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Detection and [Location of Open Circuit Fault by Space Search
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ABSTRACT

In this papet, a space search technmque 1 asedio detect and locate the faults of the ctrewl interconnections,

The circult interconnections are represented by the tree structtre and the tree space is seached 1o detect and o

cate the open faultsof the circmt nterconnections, The breadtl search is used to detect the open faults arcd reduce

the space size, The depth search s used to locate the open faults
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I . Introduction

Along with the technology advances, the more
sophisticated and complex electronic equipment are
being developed and PCR’s(Printed Circuit Boards?
are designed with the more thinner interconnect lines
and layers.

The interconnect lines provide the signal paths am
ong the components. The hroken inderconnect hines
and the shorted lines change the signal paths and ev
entually change the function of circuit,

After the components are loaded and soldered on
the PCB. it is very difficult to detect fault. Also, more
Surface Mounting Devices{SMD) are used.
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{1. Fauits of the circuit interconnections

Most of the faults of the circuit interconnection
are divided into two categories and they are structur-
al taults and parametric faults, The parametric faults
change the frequency characteristics and the circuit
performance and they are very critical to the time-
chitical circwts, The parametric faults happen much
iess than the srructural faults o the interconnect
wires and they are not handled in this paper,

Most of the faults in the interconnect wires are the
structuralfavits and they are usuvally manufacturing
or stuck at faults, The structural faults are consist of
the short circuit faults and the open circuit faults,
Open circuit faults means the broken signal paths
among the netsthat should be connected together
and change the function of the circuit by blocking
the signal paths. The broken path includes the bro
ken through holes betweenthe different circuit layers,

Short circuit fault results from the unwanted sig
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St patin nimwong the fels that should be solated
Socc e otber net<oand change thetuncton of the
seun by adding the unwanted sigral flow, The short
crreuit tault resudts from 1the neomplete separation
althe neighlbor cireuit paths= and the through holes
ihat havewtwanted contact with the cirguit paths on
the different lavers whichshowld be isoluted.

The open cirewnt faults can be detected and located
in probing thecircuit paths electrically, The short
cireuit faults can be detected by probing electrical
ivbul the faults can not be located by clectrical test
method becausethe electrical probing signals can be
detected at any pointsol the crrewd paths of the sh-
orted interconnec! wires, So the other test methods,
such as awlomatic visual testCAVTY areused to o
cate the short circait faults,

In this paper,we will handle the open crreuit fault
and discuss the detection and location of the open
cirenit faults of thewterconnect circuits, From the
space search techoique. the breadth search 1s wsed
todetect the faults and the depth search is used w0

locate the faults,
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Figure 1. Example Tree Structure

[I. Tree representation of interconnect circuit

We can build a net group tree with nets and cach
node representsthe net of the circuit. In the net
group tree representation, the tree shows the con
nection status of the nets but does not show the con
nection status of the through holes and test pins,
And we trace the path between the involved nets to
find the exact location of the open circuit fault,

By including the nodes representing other points
such as the through holes and the test pins in a net
group tree representation, the open circuit faults can
be identified by the nets, the through holes and the
test pins. As a result, the open circuit faults can be
identified by the nets, the through holes, and the

{OsT pins,

In the tree representution, the oot node on the top
and alt the leaf nodes on the hottom leve] represent
the pets, and all the other nodes in between rep
resent the through holes and the test pins. The dep
th of the tree s the maximum number of paths from
root node to the leal nodes. The tree 1s 1o e sear-
ched to locate the open circuit faults of the net gro-
up by using the depth search., Any nets of the net
group can be selected as the root node in the tree
representation, but, the root node s recommended to
be selected to minimize the depth and search time.
For the minimum depth of tree, the root node s
selected from one of the nets which are geometri
cally located in the center of the interconnect wires
lavouts.,

Detection of a open circuit fault between the net
and the through hold of 4 net group is to find the
broken paths between the nodes in the tree repre-
senting the net group. To find the broken path in the
tree, a test vector 18 applied at root node and breadth
search is performed for all the leaf nodes on the bot-
tom to observe the test vector, Then for the leaf
nodes where the observed test vector is not the same
as the applied test vector, the continuity of their
parent nodes is tested by using the depth search
starting from the faulty loaf nodes.

