.
1.3 HScope of the Work

The area of fault di:gnosia of MINs is agssuming more and
more importance because with the use of parallel systems
expanding rapidly, systen rellability measures are becoming
prominent parameters for cystem performance.

The problem of diagrosing a single ashort circuit fault
jointly with single SE fault in baseline network has been
atudlied in this work. The fault model has been described and
upper bound result on the¢ number of test vectors neccesgsary
to detect ghort circuis fault in baseline network |is
obtained. The tegst vectors for detecting the fault are alsgo
determined. The diagnostic procedures for the casmes of
tua-liﬁka short circuit sase and three 1link short c¢ircuit
case congidered jointly with asingle SE fault are developed.
The difficulties in diagnosing the short circuit fault for
higher number of links ar¢ diascusaed.

1.4 Organization of the report

The current astate of work in the fault diagnosis related

to MINg ia reviwed in chapter 2. The study of single SE fault

diagnosis las summarised in more detall Iin section 2.2 because
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Fig.3 A 2x2 switching element. (a)straight connection (S5-mode).

(b)croass connection (X-mode). (c¢c)lower broadcast (LB-mode).

(d)Upper broadcaast (UB-mode).
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(a) Paths 2-6 and 1-0 block the path 3-1.

{b) Paths 2-6, 1-0, 3-1 are established after rearrangement.



we wish lo develop fault diagnosis procedures for short
clreuit faulte jolntly with the single SE fault.
Chaptetr 3 digscusses the bulk of work done. In this, the

fault model is firat defired in terms of the output response
behaviour of these faults. The upper bound results for fault
detection are determined in section 3.2. In section 3.4. we
discuss the fault diagnosis of two-link short circuit fault.
The three—link short c¢ircuit fault is discussed in section

3.5, In gection 3.6 the ashort circult fault diagnosis of

Benes network is proposed.



Chaptar 2

REVIEW OF FAULT DIAGNOSIS
OF MINs

P * - — L

2.1 Literature Survey

Study of fault diagnosis of MINs was Initiated In the
early 70's by Opferman et. al.in [0OT71] in which, they gave
a dilagnogtlic procedure for Benes network considering a
restricted fault model witn only two faulty states of the
SEg. They developed a teast set generation procedure wusing a
looping algorithm.

[AB82] is a survey of the fault diagnosia workas related
to blocking networks, rearrangeable networks and fault
tolerant design of MINs.

Feng et. al. give a very comprehensive fault diagnosais
procedure for single fault of a baseline network in [FUW81].
They describe a general fault model of the SE and the
diagnoals ls done by observations on the output side only.
Testing conasists of two phases in which all the SEs are set
in S-mode and X-mode and there are two tests In each phase. A
fault can be detected in four tests independent of network
size. Single fault diagnosis requires at most max{(12,
6+2[lﬂg2(10g2N)]J teats for an NxN baseline network. Certain
SE faults cannot be accurately located and such faults are
also indistinguishable from link stuck-type fault. This |is
becauge these faults exhibit exacply game Qutpuf responge for
any test input and any setting of the baseline network.

[FY86] design test procedures for fault dlagnosis of
rearrangeable networka. Uniike [0T71], inatead of a Benes
network, they uae a (Zlogzm—l) stage ﬂmagar-omegaﬁl network
which is equivalent to a Benes network as shown in [L81].

[FZ291] gives fault diagnosis procedure for blocking MINsg
having four valid states of the SEa. They hdve again used a
baseline network for atudy, asince moast other blocking

networks are equivalent to a baselline network as demonstrated

in [WFBU].

Lh



2.2 Singie Fault Diagnosis of a Baseline Network CIFWa11)

As discusgsed 1In geciion 1.3,our aim is to provide
diagnogtic procedures for -hort circuit faults, so as to make
the tesl procedure of a ba eline network compleéte. Since we
shall be refering to the [fWB1]) work frequently in chapter 3,
we feel 1t appropriate t« discuss the relevant portions
vig—~a-vig gshort circuit favltgs here. This will also help to
introduce the terminology 1o be used further on.

2. 2.1 Fault Model and Test Set for Testing a SE-1ink

A fault located at a ]link can be modelled by a 1link
gstuck-at-0 (8-a-0) or stuck-at-1 (s-a-1). A 2x2 SE c¢can be
modelled by a 2x2 crogssgpoint switching matrix aa shown in
Fig.6. An S5E in this model can have 16 possgible gstates, which
covers all the possible Input-output connectiona of a 2Zx2
gwitch. Hence thig model ig the most general model of a 2x2
SE. Table I shows the gset &£ = {Sa""‘EiE} of 164 slates and
the encoding 0f thegse states.

Definition 4 : The states of an SE which are allowed in a MIN
are called the valid statew of the SE for that MIN. The
remaining states of S form the set of faulty states.

Most of the MINs, for example baseline, flip, Benes and
indirect hypercube, have S, and S, as the valid states. Some
IMINg, for example omega and regular SU banyan networks, alsao
include S; and S,, as valid stateg.

For an SE with n valid states, there are (16)“ different

atate conflgurations in which it can behave. The aset of
ordaered n-tuples : ((s84,83,...,8,) | 5§ « S, 1 £ i € n) gives
all the conflgurations of the . SE. Among the (16)

configurations only one is fault-free, the rest represent a
fault of the SE. Thus the number of faulty configurations In
this general fault model Increagsea exponentially wlith the
number of valid statea. In a baseline network, therefore, we
have onhe fault—-free configuration and 255 fauity
configurations. Except four faults, all are dlagnosable by
cbserving output reaponses »f various testa. To design a test

sget for agwitchling element a:nd link sastuck-type faults, the
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tesal bils which cause ob ervable faully oulputs musl be
determined. Table I and t:ble IT1 indicate the necegsary
tesgt lnputs.

bﬁfinitiQn 2 : A logically unidentified value 1is denoted by —
and a logically erroneous 'alue by @.

The binary logic value o0of a open circuited link 1is
represented by —~. The binary loglc value of a short cicrcuited
l1ink is_Fepreaented by €. Mote that a shorted condition ig
obgserved only 1f the salorted pair of links receive
complementary teet bite, otherwise the fault is tranasparent.

