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Abstract
Testing of interconnects on a printed circuit board has
been studied and the procedure has been standardized in
the IEEE 1149.1 (JTAG) standard. The Sysem-on-Chip
(SOC) technology allows us to integrate on the same
chip, most of the electronics on a PCB. However, since
an SOC operates at a much higher speed and has a very
large packaging density, testing its interconnects is
different. For example, one must address the crosstalk
faults with chip-level interconnects. Not much literature
exists on the topic of testing interconnects in core-based
systems. We propose a graph-theoretic framework for
the problem and a genetic algorithm for testing core
interconnects. Our algorithm addresses the issues of test
application time, test area overhead, fault-coverage, and
test power.

1. INTRODUCTION
Testing core-based systems [7] differs considerably from

testing conventional ASICs and printed circuit boards.
Vendors of intellectual property cores usually give no
information about a core's internal logic. As a result, a
system designer cannot perform test generation and fault
simulation for the core. To test the cores, to generate tests
for circuitry surrounding the core and for the system as a
whole, or to apply design-for-testability techniques, the
designer must rely solely on the test patterns distributed by
the core vendor, which guarantee a certain fault coverage.

The core builder determines its internal test
requirements without knowing the target process and
application. As a result, the (s)he may not guarantee
adequate test quality. If the coverage is too low, the quality
of chip is at risk; if it is too high, the test cost may increase
[3].

1.1 INTERCONNECT FAULT MODELS
We consider stuck-at faults, bridging faults, and cross talk
faults. We discuss crosstalk faults since thy are relatively
new. Signals on two lines which run in proximity can
influence one another e.g. if 0-1 transition on one line (the
aggressor), can cause a spurious 0-1-0 glitch on the other
line (victim line) which is otherwise expected to be quiet at
0. The fault will be detected only if clocking occurs during
glitch.

1.2 PREVIOUS WORK
The fault model in PCB testing includes stuck-at faults on
a net and short faults among nets,; we assume that if two
nets are shorted they will have either wired-OR or wired-
AND behaviour [5]. Multiple faults are also permitted.
The detection problem is to determine if any nets on the
board are malfunctioning. The diagnosis problem is to
determine which nets are bad. Kautz [5] classified the test
methods that use information about nets ( e.g. their
placement and routing ) as structural tests, and methods
that do not behavioural tests. Kautz showed that flog2 n 1
test patterns are necessary and sufficient for detecting all
kinds of short faults in a board with n nets. The input bit
stream proposed by Kautz contains the all '0' and all '1'
streams. These two bit streams cannot detect the stuck-at-0
and stuck-at-1 faults respectively. Goel and McMohan [4]
modified the test method to exclude these two streams to
cover these stuck-at faults also, so that the test pattern
length became \ log2 (n+2) 1.

A diagnostic method was proposed by Wagner [8]. First,
the flog2 (n+2)l test patterns, proposed by Goel and
McMohan are applied. If any faults are detected, Wagner
proposed to apply another set of flog2 (n+2)l test s that are
complement of the original tests. Cheng, Lewandoski, and
Wu [2] have further improved on Wagner's diagnostic
method.

Wang, Marhoefer and McCluskey [6] have suggested a
another, self-test and serf-diagnosis method for
interconnect (and on board chips as well) testing. A
complete boundary scan is used for test. Selecting all
Boundary Scan Registers and an external test mode
activates this. Let the number of I/O scan pads on the
board be N. Assume that there are no bi-directional pads,
and none of the tri-state buses (connecting outputs of
several drivers) are tristated at any instant of time. By
connecting all the chips to form a single scan chain, 2N
patterns (N pairs of a walking-0 pattern followed by its
corresponding walking-1 pattern) are capable of locating
all single and multiple stuck-at faults and wire shorts on
the interconnects. Chan[9] suggests the idea of Boundary
Scan Test based response compression to analyse
interconnect wiring defects using Multiple Input Signature
Registers (MISR) using walking-1 and walking-0



sequences. In this paper we restrict ourselves to diagnosing
the SOC interconnect faults. The test models developed so
far have proved to be good for board level testing. But
there are certain limitations, when using these methods.
First of all, they all are developed for board level testing
and so embedded systems have not been considered. The
challenge a test engineer faces when testing a core based
system is its accessibility. The test engineer usually
doesn't know what is inside the system so he may not be
able to use the test methodologies described above and
hence we suggest the use of BIST as supposed to an
external tester based approach.

