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Abstract

Previous work on the diagnosis of faults in a
wiring network has been based on the assumption
that both open and short faults do not exist on the
same net. When this assumption is released, these
results fail to identify all diagnosable faults. The
non-diagnosability of these faults, including shorts
between nets, represent a serious deficiency. In this
report we analyze and explain the causes for these
deficiencies. In addition, we provide new theoreti-
cal results and test algorithms, and show how these
deficiencies can be overcome. A test set, which is
generated based on these results, can identify all di-
agnosable faults in a wiring network with arbitrary
open and short faults. Two adaptive diagnosis algo-
rithms are also presented which can reduce the num-
ber of test vectors while retaining the same level of
diagnostic resolution.

1 Introduction

Detecting and locating faults in wiring networks on a
printed circuit board has drawn much attention since
the emerging of the boundary scan architecture [1].
In this architecture each primary input/output pin
of a chip is associated with a boundary scan (B-S)
cell. Each chip has a boundary scan register consist-
ing of all the B-S cells. During the test mode a scan
chain is formed by cascading boundary scan registers
of several chips. Through this chain a test controller
can access the I/O pins of every chip. Thus a virtual
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bed-of-nails capability is achieved. With this capa-
bility the wiring nets can be isolated from the chips
and tested without the need to physically probe the
board. In this way it is possible to test the new
generation of boards which allow for limited prob-
ing due to the use of surface mounted devices and
tape automated bonding technology. Note that if
non-boundary scan devices are used, physical probes
may still be required.

Many papers have dealt with the problem of
finding test sets for detecting and locating faults in
a wiring network [2, 3, 4, 5, 6, 7, 8, 9, 10]. Usually
opens are modeled as stuck-at faults and are diag-
nosed separately from the shorts. This is based on
the assumption that a net cannot be associated with
both an open and short faults. Very comprehensive
results are presented by Jarwala and Yau [7], where a
framework for the detection and diagnosis of wiring
networks is discussed. In particular, the diagonally
independent property is identified. It is shown that
a test set with this property is sufficient for the diag-
nosis of all shorts in one-step, where the results are
analyzed after all test vectors have been applied.

However, as shown in this report, when the as-
sumption concerning open and short faults is re-
leased, a test set having the diagonally independent
property is insufficient for achieving complete diag-
nosis. In fact, there are certain faults that cannot
be diagnosed without repair. Some of these non-
diagnosable faults are listed in Section 2.3. Fur-
thermore, it is shown that none of the previous re-
sults can identify all diagnosable faults. The causes
for this deficiency are identified and characterized in
Lemmas 1 and 2. A diagnostic level DR5, which
refers to the case where all diagnosable faults can
be identified, has been formulated. A term called
maximal diagnosis is defined using two conditions.
We show that these two conditions are both neces-
sary and sufficient for achieving the diagnostic level
DRA5.

Both one-step and two-step diagnosis are ad-



dressed in this report. In the former case, responses
are analyzed only after all test vectors have been
applied. In the latter case, responses are analyzed
after a fixed part of the test vectors have been ap-
plied. Based on this analysis, additional test vectors
are then generated and applied. Final analysis is
then carried out.

For one-step diagnosis, a property called set-
cover independent is identified. Based on this prop-
erty a fundamental theorem on diagnosing wiring
faults is presented. The theorem gives both neces-
sary and sufficient conditions for identifying all diag-
nosable faults. A universal test set is then presented.
This test set can achieve maximal diagnosis for an
arbitrary network without assuming a specific fault
model.

For the two-step diagnosis, two adaptive diag-
nosis algorithms are presented. Compared with one-
step diagnosis, these algorithms can reduce the num-
ber of test vectors while retaining the same level of
diagnostic resolution by using a two-step scheme. In
the first step, a detection sequence is applied and the
responses are evaluated. Based on the initial results,
a second sequence is applied to achieve the required
diagnosis. The test vector size is reduced since some
information about the network has been employed
in the generation of the second sequence.

This report is organized as follows. In Section 2
the preliminaries for the diagnosis of wiring networks
are introduced. Addressed are the fault model, no-
tation and definitions, non-diagnosable faults, diag-
nostic resolution, some previous results and the defi-
ciencies of these results. In Section 3 theorems deal-
ing with diagnosizing wiring faults are presented,
followed by a universal test set. In section 4 two
adaptive algorithms are presented. Conclusions are
presented in Section 5.