The values — and @ derend on the circuilt implementation
cf the MIN, however an arhbjtrary but congigstent asgignment
of O or 1 will not affect tﬁe fault diagnosias. In fact there
is an algorithm to accurately distinguiah between thege types
of faulta.

From tablesg Il and I1Il it can be observed that only two
teat inputs (xg, %3 = (0, 1) and (x, Xp ) = (1, 0) are
needed to obaerve the SE/link fadlta. The teat aet sghould
therefore engsure that the $SEs and the links are tested uith
complementary teat bita.

2. 2.2 Test Vector Design and Algorithm for Single Fault

Diagnosis.
Definltion 3 : Links are assigned addresses by ldentifying
them with the stage, the input aide of which they are
connected to and numbering them from top to bottom. The

stagea of the MIN are numbered from left to right atarting
from O, and if n ig the number of stages in the MIN, the
output glde linka are degignated asg links of stage n. A Link
is called even 1f its binary addreag containa even number of
1's, odd otherwiae.

Accordingly, in an NxN MIN with N=2" and t—stages, a
link of the ™™ astage will be identified as
EH=(pW1,..;th)j, O jxn. Fig.7 showg the addressgsing schﬁma
for a 16x16 baseline network. A path of the MIN will be given
ag a (nt+l)y-tuple P = (Py,P,,...,Phy,.P,) of its 1links or by

anyone of its links, gsay P, if the MIN setting is known.

7
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Algorithm A : Test vector design
1. Even links of stage ) receive test bit 1, odd 1linkasa

receive test bit 0.

end.

Definittion 4 : The S—phas > of testing congists of setting all

the SE& in the 5-mode and performing the following tests

(i) feed the test vector, observe the output responses

(ii) feed the complementary test vector, obgserve the output
responses.

The X—phase of testing 1is done exactly as above with all the

SEs get in X-mode.

Algorithm B : Testing a bazseline network for single faultz.

1. Generate the test vector by algorithm A.

2 . Uasing the teat vector of step 1 perform the S-phase
Test.

3. Uasing the test vector of gstep 1 perform the X-phase
tedt .

4. If there exista a =21lngle fault in the network sgsome

faulty responsge linea will be observed. As discussed iIn
sec.2.2.3, the fault can be diagnosed by additional
tegtg 1f necesgaary.
end.
Theorem 1 : The algorithm B ensures that all links and SEs
recejive complementary test bits in both valid states.
Proof : By teating the network in S-phame and X-phase, the
SEe are tested In both valld atates. Since each phase
involves teats with complrmentary test vectors, every link
receiveg conplementary test bite. It remaina to be shown that
the SEa receive complementary tegt inputg in both phaases.
(i) "S-phaae
Conasider an NxN baseline,il = 2. In the S-phagse a path P
containing the 1link (qu---po)ﬂ will contain the 1ink
(P -+ ~Pigy Py - - - P4 )i.’ O itn.
Now the input links of ény SE of stage 1, 0=iZn-1, will
be of the forn Py (P - - - PiagPr-g - - P ) and

L

P2=(pﬂ...pb1pwd_.”§i)t, which will receive the game test



bits as the links PEZ(pWﬂ...pmdphnfi...pﬂ)ﬂ and

Pe=(Ppreyg + - Piag PPy - - - Po ), respectively. P, , P, have the
same number of 1's and «5 do P,,P,. Since Py,P, form an
even—odd palr Pg,P, algoc orm an even-odd pair. Hence by
algorithm A, P;,,P, reciive complementary test bits in
S—-phase.

(li) X-phase
In the X-phagse a paty P containing the link (Pp-q---Pp)
will contain the link (Eﬂ, .. .'Ei___ip“_i. . Py )'L , 0% i%n.

Now the input linka »f any SE of stage i, Osfisn-1, will

be of the fora Pim(Pg - - - PigPpog - - - p; )i_ and

Po=(Pg .- -PiyPpoy---D )., which will recelve the same test
| .

bits ag the link s Ps=(qu---Fﬁﬁw1'--Pe)ﬂ and

P4=(pwﬂ,._¥iphi...pn)ﬂ reapectively.

Case a : 1 1s even
Py, Py form an even-odd pair and so do P Pe . Since P, ,P, are
an even—odd palir Py,P, ar¢ also an even-odd pair.

Case & : 1 is odd
Pi,Pg form either an even-even or an odd-odd pair and so do
P,,Py. Since P, ,P, are an even-odd pair Py,P, are also an
even-odd pair.
Thua by algorithm A, P;,,P, will receive complementary test
bits in X-phase.

Q. E.D
Fig.8 and Fig.9 show that all SEs recejve complementary tegt

inputs in both phases in a baseline network.

From tablea I,II and theorem 1, It can be concluded that
four teut are necegssary and sufficient to detect single fault
at the SE or link level, independent of the network size.
Definition 6 : Define the faulty eutput responsge ag unary if
the observed reaponse ig 00 or 11 in the two tests of a
phase. Define it as binary if the observed response is (01 or
10, vis-a-vis a normal response of 10 or 01 respectively, in
the two tests of a phaee |

Note that open and short circult faults will show unary

response. Example of unary and binary faults is shown In
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fig.10.
Algorlithm C : Resolve shor. and open circult condition of
unary reaeaspohise fault

// It 1as necesgary to know the location of the faulty SE. !/

1. get the network asg in the phase in which the unary fault
wag obaserved.

2. ldentify the input lines which lead to the faulty SE.
Teat the SE with teat inputs (0, 0) and (1, 1) on thege
input linex and obgerve the faulty output lineé. I[f the
regponge is binary then fault is of short circuit type,
elae 1t 1l of the open ¢lircecuit type.

end. ,

2. 2.3 Casewizse Diagnosis of Single Fault
The four teasts of algorithm B detect the fault and the

following data ig avallable from these tests : the number of

faulty cutput lines, the behaviour of the faulty linea, and
the phase in which they were obaserved. This data and a few

other tegsts are sufficient to diagnose the fault. The 255

faults of the SE and the 11nk " gtuck-type fadlt can be

claaglfied aa followa

1) One-response fault : There is only one faulty output which

can be Iin S-phage or ¥X-phase test.