[V. Search technique for fault detection and
location

To detect and locate the open circuit faults in a
net tree, a set of two nodes :s selected from a net
tree and the continuity between those two nodes is
tested. This test i1s repeated for all the possible com.
bination sets of nodes. H the test procedure is per
formed sequentially, another set of two nodes 15 te-
sted after one testing one set. This is an exhaustive
test procedure and takes a long time., For the net
tree with m nodes, all the possible combination sets

of two nodes are :

m!

_—W =m(m—l)

So. to check the continuity between m nodes. m
(m—1) tests have to be performed.

The leaf nodes where the detected response are
the same as the test vector are faultless leaf nodes

and the leaf nodes have connected paths to root
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node. The leal nodes where the detected responses
@e not the same as the test vector are fzulty leaf
nodes and there are broken paths between the leat
nodes and root nede, We can start scarch trom those
ntial staie ol Tacity and foultless leos nedey to iind
Plies Drokels palin dothe Wew sUldeTUno o o et gluil
we can redaee the state search space of finding the
broken paths positions of a net group tree hy el
minating the branches which are oot ovujved in e

open circuit faults.

\ . Fault Detection and Space Reduction by
breadth search

The search techniques are used to detect and lo
cate the open crcuit faults in a net group tree, Itas
mentioned that all the nodes of @ net group are nor
mally connected and the connection status can be
known from the nethst and the interconnection vir
cult Jayvouis. figure 2 shows an example of the ned
tree.

The nodes are labeled as from N1 to NID. A root
node N1 and leat nodes N26, N270 .0 NG represents
the nets of a net group, The rest of nodes, N2, N3
O N19. and N2 represents other pins i the same
net groupsuch as through holes ur ather test pomnts,

At the root node NI a fest vector 13 applied for
the net group and responses are vbserved from the
leaf nodes at the bottom EN2G N2T, 0 N4 N4GY,
The observed responses are breadth-searched at the
bottom level from left to right or from right Lo lefr,
If we select breadth search from left to nght, the

responses at the leaf nodes level will be exarmned in

n26 a27 n2% niY nd0 31 232 n33 a3s

Figure 2. Example ot

Lie order N2Z6, N7 NZE, L0 N NAS,

The breadth search s performed at the otion.
evel of e net graup lree to cheds tf Uie test vectn
appbivd un the tup of the tree s tansferted to tie
POSTOET e TrTongEh el dhee drteiioediite pudes T

e wa el LTt T e e le

Sie the 1oot node and the leat nodes represent all
The et ulaooet graup, 51 the observed response ot
!

s
vt

s noAes e e sarte ds Che dppsted lest v
sor. all the paths frem the roos node to the ledf noavs
e otk ted aned Dl et group does nob e oy
open circutt faults,

The test vector is apphed at the root node und the
responses are observed at the leaf nwdes, I there
exists any broken path between the reot tode and
the leat node, the apphied response vector can not be
abserved from the feat node, And we know that
there exists @ broken path between the leaf node and
it parent nodes or between danv ot it ancestor nodes
at the uppert levels. So. by searchimg and cxamining
the hottom level only,we can detect The open araal
taults of a net group, After the teaf nodes at the bot
tom Yevel are searched in breadth, the leaf nodes can
he diaided into two categories, faulty leaf nodes and
taultless leat nodes. The faclty leat node medns that
there exists al least une broken path between the
root node and the faulty leal node and ol the arces
tor nodes a1 the upper levels shouid be searched 1o
find the broken paths between the faulty leat rode
and the root node. Figure 3 shows the leaf nodes
the hottom level after the responses from the leal
nodes are exaruned. Thev are jabeled as On tor o

faultless leaf node and in for a faulty Jeaf node, The

®
n33 n36 n37 038 n3% nd0 ndl n42 ndd ndd n4s

anet ee rcpresenmrion
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S cgnice ob @l the sndes af et group tiee forms
Che et g sprce and the can be conztructed trom
et oproap tres by lracog hacl the ancestor nodes
ol the Jeat nodes toead the root node, Table | shows,
the net greup space tor Fgure 30 From the examin
abicrs of the leat nudes at the hottom ievel, the leal
nodes gre divaded mio faultless leat nodes and fauliy
featf nodes, Here, we a1l call the set of faulty nodes.
all their ancestor nodes to the root node, and their
paths as the faully space, And the faultless leaf no
des, their ancestor nodes to the root node, and their
paths are called as the faultless sapace.