2 Preliminaries

A wiring network consists of many nets. A net con-
tains one or more drivers and one or more receivers.
The logic value of a net can be controlled via one of
its drivers and observed by all of its receivers. For a
multi-driver net, only one driver can be enabled at
a time. The others must be disabled. In addition,
while testing a wiring network, only the drivers and
receivers of nets are accessible. A fault-free net can
transfer the logic value from an enabled driver to its
receivers correctly. A receiver of a fault-free net can
only receive from its associated drivers. The objec-
tive of diagnosis of a wiring network is to find a set
of test vectors which can be applied to identify as

many faults in the network as possible. No struc-
tural information about the network is assumed in
this work.

2.1 Fault Model

Two types of physical faults, namely open and short,
are assumed. More than one physical break are pos-
sible in an opened net. Ignoring fan-out nodes and
shorts, multiple opens are modeled as a single open
along a wire segment. Also more than one physical
bridge are possible between two shorted nets. Multi-
ple shorts are modeled as a single short between two
wire segments.

If two or more nets are shorted, the resulting
behavior can be modeled either (1) a wired-OR, (2) a
wired-AND, or (3) a strong-driver, where one driver
dominates the resulting behavior. In all cases, all
nets involved in a short will have the same resulting
logic value. The wired-OR fault model is assumed
in this discussion unless mentioned otherwise.

A net shorted to a power line VCC (GND) will
exhibit a stuck-at 1 (stuck-at 0) behavior. If a net
contains an open, the logic value interpreted by all
floating receivers of the opened net will be the same,
which could be either a soft stuck-at 1 or a soft stuck-
at 0. A logic value of a net shorted to a wire segment
at a soft logic value cannot be forced to this soft
value. The soft stuck-at 1 model is assumed for a
floating net unless mentioned otherwise. In Figure
1, the logic value of the point A is soft stuck-at 1.

A

f1

Wy

Figure 1: A soft stuck-at 1 case.

Both opens and shorts can occur on the same
net. If a net contains both opens and shorts, the
logic value received by the receivers is determined
by the combined effect of both opens and shorts.

A short to an open net is illustrated in Figure
2, where A takes the logic value of B.

2.2 Notation and definitions

The notation and definitions used in this report fol-
low the conventions established in [7]. For conve-
nience, some of this information is repeated here.
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Figure 2: A short in an opened net.

Parallel Test Vector (PTV): the vector applied
to all nets of a wiring network in parallel.

Sequential Test Vector (STV): the vector ap-
plied to a net, over a period of time, by a se-
quence of PTVs.

Test Set (or test sequence) S: the collection of
all STVs. Each column of S is a PTV and each
row of S isa STV.

Sequential Response Vector (SRV): the response
of a net to a STV.

Syndrome: the SRV of a faulty net.

Aliasing syndromes: the resulting syndrome of
a set of faulty nets is the same as a correct SRV
of a net not in the set.

Confounding syndromes: the identical syn-
dromes that results from multiple independent
faults.

The following definitions are also used.

OR-Cover: A vector V; OR-covers another vec-
tor V; if for every bit position in V; that is 1,
the corresponding bit in V; is also 1. For ex-
ample, STV;=(1101) OR-covers STV;=(0101),
or STV; is OR-covered by STV;. The OR-cover
is used in the wired-OR fault model. In a sim-
ilar fashion one can define an AND-cover for
the wired-AND fault model. In this report, the
term OR-cover is abbreviated as cover.

Independent set: A test set S is an independent
set if no STV; can cover another STV}, j # 1.

Set-cover: Let V; be the result of wire-ORing
a set of vectors Vji,...,Vjr. A vector V; set-
covers the vectors Vjy,..., Vi if V; covers V.

Set-covering syndrome: A set-covering syn-
drome is a syndrome that results from a set of
shorted nets (W') that either covers a SRV or
is covered by a SRV of some net w; not in W"’.

e Set-cover independent: Let S=(STVi, ...,
STV,) be a test set for a set of nets W =
(wy,...,wy,). S is set-cover independent if for
v =1,...,n, STV, is not covered by or covers
the union (for wired-OR, intersection for wired-
AND) of any subset of vectors in § — STV;. In
the other words, for every SRV; in S no set-
covering syndrome can exist.