2) Seperated two-reasponge fault : There are two faulty

outputa. One of them occurs in the S-phase tegt and the other

occurs in the X-phasge test .

3) Nonseperated two-response fault - There are two faulty
outputs both occur elther :un the S-phase or the X-phagse test.
4) Multiple-responase fault : There are more than two faulty
ocutputs

Fig. 12 plctorially stowsg the claggification of all the
255 faulta of the SE. Each of these four cases are conglidered
in the following paragraph: . I

Case I :This cage covir the 12 faultg in the union of
the sets (5,,55,55,504,5,2 7:4}%{(Sg) and (S, )x{(S,,5;.5¢,5s,

S42:5;9)- The faulty SE c¢an be anyone of the switching
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elements lying on tThe f{faully path and hence the datla
available from faull deteclion tesls 14 insufficient for
faull localion. Using additional tests and lechnigue of
binary search of the atages, thia fault can be diagnosed 1In
at most &+2[logﬂ(lﬁgﬂNI] tagts.

Case 2 : Thig case covers the 36 faults in the the set
(S2,58 58514 15294 1%(8 S % +S » G2 +9a ) It also
includes the link sgtuck-type fault. The SE faults can be
further classified as shown in tableslV and V. In this case
at moasat two SEs will be common to the faulty paths. Faults of
subcagse A,B,C,D and E can be diagnosed in at mogst 16  tests,
independent of the network alze. The amblguity of fault
location of subcase F faults cannot be resolved by any test
in which only the Iinput-output terminala of the MIN are
accegasible. The subcase ¥ faults are also indistinguishable
from link stuck~type faults. Fig.11 shows the one-one

corregspondence between a gubcase F fault and link stuck-type

fault.
Cawe 2 : This case covers the 18 faults in the union of

the 8ets (Sg,90(,54 5%, 55,5 150 ,5.9 545 }x{S5) and (54 )x{(S,
S 1561908 +190:5(0:544 +544:94% ). The fault outputs converge
uniquely to the faulty SE. Hence thilis fault can be diagnosed

in at moat 6 teats after resolving the short and open circuit

conditions of the unary faulty outputs.

Case 4 : This case can be subdivided into the following
aubcages
(a) Three~-regpongse faulta : Thig case covers the 108 faults
in the unlon of the aetu (O 194,545 ,5%,5 % ,84 »495 }x(g ,
Sg:54+5; 52,99 ) and 2> B >34 222 124 1X{(B .2 B LR -8 >

S0 1511 » 554 1 S4m ) -
(b) Four-regponse faultg : This cagse covers the 81 faults in

thE Sfj‘t {SG,Si,S*,S:,.E‘j .S? ;Sb 1&3 1&5 }x{% r% l% !% I‘S !5!’_‘] y

Sg49514 45455} -
In both the above subbcases the two faulty paths of one

of the phases uniquely converge to the faulty SE. Hence this

fault can be dliagnosgsed in at most 8 tests after resolving the
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Chapter 3
SHORT CIRCUIT FAULT DIAGNOSIS |

3.1 Problem definition and Motivation
In chapter 2 we have 8seen how aingle faulta {n a

baseline network are diagnosed. The faults were restricted to

switching element or link stuck-type fault. There ig another

important type 0f prevailent fault namely, short circuit
fault among the linka of the MIN. The problem l1la 'To etwudy

and develop diagrneostiic procedures for ehort cirecuilt fault In
MINs' ., Jt is desirable that these proceduresg alamo incorporate

the fault diagho#gia of gwitching element faulte as well.

A little insight Iinto the problem will reveal that thias

- general problem haa the following parameters

l. the number of links that belong to a sgshort clircuited

group,

2. the number o0f disjoint groups of short circuited links or
in other worda, whether there ig a single short circult fault

or there are multiple short circuit faults,

3. restrictons on the lﬂcatiun of the faultg i.e. whether or

not the short circuited links belong to the same stage and
4. the clags of MIN for which the fault diagnosis is studied.

Here we have regtricted the problem to single fault with

the number of short circuited links limited to at moat three

for the baseline network only. The fault location i

unreatricted. The gahoeort c¢ircuit fault diagnoais for Benes

network in the above framewvork is also proposed.

The upper bound on the number of teasts for any general

MIN Iin wvhich the valid asatateg of the SEa are either S-mode or

X-mode has been obtained and the corressponding teat vectors

are alsc .developed.

The area of fault diagnogis of MINs is assuming more and

more lmportance because withi the use of parallel syatems

expanding rapldly, syatem rellablllty meaaures are becoming
prominent parameters for gyatem performance.
To guarante& fault~-free performance it (s therefore
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neceggary to be able (.o test system components. It 1is

dealirable that such teat »srocedurea be algorithmic In nature

Bo That automated implemeatation is possible and In view of
widespread LSI/VLSI laplenentatlon of moat aystem componenta,

such test procedureg ghoitld access only the Input/output
terminals. |

The motivation behind the atudy of short circuit fault
of MINs is that this fault is8 completely absent in the
existing literature. Remarkably, this fault has not assumed
importance in moat fault diagnoala studiea inaplte of the
fact that short c¢lrcult between two tracks (primarily
ad jacent) la one of the chief causes of defects iIn LSI/VLSI
circulta. The atudy of short circuilt fault will truly
complete the fault diagnoais of single fault of bageline
natwork.i

[A82] mentions about short circuit fault behaviour

regtricted to the input/output lines of an SE which can be

modelled by an equivalent fault of the SE. But a short

circuit among adjacent tracka may, depending on the VLSI

layout, translate to a logical short circult fault among any

generally located links. Ue have saucceeded 1In conclusively

diagnosing short circult fault between two links of a

baseline network.

The fault diagnosis of short circuit fault in a group of

three linkas has also been completed, with the aim at golving

the general problem. As the conclusions in section 3.7

indicate, the number of subcases for higher order short

circuit fault (i.e. more ithan three ashort circuited circuited

links in a group )increase rapldly and more importantly, it

subasumes the fault behaviour of the lower order cases. Hence

we could not pursue the problem for higher ordec.