For 4 net growp tree, there can be a case where
there is & broken path in the tree but we can observe
the test vector {rom every leaf node due to a short
circwt path provides a redundant path for the broken
path, If we test the connections between only the
nets 1n a net group. the continwity test hetween the
root node and the leaf nodes at the boltom level
detects al) the faults, The nodes at the intermediate
levels represent the through holes and test pins.

l‘or a net group with K nets and I through holes
danc test points, the corresponding tree represen-
tation has a reot node, K—1 leaf nodes.and H inter
mediate nodes and ihe tolal scarch stare space 1s H
+ K =1 nodes. Also, 1if the net group tree has B aver:
age children nodes and n devels, the total state space
18 Bn, and if there are P average children nodes that
are not involved in the open circuit faults at n levels,
the size of the state space of faultless nodes s Pn
and this space can be chiminated from the total state
space |B*n) and onty (B%n—P#*n} nodes in the
state space need to he searched to locate the fault

[
f2 f3 f4 f5 f6 7 f8

ol f1

al

f9 f10 f11 f12

positions, So. 10 the net group tree. the search space
for the depth search. This means, the faultless space
can be chminated from the net group space and we
can detect all the faults of the net group by search-
ing only faulty space.

Locating the Faults by depth search In most cases,
the circuit boards under test may have open circuit
faults 1n their net groups and atl the nodes of the net
group tree would be searched to locate the open cir-
cuit faults of the net group. In a net group tree
representing K nets and H through holes,every node
except the root node has a path connected to its
parent node and the net group tree with K + H nodes
has K+ H —1 paths connecting the nodes. From the
breadth search at the boltom level of the net group
tree, the faults can be detected for the given net
group trec. And if faults are detected on the leat
nodes, the ancestor nodes of the faulty leaf nodes are
searched to locate the fault positions.

As we described before. the paths from the root
node to the faultless nodes can be eliminated from
the depth search space. We do not have to perform
additional search in the faultlcss space and only the
faulty space should be searched to locate the open
circwt fault positions of the net group.

From Figure 3. we make Table 1 that shows the
net group space and the depth relationships of the
nodes for each level. Tahle 2 shows the fatltless
space, Table 3 shows the search state space of the
nodes invoived in the faulty leaf nodes, which is the
faulty space. In Table 3, depth search can start from
either the leftmost or the rightmost faulty leaf node.
Figure 4 and Figure 5 show the depth search space

@
f13 f14 f15 02 03 04 o5

Figure 3. Faulty and faultless leaf nodes after the breadth scarch
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Tabie 1. Net grou

by Space Search

i space and the depth relations with upper node~

level 1 nl nt nl ni il nl ni nl nl
) lé-\;.el :’ .”__ N o - n'._'" B n? s [ u! n' n't n? ot !
‘ ]o.w_el% B _n.;t_a_ nd ni ng ni ny i ”.'.z.l_ o ai " ng !
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Table 2. Faultless net group space
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Table 3, Faulty net group space
level 1 nl Conl al nk ni - nt ni il
_I;ve-lm';‘“ - . n:_'.;_“ n? n? o2 __ n2 o n_.2 ........ ;_?_ }13 )
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Cdevell ol Tl il fm Tl om
level 2 [ no T n2 n2 " a2 n3 T n3 n3
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ele T no dm_ lnz ine Tm Tm
- TEVEL . ! o . ]
! no_(il_e_'w__“__

when all the leaf nodes arc assumed to be faulty and

ali the nodes of the net group tree have to be

searched.

In the worst case, we may have to search trom the

leaf node to deep into the root node level. The search
space for a tree with breadth W, and depth D, is W
D, and we have the biggest depth search space for

the given net

group tree,

Figure 4 shows the depth search space starting

from the leftmost node and Figure 5 shows the depth

search space starting trom the rightmost ieaf node
Both cases have the same space size,since they are
searching the same tree, We will consider only the
depth search st:arting from the leftmost faulty leaf
node.