2.3 Non-diagnosable Faults

A fault f is said to be non-diagnosable if there does
not exist a test set S and an algorithm A such that
by applying S to the network and processing the
responses using algorithm A, f can be identified.
Note that all single faults are diagnosable. Based on
the described model, there are faults that are non-
diagnosable. Some of these non-diagnosable faults
are listed below.

e In a set of nets that are shorted with each other,
there are some opens that are non-diagnosable.
For example, in Figure 3 the open fault f1 on
net wy is non-diagnosable. Since wy and wq are
electrically common, it is impossible to find a
test to detect the open.

wy
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Figure 3: An open that is non-diagnosable.

e The short between a set of opened nets is non-
diagnosable. For example, in Figure 4, it is
impossible to identify the short f1 between w,
and wq since no receivers are connected to the
shorted wires.

oy £2

1
W2 £3

Figure 4: A short that is non-diagnosable.

o There exists three possible reasons for a faulty
net that has all-1 responses to a test (1) the net
is shorted with a VCC power line, (2) the net is



opened and floating (soft stuck-at 1 model), and
(3) the net is shorted with other nets such that
the combined result is an all-1 vector (wired-
OR model). The third case can be distinguished
from the others by applying an all-0 PTV. The
first two cases cannot be distinguished.

2.4 Diagnostic Resolution

Various levels of diagnostic resolution are possible
in testing a wiring network. Listed below are six
such levels. They are listed in ascending order of
their diagnostic resolution, i.e., DR1 has the lowest
diagnostic resolution, and DR6 has the highest diag-
nostic resolution.

DR1: Determine whether the entire network is
fault-free.

DR2: Identify all faulty nets.

DR3: For each and every net, determine whether
it is fault-free without knowing the response of
the other nets.

DR4: Identify all faulty nets. In addition, for nets
without shorts, identify the existence of nets
having opens. For a faulty net without open
faults, identify all nets that are shorted to it.

DRS5: Identify all faulty nets. In addition, identify
all faults that are diagnosable.

DR6: Identify all faulty nets. In addition, identify
all the opens and shorts in the network.

In DRI, one is only interested in determining
the health status of the entire network. No fur-
ther diagnostic information is provided. In DR2,
all faulty nets are identified. No information about
what type of faults associated with each net is pro-
vided. In DR3, all faulty nets are identified. In de-
termining the health status of net, only its response
is required. No information about the response of
other nets are needed. This scheme is most suitable
for a built-in self-test type of design. In DR4, all
faulty nets are identified. The faults associated with
each nets can be identified if they belong to those
cases described above. In DR5, all faulty nets are
identified. More faults can be identified than in the
case of DR4. In DR, all faulty nets are identified. In
addition, all the faults, including opens and shorts,
are identified.

For the purpose of repairing a wiring network, it
is desirable that as many faults as possible be identi-
fied. Due to the fact that some faults cannot not be

identified without first repairing other faults, DR6
cannot be reached. An example would be a net with
multiple opens. In this work, we focus on achieving

DRS5.

2.5 Previous Results

Previous results focus on diagnostic resolution rang-
ing from DR1 to DR4. Some typical results for the
testing of a network consisting of 4 nets are listed be-
low. These results are based on the assumption that
both opens and shorts cannot exist on the same net.

Counting Sequences: Kautz[2]

-_oo OO
O == O
O = O

This test set consists of a simple counting se-
quence, where all-0 and all-1 STVs are not used.
This test can achieve the DR1 diagnostic levels. The
size of the test set is [log(n + 2)], where n is the
number of nets.

Complementary Counting Sequence: Wagner[4]

O O
o~ OR
r—u—aoo'
—_ o O

This test set consists of a counting sequence and
its complement. All-0 and all-1 STVs can be used.
The size of the test set is 2[logn]. This test set
can achieve diagnostic level DR3. By eliminating
the aliasing syndromes, the self-diagnosis property
is achieved, which allows the determination of the
health status of a net by examining only its SRV.

Mazimal Independent Sel: Cheng et al. [9]

§=

O = =
o o=
= O -=O
O OO

Constant weight codes, which means that every
STV has the same number of 1s, is a class of inde-
pendent test sets. These test sets can achieve diag-
nostic level DR3. The size of the test set is minimal
for self-diagnosis when the number of 1s in a SRV is
half of the number of PTVs, which is referred to as
a maximal independent set [9].



Diagonally Independent Sequence: Jarwala and

Yau[7]

—8 8 8
O 8 8
oo~ 8
coo R

The & represents either a 0 or a 1. This test set
can achieve the diagnostic level DR4. Both aliasing
and confounding syndromes can be eliminated. All
pairs of nets that are shorted are identified.