1.

The results of this iitudy summarised are as followus

Short circuit fault naeds at most ZflogzN] tests for

detection, in an NxN network having only S-mode and X-mode

- valld astates of its SEa.
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2. A baseline networt witlh a twe-link short circuit fault

needs at most 4r1°&2N1+4 tents for diagnosis.

3. A baseline network with . three-1link short circult fault
needs at‘muat 4[10g2N]+6 te:nts for diagnosis. |

4. The short circuit fault :an be distinguished from single
SE fault except in a few cajes.

3.2 Fault Model, Upper Bourid on the Number of Tests and Test

Vecltor Generation

Thehlﬂgical value of a short circuited link is denoted
by @ (c.f. def.2). The path:3 on which the sghort circulted
links lie will give a & responge at the corregsponding
cutputs when the tesat vec:-or provides complementary tegat
inpufa to these paths and the short circuited 1links 1lie on
different paths. The short circuit fault becomes transparent
Otherwlae. Thia can be conflrmed by a aimple example of a 4x4
baseline network shown in fig. 13.

Thus the short clircuit fault behaviour Can be
characterised as :
a) Fault Is visible when the short circuited 1links 1lie on
different paths which recejive complementary inputs.
b) Fault is transparent when elther the short circuited links
lie on different paths which receive same teat inputs or the
short circuited links lie on the same path.

Upper bound on the number of tests

Since we assume that the value of & (s an arbitrary but
consglatent asaignment of 0 or 1, whenever a short circult
fault is visible with a given tent vector, the faulty
responae will be observed only at agome of the pathas jinvolved
in the short circult. To get hold of the other faulty paths
Wwe use the teat atrategy of testing the network In the same

control aetting with the complementary teat vector. This 1iag

in definition 4.

Henceforth, we will always bear in mind that 'For a

Vieildle short cirecwurlt Ffault at leact two Saulty outpute will

be odboerved with complementcry teet vectors. '
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Therefore to test for a short circuit faull we need to
ensure lhat all pairs of links in the network receive
complementary test inputs.
lemma 1 : For an NxN MIN having S-mode and X-mode az valld
states of its SEs, at most [logiN] teat vectora are needed to
engsure that all pairsg of 1 inks belonging to the same e tage
receive complementary test bits.

Proof : Let f(k) be the nunsber of test vectors needed for the
2tated purpose. Our goal is to find f(N).

Now any test vector applied to an NxN MIN will have k
0's and (N-~-k) 1'g, 0Xk=N. Uith such & test vector all sasuch
palr of links of the Input side one of which receivea a 0
test bif and the other a 1, get tested for short circuit
fault. Further tests are rrquired to teat ahort clircuit fault
among the group of links thiat received a 0 (9ize k) and the
group that received a 1 (size N-kK) independently. Hence we
can write the following re-urrence relation

fE(N) 1 + wmin (max (f(k), ft(N-k)))
o% k XM
Clearly, as f(k) ia a nondecreaging function the optimum

value of k is [N/2], so that

f(N) £ 1 + f([N/Z])

The solution of this equation is f(N) s [log N].

Thus it can be concluded that all the pairs of input
lines of a MIN can be provided complementary teat bita using
at mosat [logzﬁ] test vectors.

Now in any MIN having S-mode and X-mode as valid gstates

of ita SEs,all 1linkas of any stage have a one-one
correggspondence with the links of the input side. Hence any
palr of links belonging to the same gstage will receive
complementary test bits when thelr correagponding links at

the input side do so. This concludea the proof.
Q. E. D.

Thia upper bound cannot be lﬁpraved becauae at-mleaat
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Lamma 3 : For the baseline netwvork
i) any two paths, one in S-phase and the other In X~-phage

share at most one link in common and and
ii} if two links 1lie on the e@ame path in one of the
phasgses,they lie on different paths in the other phase.
Proof : Let the network have N input/output lines, N=2".
1. Let P be a path in S-phase and Q be a path in X-phase.
Let Pﬂf—-‘(pﬁ_l. . .1:,}::l J.,_-, and Qﬂr-(qn__‘
links respectively. The proof is by contradiction.

...gﬂ)ﬂ be their stage O

Assumption : Let P,Q share more than one link, say one at
gtage i and the other at sgstage i, O0=1, j<n, where atage n
denotea the output side. Then addresses of the links PLJ{and

PiA% lying on the path P,({ regpectively will be

L

Pi.=pcs"'pi_~a.pn—1"'pL and Qi.::qﬂ""qi.--i.qn--i”'qi.' ) ) -(a)
prﬂ...pj“ 1I_“__'IL...pj and ernlﬁ....qj__‘qn__‘...qj. . . (b))

w. 1. o. g., let i<j and gince Pi.zoi and Pj=oj equating the
corresgponding bits we get -

P =q , It m =j-1, (from (a))

™ m

P =q , i< m Xj-1, {f-om (b))

™
contradictiliont

Therfore P,Q ahare at most one link.
If they do share one lLink, say at stage i, 0x i <n, then
the addreases of input links of P,QQ are related as

p =q , 1¥ m =n-~1, '
mom e . JC3.2.1)
p =E% , 0= m $i-1.

2. Thlz proof follows directly from 1. For if the two links
did not lie on different paths In the other phase then one
path in S-phaase and the other in X~phase will share two links
contradicting 1.
Q. E. D.
Definition 7 : Call two paths intersecting, if they share a
common link. |
Obvioualy the Intersecting paths must be from different
control settings of the MIN. Fig.14 ahowa interaecting pathe

in baseline and Benes network. In fig.14(a) P is the path In
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S-phase with input side address (5),, and @ is th path in

X-phagse with input side address (4)qg-
Theorem 3 : Short circuit fault in baseline and Benes network

can be detected in at most 2f1032N] tests.

Praoaof : Lemma 1 giveg the upperbound on the number of test
vectors that will ensure cnmﬁlementary teat bits to any pair
of linkes that belong to the same astage.