From Figure 4. it 1s shown that the upper level
nodes are not searched if they are already searched
at a previous depth search. This accomplishes ad
ditional reduction of the depth search space. For
example, from a leaf node F1, its ancestor nodes N11.
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nl [nl nl nl ni nl nl ni ni nl nl nl |nl |nl nl
n2 in2 n2 w2 n2 n? nz n2 |n2 [n2 np2 n2 {n3 |[n3 n3
nd ind nd nd [(nd [6d nd nd nS InS nd nS Jn6b |nb né
n? {n? In7 n7 {n8 [n8 [n8 |n8 {n9 [n9 {n9 a9 [nio|ni0]n10
nll |nl2 tnl2 [nl2 | nl3 | nri3 | nid4 [ nld [ nl5 | nl6|nl6{nl6|[nl? {ni8 | nl8
f1 {2 1 f3 | f4 |fS [f& | f7 | f8& [f9 [f1O0[Ff11|f12|ft3;f14§T15
Figure 4. Breadih search starting from the lefumost leaf node
nl nl nt nl nl nl nl ni ni nl nl nl (nl nl [nl
n2 n2 n2 nl n2 n2 nl [n2 |n2 n2 n2 [n2 |[n3 n3 [n3
nd nd n4 |nd |nd nd nd |nd |n§ nS nS |n5S {n6 néb |nd
n? |n7 n? |n?7 [n8 [n8 [n8 |n8 [n9 |n9 a9 {n9 (ni0|ntd|nlo
nli I nl2 tnl2 [ni2 [ ni3 | ni3 {nld4 {nld | nl5 | nl6 | nl6 | nl6 [ nl17 | ni8 | nl8
fi f2 | f3 | f4 [F5 [f6 [f7 |[f8 [f9 |f10)f11|f12 (f13|f14 | fi5

Figure 5. Breadth search starting

N7. N N2, N1 are searched and thc open circuit
faults 1 those nodes can be detected and located,
Them, from the next leaf node F2.its parent nede
N12 18 searched and then node N7 s searched and
depth search stops for jeaf node F2, Since all the an-
cestor nodes of node N7 are already searched at the
previous depth search from node Fl, we can stop ad-
ditional searches above node N7 and eliminate the
duplicated searches from node N7 to node NI1. In the
same way, from node F3, F4, only node N12 is sear-
ched since the nodes above N12 were searched at

previous search from node F2,
For node FS, its ancestor nodes N13 and N8 are

searched and search stops at node N4, since the up-
per level of node N4 is searched at the previous sear-
ch. For node F13, ail of its ancestor noedes (N17, N10,
N6, N3, N1) are searched since none of its ancestor
nodes are searched at previous depth searches. So,
by the depth search of the faulty leaf nodes at the
bottom level, we can locate all the multipte open cir:
cuit faults of the given net group.

In the depth search from the leaf nodes. we start
searching from the obseved faulty responses and the
search proceeds toward the upper level locating the
open circuit faults. The conventional depth search
technique may search the whole search space, net
group search, to find the goal. We divide the search
space into faulty space and faultless space, The goal,
open circuit faults, does not exist in the fauitless
space and the depth search is applied to search only
the faulty space and locate the fault positions.

from the rightmost leaf node

The location of open circuit faults using the depth
search in the faulty space is implemented as the fol-
lowing procedure. The list OPEN contains the faulty
leaf nodes and list CLOSE will have the least of the
upper level nodes already searched and hst FAULT.
LIST will have the list of node pairs where the open
circuit faults are located.

Search Flow

PROCEDURE OPEN_CIRCUIT FAULT_LOCATION
INITIALIZE : OPEN = [FAULTY_LEAF NODES ]
CLOSE=I[]
FAULT LIST=[]
STOP =FALSE
WHILE GPEN is NOT { ]
REPEAT
S =the LEFTMOST LEAF_NODE from OPEN
REMOVES S FROM OPEN
ADD S to CLOSE
X=S
WHILE STOP is NOT TRUE
REPEAT
P =the PARENT_NODE of X
CHECK PATH between X and P
IF OPEN_CIRCUIT_FAULT EXIST
THEN
ADD[X-P] to FAULT_LIST
ELSE
NO OPERATION
IF P EXISTS in CLOSE
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THEN
STOP  TRUTE
ELSE IF P 13 ROOT NODE
THEN
ADDP L O ORE
STOP TRUE

Fi.SE
ADD P ro {T.OSF
AP

V. Conclusion

In this paper. we discussed a space search tech-
nigue for the detection of the structural faults of the
arcat interconnections. We handled the detection of
open-circuit faults detection and we showed that the
circuit interconnection can be represented by a tree
structure and bv searching the tree space, the open
circut faults can be detected and the fault locations
can be identified.too, Multiple faults were allowed i
this study.

The application ot state space scarch technigues s
from Artiticial Intelligence and was stuched Lo detect
and locate the open circuit faults 1o the test, Breadth
search detects the list of nets disconnected, The con:
nected nets and their paths were removed from the
search space and the reduced search space reduced
the search time for depth scarch, With the faulty
nets and thenr paths.depth searclh was periorned to

find the locations of broken circuil paths.
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