2.6 Deficiencies in Previous Results

Recall that these results are based on the assump-
tion that both opens and shorts cannot exist on the
same net. However, when this assumption is re-
leased, there exists certain types of opens and shorts
that cannot be identified. For example, the diago-
nally independent sequence

S =

_o oo
O O
OO =O
SO O

cannot identify the short fault f1 in Figure 5 nor the
open fault f2 in Figure 6.

0101 0101
£1

0010 0010

0100 f2 1111

1000 1000

Figure 5: A short that cannot be identified by a
diagonally independent sequence.

0101 0101
£1

0010 0010

0100 2 0101

1000 1000

Figure 6: An open that cannot be identified by a
diagonally independent sequence.

The following lemmas summarize these cases
which cannot be completely handled by previous re-
sults.

Lemma 1 A test set S cannot identify the short be-
tween two nets w; and w; if (a) there is an open
which is closer to the receiver of net w; than the

short, and (b) STV; is covered by STV;.

Proof:

S RV; is the all-1 vector since no logic value is trans-
ferred to the receiver. SRV; = STV; since STV;
covers STV;. Therefore, it is impossible to know
whether there is a short between w; and w;. o

Figure 5 is an example of Lemma 1.

Lemma 2 A test set S cannot identify the open in
a net w; if there exists another net w; such that (a)
there is a short between w; and w; which is closer
to the receiver of w; than the open, and (b) STV;
covers STV;.

Proof:

Since SRV; = SRV; = STV}, one cannot be cer-
tain whether there is a “contribution” from STV; to
S RV;. Therefore, the open cannot be identified. O

Figure 6 is an example of Lemma 2.

Both Lemma 1 and 2 can be generalized to
multiple nets. For example, in Figure 7 the short
fault {1 cannot be identified by a maximal indepen-
dent set. This is because STV3 is set-covered by
SRV; = SRV, = 1110. Therefore it is impossible to
determine whether the short f1 exists or not.

w1

1100 1110
wo

1010 1110

£1

0110 -4a 0011
w.

0011 — 0011

Figure 7: A short that cannot be identified by an
independent test set.

In summary, none of the previous results can
identify all faults described above, these includes the
diagonally independent sequence [7], the maximal in-
dependent set[9], and the complementary counting
sequence[4].

The existence of non-identified shorts and opens
in a network represents a major deficiency in diag-
nosis. We next describe a test set that can diagnose
these shorts and opens.



3 One-Step Diagnosis

Due to the existence of non-diagnosable faults in a
wiring network, it is impossible to identify all faults
without repair or access to points of the nets other
than the drivers and receivers. The term maximal
diagnosis is defined as follows.

Let W = (wy,ws,...,w,) be a set of nets to be
tested, D; be the set of drivers of net w;, and R;
be the set of receivers of net w;. A test set S can
achieve mazimal diagnosis for W when the following
two conditions are verified.

e Condition Cl: For ¢ = 1,...,n, by analyzing
the responses obtained from the application of
S, the existence of the connection (D;, R;) can
be determined.

The connection (D;, R;) exists if for all k, each
driver d;;, € D; can transfer its logic value to all
receivers in R; correctly. A driver in D; is said
to transferits logic value to a receiver R; if SRV;
covers ST'V;. Note that only one driver can be
enabled for a given net at one time. In other
words, if the connection (D;, R;) exists, then the
application of ST'V; to the enabled driver of w;
will make true one of the following: (1) SRV; =
STV;, or (2) SRV; covers STV;.

e Condition C2: For all ¢,j,7 # j, by analyzing
the responses obtained from the application of
S, the existence of the connection (D;, R;) can
be determined.

The connection (D;, R;) does not exist if for all
k, each driver d;; € D; does not transfer its
logic value to any receivers in R;. In other words
if the connection (D;, R;) does not exist, the
application of STV; to the enabled driver of w;
will make true one of the following: (1) SRV; #
STV;, or (2) SRV; does not cover STV;.

Theorem 1 Diagnostic level DR5 can be achieved
by a test set S iff S can achieve mazimal diagnosis.

Proof:

(a) Sufficiency:

The test set S can verify both Condition C1 and C2
since S can achieve maximal diagnosis for a network
W. By definition DR5 is achieved if all diagnosable
faults in W can be identified. There are two type of
faults in W, namely opens and shorts. We discuss
them separately in the following.

(1) opens: An open on a net w; can be diag-
nosed if the connection (D;, R;) does not exist. Since
S can achieve maximal diagnosis, this connection is
determined in Condition C1. Thus S can identify all
diagnosable opens in W.