Now for any MIN having S-mode and X-mode ag valid states
of ita S5Ea, there la a one-one correaspondence ,in any control
setting of the MIN, between a link of the MIN and an input
line of the MNIN given by the mapping :

g : any link L —p input link of the path containing L.

So any two links L and L’ will receive complementary
teat bits when g(L) and g(L') do ao. If g(L) = g(L') then the
fault becomes transparent.

So any pair of linka that lie on different paths in any

control setting of such a MIN will receive complementary teat

blta In at moat flagaﬂ] tegta.
Chooaing the S-phase as the MIN control setting, lemma 2

ensures that any pair of lirks willl lie on different paths in
at least one ©of S-phase and Xthase.
Hence in particular, tlte short circuit fault in baseline

and Benes network can be detected in at most Zflcgiﬂ] teats.
Q. E. D.

The following algorithn generates the test vectora for
detecting single ghort circuit as well as single SE fault.
Algorithm D : Test vectorm to test NN baseline network, N=2"

1. For i = n downto 1 do
2 . Clagsify the Input lines into odd and even

lines based ¢n the i~-leftmoat bita of their
address.
3. Even lines recceive a test bit 1, odd lines

recelve a teast bit 0.
@rvdf or
and.

Fig.lﬁ gives the teast vectors generated for a 8x8

bagseline.

18



3.3 Diagnosis of Single Fault of Baseline Network

Ue now discusas the dJiagnostic procedures for aingle
short circuit fault jointly with the SE fault. The (first
{teration of algorithm D generates the same test vector asa
that of algorithm A. The test procedure 1is modified as
follows
(1) For every test vector generated by algorithm D, test the
network with that test vector and 1Ita complement 1In both
S-phage and X-phase.

(1i) Based on the discussion in sec 3.4 and 3.5 additional
tests are done appropriately for diagnosing the fault.

end.
Note that if single SE fault exlats, it will be observed

with the test vector generated in the firat fteration of
algorithm D 1itaelf. During any subsequent testsa, if we
observe a faulty output, only then ite complementary test |is
required to get hold of all the faulty paths. Otherwlige, the
complementary test of the subsequent teats can be skipped.
The test procedure digcussed above will cause at least
two faulty'output reaponses In a phase 1f the fault |1is
vigible in that phase with the given teat vector. A single
short circuit fault can have k-ghort circuited links,
ZSkSNIGgEN. We have studied and given fault diagnosis
procedures for k=2 and k=3. The conclusions of section 3.7
diacuse the difficultiea for kK > 3.
3.4 Short Circuit Fault among Two Links in Baseline Nelwork
The fault can be clagssified on the basls of output
regsponges ag follows
1. Nonseperated two-response fault : There are two faulty
outputs in one phage, the other phase la fault-free.
2. Four-responsge fault : Tha2re are twa faulty outputas in each
phage.
3.4.1 Diaénasiﬂ of Nonseperated Two-response Fault
This type of faulty response isg also provided by the
aingle SE fault in the unior of the sets (S45,5i,54,5,%,9,

S50 sS4 » S5 1 X {55} and (Y0 )X {% S % % D v 90 » Q4 194 235 1 -
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In a lwo—link shorl circuill case lhis hehaviour implies t1thal

the two short circuited links lie on the same path in the

fault-free reaponse phase.

The diagnosias ls based on the following facts

(1) If at least one of the faulty responzse 1Is binary, the

fault le of the single SE type, nafmely one of

{‘S:I.l‘sulr ISS rs? rﬁﬂ}x{s_'i} or {EI;J.EI }K{& -sb l&ﬂ r&i 154 -}

(il) If the faulty paths do not converge to a single SE then

the fault 18 of short circult type.
test the SE by

(111) I£ the faulty patha .onverge to an SE,
If

algorlthm C for ¢pen and short condition of faulty paths.

at least one of the patha a8 open circuit, the faulty 1a of

the aingle SE type,nameily one of {(Sg,55,50 1% (5} or

{Siﬂ}x{sﬂ lsﬁisﬁl}

(iv) If the above cases ar: inconclusive then the sasingle SE

and two-link short c¢ircuit fault are Iindistingulshable as

shown in fig.l6, since the responseg are identical to all
teats.

Link tdentification
1f frﬂmithe above cages we are able to regsolve between ahort
circuit fault and S8F fault then the short circuited 1links

must be identified.

Theorem 4 : Given two path: P,Q of a baseline network in one

phase, there are exactly two pathg in the other phase which

Intersect both P and (.

Proof : Let P = “ o : = “ .. -
- ;}ﬁ__il pa and Qa a _, qa_ be the stage-0

links of paths P,Q regpectively in an NxN baseline network,

N=2". w. 1. o. g. let P,Q be patha in the X-phase.
guch patha, A, 1In S-phase that
be the astage-0 link

We wvant to find all
intersect both P and Q. Let A =a ...a
O N4 O _

of A and 1let it Intersect P,Q at gtage-i and stage- ]

regpectively, 0<i, j&n.
Then by equation (3.2.1) we have

a =p ,0Smsi~1, and a =p iS<mSn-~-1,
m T} - m ™m
am=qm ,05ms j-1 , and a =q , JAmsn—-1,
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Therefore pm=3; ,0SsmSmin (i, j)-1 and max(i, j)=mEn-1
p, =d ymin(i, j)smSmax(i, j)-1

Thue P and Q must have o definite it pattern and they

are mutually dependent.
Now eilither 1<j or j<i

Accordingly S PP, - ‘pL-Et-i . .Eﬂ for i<j

in which cage Qn =Pn-;.' . 'pj-Ej-i .. 'ELpi.-:. Py

or A=p __...P,P, .. .Ej'Ej_l .- -P, for  j<i
in which case prn_i---9151-;.-“-5jp_|-._-“%

Hence the theorem la proved. The four patha have the

fellowing address pattern

S-phasae X-phase
Proca= PPy - PP - Py Pocd = -PP - PP ---Fy
Preg PP BP - Py P BB R R Ry

Q. E. D.

From theorem 4, we can conclude that 'In a nonsoeperated
twe resgponee dbehaviour of o two—-link short circuilt faull, the
paitr of shorted linke may liée on one of exactly two paths in
the faultl fFree phase.’ . , (3. 4.3

Fig.17(a) shows an example of this fault. The S-phage is
fault-free and X-phage is faulty. The fault is observed with
the third teat vector, In whlech, paths (D)ﬂand (6)ﬂahow
faulty reagponse. S0 either the links (B)land (B)Bare- short
circulted or the links (11}1and (14)El are short circuited,

From equation (3.4.2) it can be seen that there are two
poggible locations of the fault namely, one 1link of the
i}hstage and one link.ﬂi'tiu:_fhstage, ag shown 1n fig.18.
Either (A ,A;) or (B ,B;) 1s the short circuited pair of
linka. WUe set the stagea 0 to I in the fault-free responae
phage and the remaining stagea in the other phase. This
ensures that all the links A ,A;,B and B, 1lie on different
patha. Teat the patha containing (A ,4;) for short circuit

behaviour. lIf the response 1is fault-free (B{,B,) isa the

faulty pair of links, else (A ,A;) 1is the faulty palir of
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links. The faull location reguires 2 lests.

This fault therefore requires at most 4flog N|+4 tests
for diagnosis. Figl7(b) shows the link identiflication tests

for the fault example of fig.17(a).
3.4.2 Diagnosis of Four—-response Fault

This type of faulty response is also provided by the
single SE fault in the 8et{S54,5(,5(,5%.%.5.%,99 9% }x{S ,
55,55:5,5 50 54 S¢S ) - In a two-link short circuit
cage this behaviour implies that the two short circﬁitad

linka lie on different paths in both phases.

The diagnoasia ia based on the following facts
(1) If at least one of the faulty response 18 binary, the
fault is of the SE namely one of (5,,5,,5.,5 ,841)}x(S% .5,
S40 P14 1904 ) -
(ii) 1f the faulty paths of the same phase do not converge to
a single SE then the fault is of short circult type.
(1ii) If the faulty paths ¢f the same phase converge to an SE
(the other pair of faulty paths will also converge to the
same SE), test the SE by &slgorithm C for open and short
condition of faulty patha. If at leaat one 0f the paths |is
open circult, the faulty is of the S8E namely one of
{S0 156,51 X{& »Ss » & )
{iv) 1f the above cases arc¢ inconclusive then the fault 1is
indigtinguishable at the 5! and two-link short circult level
asgs shown Iin flg.19, since the responses are identical to all
teasts.

Link tdentification

Let-P,Q be the X-phasc faulty output paths and A,B be
those in the S5S-phase. Then baged on the addresses of P,Q,A
and B the following subcasca arise
l. Each of A,B intersects @xactLy one of P,Q regapectively.
Let a intersect P and B intersect Q. Here neither P,Q nor A,B
gatisty équatiﬂn (3.2.1).
2. One of A,B Intersecta both P,Q the other intersects only
one of P,Q. LLet B intersect P,Q and A intergect P only. IHere

only P,0Q0 equatjion (3.2.1).
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Al,Aj or Bi,Bj is the shorted pair
PP,Q : paths which ghow faulty response.
A,B : patha in the fault free phase.
Fig. 18. Short c¢ircuit fault locations in nonseperated
two~-response fault.
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Filg. Four—-response fault : undistinguishable SE and
two- llnk short circuit fault.
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sre the shorted pairsg.
(c)
B : fault; paths in S-phasge.
Q : faults paths in X~-phase.
Fig. 20. Short circult fault location in four-response fault.



3. Both A,B intersect P anc Q. Here both P,Q and A,B satisfy
equation (3.2.1).

Cass 1 : This situaticn is shown in fig.20(a). The pair
of short circulted 1linksg are directly identified by
determining the common links of A,;?and B,P. o

Casw 2 : . This gituation ig shown in fig.20(b) The
short circuited links will be : the common link of (A,P) and
the common link of (B,Q).

Cace 2 : As discussed in section 3.4.1, the addresses of
A.B,P,Q at the input side will confirm with equation (3.4.1).
From fig.20(¢c) it can be seen that either (A,,B;) or (&, By)
is the short circuited pair of links. Once again by setting
the stages 0 to i in S-mode and the rest in Z-mode, Ay, By A,
and B, will be in different paths and the short clircuited
palr of linka can be located In two tests.

This fault therefore also requires at most 4[1031N]h¢

tegstas for diagnosis.

3.6 Short Clircuit Fault among Threo Linkas in Baseline Noetwork
The fault can be clasgified on the basls of output
responseg as follows
1. Nongsepeaerated three-regponse fault : There are three faulty
outputs, all In one phase. The other phase 1a fault-free.
2. Five-reaponse fault : There are three faulty outputs in
one phase and two faulty responses in the other phase.
3. Four—reaponsgse fault : There are two faulty responses 1iIin
each phasge. “
4. Six-responege fault : There are three faulty outputs In
each phage of tesgsting.
As mentiloned ln section 3.2, there is no oc¢ccurrence of
single faulty output in short circuit fault. Each of these
caseg are discugsed in the following paragraphs.

3.58.1 Diagnogis of Nonseperated Threaee~response Fault

,This fault behaviour I3z absent in the two-link short
clrcuit and single SE fault case. In this cage the three

short circuited links lie on the game path in the fault-free
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cﬁse and on different paths in the faulty phase.

Link dentﬁfication
Theorem 5 : Given three links in a baseline network which,
lie on different paths Iin one phase, there exiaste exactly one

path in the othetr phase on which all three linka will lie.

Proof : Consider an NxN baseline network, N=2. Let P,Q and R
be the. three paths witihh input links Pa=(pwd...pﬂ)a,
Qﬁ=(qn_’_...qﬂ)ﬂ and Rm=(1."ﬁ__ﬁ_....1:*ml )n regpectively. w. 1. O .

g., let P,Q,R be links in X-phase.

We want to find all such paths, A, in S-phase that
interaect P Q and R. Let Au=gwd...abﬁbe the stage-0 link of
A and let it intersect P,(}J,R at stage-i stage-}] and satage-k
respectively, 0=i, j,k=n.