(2) shorts: A short between two nets w; and
w; can be diagnosed if one of the following is true:
(a) there exists a driver Dy, such that both connec-
tions (Dg, R;) and (Dg, R;) exist; (b) there exists a
receiver Ry such that both connections (D;, R;) and
(Dj, Ri) exist. The existence of these connections
can be determined by S using Condition C2. Thus
S can identify all diagnosable shorts in W.

From (1) and (2), all diagnosable faults can be
identified. Therefore the diagnostic level DR5 can
be achieved. Thus we prove the sufficiency aspect of
maximal diagnosis.

(b) Necessity:

Assume that S cannot achieve maximal diagnosis.
By definition, there exist at least one connection the
existence of which cannot be determined. Two cases
are possible: (1) if the connection is of the form
(D;, R;) then there can be an open fault on net w;
that cannot be identified; (2) if the connection is of
the form (D;, R;),t # j, then there can be a short
between w; and w; that cannot be identified. In both
cases, the faults can be identified by a walking ones
sequence. Thus, by definition, these faults are diag-
nosable. Therefore the diagnostic level DR5 cannot
be achieved. Thus the maximal diagnosis property
is necessary. O

In this report the generation of test sets that
can achieve maximal diagnosis are discussed. The
generated test sets thus can achieved diagnostic level
DR5 in which all diagnosable faults are identified.
This is the best diagnostics one can achieve without
accessing points on the net other than the drivers
and receivers.

Lemma 3 For the wired-OR (wired-AND) model,
any test set S is set-cover independent iff S has the
walking ones (zeros) sequence as its subsequence.

Proof:

(a) Sufficiency:

This is obvious since the walking ones sequence is
set-cover independent.

(b) Necessity:

Suppose that the test set .9 is set-cover independent.
For a given STV, there must exist a PTV such that
its 7th bit is 1 and all other bits are 0. This is true
for all STV;,7 = 1,...,n. By arranging S properly



(by swapping rows and columns), a walking ones se-
quence can be constructed. Therefore, S contains a
subsequence which is a walking ones sequence. O

We next present a theorem from which a test
set can be derived for achieving maximal diagnosis.

Theorem 2 A test set S can achieve mazimal diag-
nosis for a network W in one-step iff S is set-cover
independent.

Proof:

(a) Sufficiency:

Suppose that S is set-cover independent. No set-
covering syndrome can exist. For each and every net
w; Condition C1 can be verified by checking if SRV;
covers ST'V;. If this is not true then there is at least
an open fault between the driver and the receivers
of the net w;. Since no set-covering syndrome can
exist, no drivers of other nets can cover the STV,.

Condition C2 can be verified as follows. If STV
cannot cover SRV;, then for every bit in SRV, that
is not covered by the STV;, there is a short between

the receiver of w; and a driver w; whose STV covers
that bit.

Since both Conditions C1 and C2 can be ver-
ified, maximal diagnosis is achieved and the suf-
ficiency aspects of the theorem have been demon-
strated. '

(b) Necessity:

Suppose that S is not set-cover independent. There
exists at least one STV; that is covered by another
STV;. When the following two faults occur the ex-
istence of the connection (D;, R;) cannot be deter-
mined: (1) a short between w; and w;, and (2) an
open on w; that is closer to the driver than the
short. This means that Condition C1 cannot be sat-
isfied. Thus, by definition, maximal diagnosis is not
achieved. o

From Lemma 3 and Theorem 2, we can con-
clude that any test set that can achieve maximal
diagnosis must have a walking ones (zeros) sequence
as its subsequence. From Theorem 2 and 1 we can
conclude that a set-cover independent test set can
achieve the diagnostic level DRS5.

Example 1: The short that cannot be identified
by a diagonally independent sequence in Figure 5
can be identified by a set-cover independent sequence
(see Figure 8).

Universal Test Set:
Assuming the wired-OR model and that a floating
net is modeled as a soft stuck-at 1, a test set that can

0001 0101
£1

0010 0010

0100 £2 1111

1000 1000

Figure 8: Achieving maximal diagnosis using a set-
cover independent sequence.

achieve maximal diagnosis for a network consisting
of 3 nets can be constructed as follows.

0[0 0 1
0{0 10
0|1 00

The all-0 PTV is used to distinguish between
the cases (1) all nets are shorted together (all 1s for
SRVs) and (2) all nets are opened.

Similarly, if the wired-AND model is used and
an open and floating net is modeled as a soft stuck-
at 0, a test set for maximal diagnosis can be con-
structed by a walking zeros sequence followed by an
all-1 PTV.

In summary, a universal test set for maximal
diagnosis, without making any assumption on the
nature of the faults, is as follows.