Then by equation (3.2.1) we have

a =p ,0Sm<i-1, and a =p ,ifmSn-1
m ™ ™ ™

a =q ,08ms j-1, and a =q , jJSmEn—~1,
mn ™m m m

a =p , 0fm<k-1, and a =r kfmSn-1,
™ ™ ™ ™

w. 1. o. g., i<j<k be the ordering of i,j and k.
Then equating the <corresgsponding bita in the above

equation we have

pm-':qm=

=

,0=2m<i-1 and ksmsn-1

m

1

O
]
"3

p , i5ms j-1, e « o (3.5.1)

m ™m ™

© , jems<k-1,
m m m

il
oo
|

p

From equation (3.5.1) we asee that P,Q.R must have a
definite bit pattern In which the whole addreas can be
divided Into four conaecutive blocks. The bits in the first
and the laat block atarting from the lab are exactly aame,
while In the aecond and the third ones the bit pattern of two
paths are exactly same while that of +the other 1ia their
complement. Note that the address of A geta fixed once the
intergsection stage with any of the 1lineas gets determiﬁed.
Also {20 and kxn, but i, j,k are all distinct. Hence knowing
the input slide address of the faulty patha, the atage at
which a link le firat shar:d can be determined by scanning
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the addresses from the lsb and picking the path whose bits
are complementary compared to the other two. Thus there ia
exactly one address for path A.
Q. E.D.

For the case of P,Q,R being paths Iin the S-phase the
theorem can be similarly proved. They will again satisfy
equation (3.5.1) and the address of path A can be easily
determined.

Link itdentification

The short clrculted 1links can be identifled by the
method proposed In theorem 5. Scan the addresses of the
fauity patha from the lsb. Theae aﬁdreases will conflirm with
the bit pattern of equation (3.5.1). From these the values of
i,jand kK will be uniquely obtained and thus the short
circulited links are identlfiéd. Fig.21 givea an example of
this fault.
3.5.2 Diagnosis of Filve~=response Fault

This fault behaviour {s abasent in the two-link short
circuit and single SE fault case. In this case the three
ahort circuited links all lie on different paths ln one phage
and Iin the other phase two of the links lie on the same path.

Link tdentification

If two linka of paths P,Q of one phase lie on the sgame
path in other phase, then ty equation (3.2.1) the input gide

@

addresses of P,Q will have the form

p =q OEm<€1 -1 and j€m<n-1
™ m

p ﬁE ’j_iu'[::j""l_ L] w -‘:3-5-2}
m ™

In this cage let the three-reasponse phase paths be

denoted by A,B,C and thogse of the two-response phase paths be
denoted by P,Q. |

Nag if exactly two <«f A,B,C, say A,B, gsatisfy the
addreas'blt pattern of equstion (3.5.2) then only one of P,Q,
gay P, will iIntergsect both A,B and Q will {ntersect ﬂnly- C.

The links are thus ldentified.
I1f more than one pair of links among AB,C satisfy “the
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bil pallern of equation (3.5.2), Lthen it is easy Lo see tLhat
all the three posaible pair of links cannot asatisfy equation
(3.5.2) for, in that case 1t would degenerate to the type
3.5.1. So we are Jeft with the altuation that two palr of
links among A,B,C @gsatisfy the bit pattern of equation
(3.5.2).

Let the two pair of patha be A,B and A,C. Then there are

two linea P, P, in the other phase which intersect A and B
and two lines Pg,P, which intersect A and C. Now either both

or exactly one of P,0 &« S=(P,,P,,Py,P, ).

If exactly one of P,Q ,say P, belongs to S then P
intersecta one pajir of A,B,C and  Iintersects with the
remaining path. The links are thuas identified as shown in
fig. 22(a).

If both P,Q are in 5 then w. 1. 0. g. let Pa{P,, P} and
Qe{Pg,Pe}, noting that P and  cannot be in the same
partition of S. Let P=P;, and (Q=P,. Then the faulty links ar e
either A;,B,(, or A ,B ,G shown in fig.ZZ(bj. This can Dbe
resolved by one additional tesat in which the SEs in the stage
0 to 1 are gset In S—-phase i:nd the rest are set in X~-phase.The
Jault s indietinguishable 1ty [i-j|=1. This case can
therefore be dliagnosed in two additional teagts.
2.5.3 Diagnosis of Four=response Fault

Thia fault behaviour iz also observed {n the two-link
short c¢ircult and agingle S$1 fault case. In this came, in both
phases two short circulted linke will lie on one path and the
-ﬂther onn the remaining pati .

Link ldentification

Let A,B be faulty outyut response paths Iin S-phase and
P,0 be thoae in X-phase. 11 both P,Q and A,B do not satisfy

equatioﬂ (3.5.2). then the fault certainly does not invliove

three short circuited link: and belongs to 3.4.2 subcase 1.

This {s because in the thr«e short circuit link case, #such a

behaviour implies that two short circuited links lie on one

path in each phase.
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Lf only one pailtr of links amonyg P.@ and A,FE satisty
equation (3.5.2), then the fault Ia of the type 3.4.2 aubcage
2, as8 shown 1n figtlétb). I1f two-links are short circuited
(AkrBj) are the faulty links. If three links are  ashort

circuited, A4;,B;,B; are the faultly links. Thus to resolve
between these two faults, we have to determine if B ig
involved. This can be determined by seperating the links into
different paths i1.e. setting stages 0 to 1 in S-phase and the
reat in X-phase. Iy k=i+1 or j=i+l then the two-link and
three short circult fault are indistinguishabdle.

1f both P,Q and A,B satiafy equation (3.5.2) {1.e. k=i
or j in £fig.18(b)) then from fig.18(¢) 1t can been mseen that
in the three-link short clircuit case any three of A ,A;, B
and B, may be faulty (# four groups). In other words we have
to determine which three of the four linka are mutually short
circuited. By lemma 1 this can be done in two additional
teata by forcing these links into different paths. Again tf
j=i+1 the fault is indistinguishable. |

Thue thia fault requires at most four Tteatsa for
dlagnosasliea.
3.5.3 Diagnosis of Six-response Fault
Thia fault behaviour la abaent {n the two-link short circult
and aingle SE fault. In this case all the ahort <c¢lrcuited
linkas lie on different patha Iln both phases.

Link tdentificatiron

This fault ¢can b2 gubdivided 1into many subcasges
depending on the addresscra of the faulty patha. But baglically
1t can be dlagnosed aa follows : Any faulty path of a phaage
will intersect with at 1:ast one faulty path of the other
phase. Find all the comm>in links. Then among these linkg the
ahort clrcuited group can be ldentified by forcing these
linkg 1in different paths

This completea the ligcugasion of the three 1link ‘short
cirecult fault coneldered jJolintly with the 1two~-link short
clrcult fault and SE fau .t. It haa been ashown that most

faulta are dlagnosable. "he faults In which the Iinput-~output
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links of an SE are intolved are indistinguishable. The
diagnonisa requlresa at mos! six testa after detectlion.

3.6 Short Circuit Fault liagnosis of Bones Metwaork
Here we want to highlight the fact that the ghort

circuit fault diagnosis { echnigques discussed for basellne

netucrﬁ can be applied alnost unmodified to fault diagnosis

of the Benes network too. The sasingle SE fault diagnosisg

problem of Benes network ias not been dealt with so far in

the literature because of the presence of alternate paths

between any input-output jpalr ([A82] and [FY86]). However it

la significant that the ghort circult fault can be diagnosed

for the Benea ntework without much modification.

Lemma 2 : For the Benes network

i) two paths, onie {n S-phasgse and the other in X-phase share
at hﬂﬂt one link in common, and

ii) 1f two links 1lie on the same path 1in one of the
phaaéa,they lie on different pathas Iin the other phaée.

Proof : Let the network have N input/output lines, N=2".

1. The Benes network is symmetric about the stage n, and can

be visuallesed as two NxN basgeline networks connected back to

back.

By (I) paths P,Q cannot share more than one link in any
of the two halvea comprising of stages 0 to n-1 and atages
nto 2n-1, where stage 2n-1 is the output side. Hence it |is
enough to show that if patha P,Q share a link in the first
half they cannot do so in the second half, the symmetry takes
care of the iIinverse proposition.

By equation (3.2.1) we have

P =9 , 1iX m =n-1,
m m

Pm=a; , 0% m si-1, where 0S5 i =n-1, i being the stage
where the common link is located.

In Benes network address of the pathg at the output side

will Le Pzn:pn—-i Po-2 " " " Po and th -1 -2 %
reapectivealy.

Thues we have
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Now looking at the baieline network formed by the second

half of -the Benes network, E;n,QEn can be viewed as input

linea of this network. We 7ind that for no value of { can the

equation (3.2.1) be satisf.ed. Hence the pathg having input

lines P?ﬁ,Qzﬁ do not share any link in the second half of the

Beneg network.

2. This proof follows direc:tly from 1. For if the two links
did not lie on different paths in the other phagse then one
path in S-phase and the otiier in X-phase will share two links

contradicting 1.
Q. E. D.

Thus if two paths P,Q in a Benes network share a common

link at astage i1, their Input side addresses will be as

-

follows
P =4 , i€ m sn-~1, p =q , 0= m<£i-1, in which case
™ ™ ™m m

02 i sn-1 or
p =q , i< m =n-2, p =q , 0€ m =i-1 and m=n-~1, in
™ ™ m ™

which case n<x i1 =2n-1. . . . 3.6, 1

[f we teat the Benes network in the S-phase and X-phase
with exactly the same test vectora as thoese for the baseline
network, we shall observe similar faulty redgponae behaviour
ags those of the bageline network because of lemma 3. From
equation (3.6.1) the relations for the intersecting paths are
known and the common link can determined from the addressges
of the intersecting patha. Based on lemma 3 1t jia eaay to see
that theorem 2 and thedrem 5 hold for the Benes network too.
Therefore the two-link and three short circult fault can be
diagnosed for the Benesg network. The only modiflcation is in
identifying the faulty links since the common linka will be
identified by equation (3.6.1) instead of (3.2.1). Toe avoid
repeatition we do not discusa this topic further, but it is
emphasigsed that sahort cirﬂuit fault diagnosis of Benes
network is also poasalble buasmed onn our study of short circuit

fault diagnosis of baselinc network.
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3.7 Conclusions

Fault diagnostic procedures for two-1ink short circuit
and three~-link short circuit fault congidered jointly with
single SE fault have been developed. Similar techniques for
Renes network have been propoased. The upper bound on the
number of test vectors needed for detecting short ¢lrcuit
fault Iin an NxN network is [lﬂgiN]. Thig upper bound cannot
be iImproved because at least floggN] tegts are needed to
enaure complementary test bits for any palr of links of the
sgme stage in the network.

The fault dilagnostic procedures for ahort circult fault
indicate that some fault: are indlatinguishable by tesats
involving accesgsg only the input-output terminals of the MIN.
These faults Involve links that form the Iinput-output links
of an SE. The fault detection phase generally provides enough
data to locate and Identify the fault. Further tests are done
if this data ig insuffici-nt as discussed in some cases.

The three-link short circuit fault also includes the
fault behaviour of the twc-link short circuit fault. HNoreover
the number of subcases Increase rapidly as the number of
links involved increasges. So if we think of dealing with
short circuit of higher Gr&er, the reasults for the iﬂuer
order become incomplete because the new 1type of fault
includeﬁ gome gubcases which behave exactly like those of the
lower order type. From the¢ two-link and three link study it
does not appear that ther¢ ia a neat and compact solution for
the general k-link short circuit case. In our opinion, the
conclusive reaults for the two-link short c¢lrcult case are in
themaelf qulet significant because it can be safely assumed
that short circult faulte having more than two linka is rare.
Assuming that at meost two links may be short c¢ircuited, the
fault diagnosis procedures complete the diagnosis of baseline
network from a practical viewpoint. |

Further study may be undertaken to consider multiple
short circult faults, each fault involving two linkas. Using

the fault diagnoslis procedures developed by Feng in [FY86],
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the shopt circult fault dirgnosisg of GmegaT—GmEQiﬁ' network

can be pursued. On gimllar lines, the complete set of fault
diagnostic procedures may »e developed for shuffle-exchange

networks .

Y
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