1{1 1 0{0]|0 O 1
Suni'uersal = 1{1 0 1{0|0 1 O
110 1 1|0|1 0 O

4 Two-Step Diagnosis

Two-step diagnosis refers to the fact that diagnosis
is done by applying two test sequences. The results
of the first test sequence is used in generating the
second test sequence. This type of diagnosis is also
known as adaptive diagnosis.

Two adaptive algorithms that can achieve max-
imal diagnosis with a reduced number of PTVs are
presented next. The test sets for both algorithms do
not have the set-cover independent property since
certain information about the network is employed
in generating the second test sequence.

4.1 Adaptive Algorithm A1l

1. Apply a maximal independent set (Sp7). Collect
and analyze the responses. Stop if no faults are
detected.



2. Partition the nets into two groups. The par-
titioning is done as follows. For a net w;,¢ =
1,..,n, if (a) STV; = SRV; and (b) SRV, is

unique, include w; into group 0, else group 1.

3. Apply a walking ones sequence Sg to all nets in
group 1, and all-0 vectors to all nets in group 0.

The objective of the first sequence is to achieve
the self-diagnosis property by eliminating aliasing
syndromes. The maximal independent set is the
minimal size test set that can achieve this objective
[9]. The number of PTVs required by the first se-
quence is p, where p is the smallest integer satisfying
Cfp /2] > n, and C’fp /2] represents all possible combi-
nations of choosing |p/2] items out of p items. The
total number of PTVs required by this algorithm is
p+ F, where F' is the number of nets in group 1.

We next show by an example that algorithm A1
can achieve maximal diagnosis. Let W be a network
of 4 nets, where wy and ws are two nets in group
0 and ws, wy are in group 1. If both Conditions
C1 and C2 can be verified then maximal diagnosis is
achieved.

Let S41 be the test generated by Algorithm A1,

0 0|1 100
0 0/1 010
Sa=(Sr5M)= 19 11 0 0 1
10/0 1 10

Table 1 shows when a connection between a
driver and a receiver is checked. Note that the ex-
istence of all connections must be able to be deter-
mined in order to achieve maximal diagnosis. Check-
ing the existence of connections of the form (D;, R;)
is necessary to verify Condition C1; checking the
connections (D;, R;),i # j, is necessary to verify
Condition C2.

Seq. Connections checked

S]\{( (Dl,Rl)’ (Dl’R2)a (D17R3)7 (D13R4)
(D2, R1), (Dg, Ry), (D2, R3), (Da, R4)

SF' (DS’ R1)7 (D37R2)$ (D37R3)) (D37R4)
(D4, R1), (D4, Ry), (D4, R3), (D4, Ry)

Table 1: Checking connections using Algorithm Al.

The connection (Dy, Ry) does exist since (a) in
the sequence (Sys), for every ¢ it is impossible to
find a subset from S — STV;, whose wired-OR re-
sult equals STV, (b) STVy = SRV; and (c) SRV,

is unique. Similarly, the connection (D3, R3) ex-
ists. The connections (Dy, Ry) and (D3, R1) do not
exits since the existence of any one of them will
make SRV, = SRV,, which contradicts the fact that
SRV1 # SRV;.

The existence of the connection (D, R3) is also
verified by (Sar) for the follow reason. If this con-
nection exists, SRV; must equal SRV3 since there
is no open on w;. However SRV} is unique, so we
know that this connection doesn’t exist. In a similar
manner the other connections are checked by (Sar).

The connections (D3, R;) and (D4, R;),7 =
1,..,4 are verified by the sequence Sr. Maximal di-
agnosis can be achieved in this example since the
existence of all connections can be determined. The
efficiency of this algorithm depends on the value of
F. In the case when F' =~ n, the number of PTVs is
close to that of a walking ones sequence.

4.2 Adaptive Algorithm A2

1. Apply a maximal independent set (S37). Collect
and analyze the responses. Stop if no faults are
detected.

2. Partition nets into group 0 and 1 (as Algorithm
Al).

3. Partition nets in group 1 such that all nets with
the same SRV are in the same group. Number
these new groups from-1 to G. Let K be the
cardinality of the largest group.

4. Apply a walking ones sequence Sg to all groups
in parallel except to group 0 for which the all-0
vectors are applied.

5. Apply another walking ones sequence Si across
groups. That is, all nets in the same group are
modeled as a single net. Again the all-0 vectors
are applied to all nets in group 0. The number
of PTVsis G.

The total number of PTVs for Algorithm A2 is
p+ G+ K. In general this algorithm requires fewer
PTVs than Algorithm A1l. This is because in Algo-
rithm A1 the F nets in group 1 is now partitioned
into G groups in Algorithm A2. It is obvious that
F>G+K.

We next show that Algorithm A2 can achieve
maximal diagnosis by checking Conditions C1 and

C2.

Let W be a network with seven nets. After the
application of Sps, three groups are formed. Let wy,



wy be in group 0, ws, wy be in group 1, and ws, we,
wy be in group 2. In this example n = 7, G = 2 and
K = 3. According to Algorithm A2, the total test
set S49 consists of a maximal independent set of 5
PTVs (Sn), followed by 3 walking ones PTVs (Sg),
which again are followed by another 2 walking ones
PTVs (Sk).

0 0|0 O 0|1 1 0 0 07
0 0{0 0 O({1 0 1 0 O
0 1{0 0 1|1 0 0 1 O
Sgo=10 110 1 0(1 0 0 0 1
1 0/0 0 1{0 1 1 0 0
1 0/0 1 0|0 1 0 1 O
|1 0/100[0 100 1]
Seq. Connections checked
Sm | (D1, Ry),(D1, Ry), (D1, R3), (D1, Ry),

(Dla RS), (Dl, RG)) (D17 R7)7 (D27 Rl))
(D2> R?)a (DZ, R3)a (D27 R‘l), (D29 R5)7
(D2) RS)’ (D27 R’i)
(D3| Ds, Ry),(Ds|Ds, Rs), (D3| Ds, R3),
(Ds|Ds, Ra), (D3| Ds, Rs), (D3| Ds, Rs),
(D3| Ds, R7),(D4|Dg, Ry), (Da|Dg, Ry),
(D4|De, R3),(D4|Dg, Ra), (D4| D, Rs),
(D4| D¢, Rs), (D4| D¢, Rr7),

(D7, R1), (D7, Rz), (D7, R3), (D7, Ry),
(D1, Rs), (D7, Re), (D7, Rr).

(DSa Rl)a (D37 RZ), (D37 R3)7 (D37 R4)7
(D33 R5)7 (D37 RG)’ (D3, R7)7
(Ds, Ry),(Ds, Ry), (Ds, R3),(Ds, R4),
(Ds, Rs),(Ds, Rg), (Ds, Rr)

(D‘b R1)$ (D47 R2)7 (D4a RB), (D4, R4)7
(D4, Rs), (D4, R¢), (D4, Rr),

(Ds, R1),(Ds, R3), (D¢, R3),(Ds, R4),
(Ds, Rs), (Ds, Rs), (Dg, R7).

Sa

Sk

Table 2: Checking connections using Algorithm A2.

Table 2 shows how Conditions C1 and C2 can
be verified. From the discussion in Algorithm A1, it
is clear that for 7 = 1,...,7 connections (D, R;) and
(D2, R;) are checked after the application of Sjy;.

The existence of connections (Dz,R;),i =
1,...,7, are checked by Sg since it contains a PTV
which applies 1 to w; and 0 to all other nets.
The existence of connections (D;, R;), (Dy, R;) or
both is denoted by (D;|Dy, R;). After the applica-
tion of Sg, the existence of both (D3|Ds, R3) and
(D3| Ds, Rs) are checked. Suppose that one of them
does not exist, then S can easily distinguish among

the three possible connections. Suppose that both
(Ds|Ds, R3) and (Ds|Ds, Rs) exist, then one of the
following 9 cases is true:

(D3, R3) and (D3, Rs) exist;

(D3, R3) and (D5, Rs) exits;

(D3, R3), (D3, Rs) and (Ds, Rs) exist;

(D5,R3) and (Dg, Rs) exist;

(D5,R3) and (D5,R5) ertS;

(Ds, R3), (D3, Rs) and (Ds,R5) erSt;

(Dg, Rg), (Ds,Rg), and (D3,R5) exist;

(DS, RS)a (D57 R3)7 and (D57 RS) exits;
(Dg,R3), (D57R3), (Dg,R5) and (Ds,R5) exist.

The connections (D3, R3) and (D3, R5) cannot
both exist for the following reason. Suppose that
they both exist. Then one can conclude that SRV3 =
S RVs, which contradicts the fact that ws and ws
are in different groups. Similarly, the connections
(Ds, R3) and (D5, Rs) cannot both exist. Therefore,
the above 9 cases are reduced to two cases, namely
cases 2 and 4. The sequence Sk can distinguish
between these two cases.

Similarly, the existence of both (D4|Dg, R4) and
(D4|Dg, Rg) are checked by Sg. The sequence Sk
then can distinguish the two cases, namely (1) the
existence of connection (D4, R4) and (Dg, Rg), or (2)
the existence of connections (D4, Rg) and (Dg, Ry4).

©0e SO Eete S =

All other connections are similarly checked.
Since both Conditions C1 and C2 can be verified,
maximal diagnosis is achieved.

4.3 Deficiencies in Previous Adaptive Al-
gorithms

Method 3: [9]

This algorithm first applies a counting sequence,
based on the initial results, a second sequence is ap-
plied. The STV of the second sequence represents
the number of 0s in the corresponding STVs of the
first sequence. The purpose of the second sequence
is to make sure that the overall test set S is inde-
pendent. This algorithm can achieve self-diagnosis.
No confounding syndromes can be identified. Also,
the fault f1 in Figure 7 cannot be detected by this
algorithm.

W-Test Algorithm: [3]

This algorithm is similar to Algorithm Al except
that the first sequence is a counting sequence S¢,
i.e., in the W-Test algorithm the test set consists of
only S¢ and Sp. We next show an example in which
the W-Test Algorithm cannot achieve maximal diag-
nosis.

Part of a wiring network is shown in Figure 9,



f1

1011 1011
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Figure 9: Deficiency in the W-Test Algorithm.

where the counting sequence S¢ have been applied.
For:=1,2 STV, = SRV; and SRV, is unique, thus
both w; and ws will be put into group 0. This means
that the opens fl, f2 and the short f3 will not be
identified since during the application of a walking
ones sequence all nets in group 0 will be kept at 0.

Therefore, to avoid putting a net into group 0 by
mistake, it is necessary to apply an independent set
which can achieve the self-diagnosis property. Both
Algorithm Al and A2 will not put w; and wy into
group 0. Thus the faults associated with them can
be identified by either SF or (Sg, Sk)-

C-Test Algorithm: [7]

The C-Test Algorithm first applies a counting se-
quence, then based on the analysis of the syndromes,
one or more PTVs are applied.

1011 Lt 1011
£1
0011 2 12 0111
s £3
0110 0111
- £4
0101 0111

Figure 10: Deficiency in the C-Test Algorithm.

Part of a wiring network is shown in Figure 10,
where a counting sequence has been applied. In the
C-Test Algorithm both short faults f3 and f4 can be
identified immediately. However, since no aliasing or
confounding syndromes are related to SRV, = 1011
the fault f1 and f2 cannot be identified.

Using the same example, the diagnosis sequence
in both Algorithm A1l and A2 will apply a walk-
ing ones sequence to wsy, w3, wy since they are in the
same group. Thus all faults in the network can be
identified.

?

5 Conclusions

The results presented in this report outperform all
previous results in that all diagnosable faults can be
identified. We have shown that there exists diagnos-
able faults in a wiring network that cannot be iden-
tified by any of the previous results, which includes
the complementary counting sequence [4], the inde-
pendent set [9], the diagonally independent sequence
[7], the W-Test Algorithm [3], the C-Test Algorithm
[7] and the Method 3 in [9]. The faults that lead to
the deficiencies for previous results are summarized
and explained in Lemma 1 and 2.

Various levels of diagnostic resolution are de-
fined. DR5 refers to the diagnostic level where all
diagnosable faults are identified. We have also de-
fined maximal diagnosis in terms of Conditions C1
and C2, which, as shown in Theorem 1, proved to
be both necessary and sufficient for achieving diag-
nostic level DR5.

A property called set-cover independent is also
presented. A test sequence that is set-cover inde-
pendent must have a walking ones sequence as its
subsequence. We have shown in Theorem 2 that a
set-cover independent set is both necessary and suf-
ficient for achieving maximal diagnosis. Based on
this theorem a universal test set is presented. This
test set can achieve maximal diagnosis for a wiring
network without a specific fault model.

Two adaptive algorithms that can achieve maxi-
mal diagnosis have been presented. They can reduce
the size of the test set by employing two-step diagno-
sis. Both algorithms first apply a maximal indepen-
dent set to eliminate the aliasing syndromes. The
responses are then analyzed and based on the initial
results, the second part of the test set is generated.
Without the information from the first part, it is im-
possible to reduce the size of the test set. Algorithm
A2 requires less PTVs than Algorithm A1l. However,
we do not know whether Algorithm A2 generates the
shortest possible test set.
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