Secondly, crosstalk faults, which are definitely important
in deep submicron technologies, are not accounted. We
have emphasised on the sharing of test resources and
minimisation of test time which none of the previous
approaches have discussed. Sharing of test resources
becomes important because of the increase in test area
overhead as compared to actual functional chip hardware.

2. Graph Approach to Interconnect Testing
We propose a genetic algorithm based optimisation

technique to test core interconnect, which attempts to
minimise the test area - test time product, satisfying the
fault coverage and the power constraints at the same time.
We introduce the concept of interconnect trees and
compatibility graphs. In developing the methodology we
have taken into account the following assumptions: (I) The
cores and interconnects are tested separately and
interconnect test hardware is independent of core test
hardware (II) Test hardware for interconnect testing is to
be supplied by the core integrator. (III) system
specifications e.g. core location, the way the cores are
connected with interconnects, interconnect length and
width, no. of bit lines for an interconnect are provided.

2.1 INTERCONNECT TREES
An interconnect tree depicts the connections between the

cores when the cores are removed from its ends. Each tree
is a rooted tree with a source 's' and destinations d1,d2,d3,
and so on The root is the node of the tree that
corresponds to the interconnect branch with the maximum
no of bits. The tree has inflection points, also called "split
points" or "Steiner points". With each edge of the tree we
associate weights W^ and L1}. W1} represents the no of
wires of interconnects from node i to node j, while Ly-
represents the length between the two nodes.

The PRPG is placed at the root of the tree and MISR are
to be placed at the destination nodes of the tree. Note that
the output of the PRPG is applied through a multiplexer
(to differentiate between the normal input and the test
inputs) and the input of the MISR comes through a
demultiplexer. In our testing approach only the PRPGs
constitute variable test hardware.
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Figure 1 Test Resource Placement

2.2 COMPATIBILITY GRAPH
Once all the trees for a system have been obtained they

are used to generate a compatibility graph, where the
interconnect trees comprise the nodes of the graph. Two
trees are compatible if they can share same test resource
i.e. the PRPG at the same time, therefore two compatible
trees can be tested at the same time using the same test
resource (namely the PRPG), thus minimising on the test
time and the test area overhead. For our purposes we
assume that the compatibility graph consisting of
interconnect trees is given to us. The criteria deciding the
compatibility can depend on a whole range of factors such
as the relative physical location of the two interconnect
trees, combined power dissipation constraints etc.

Figure 2: Compatibility Graph

Compatible Trees: T1 & T2, T2 & T3, T1 & T4, T1& T5,
T3 & T4 etc. Likewise T3 & T5 or T3 & T1 are not
connected since they are not compatible.

2.3 CLIQUE COVER
A clique is a set of mutually compatible trees. Given a

compatibility graph CG, we define CC= {C1, C2, C3, C4
...Cn} as a clique cover for the CG if ClnC2=0,
ClnC3=0, C2nC3=0, ClnC4=0 and so on for all pairs
of cliques in the compatibility graph and C1 u C2 u C3
uC4 ... u Cn = Set of all trees. Therefore as is obvious in
a compatibility graph, more than one clique cover might
exist.

2.4 Clique Cover Selection Algorithm
Given the compatibility graph and the nature of

Interconnect Trees the problem essentially reduces to
selecting the optimal clique cover of the compatibility
graph which minimises the objective function and satisfies
the constraints mentioned below:-



Given: A system on chip with cores and an idea about the
relative placement of cores and their interconnections
(length of interconnects, no of bit lines); the objective of
the problem is to arrive at a methodology to test the
interconnects such that (i) test time x test hardware is
minimum, (ii) we guarantee a minimum fault coverage,
and (iii) power dissipation limit is not be exceeded .

2.5 GENETIC ALGORITHM
The search space is a set of clique covers obtained from

the clique cover generator. The initial population is a set
of covers obtained randomly. Fitness Calculation involves
calculation of the objective function for the clique covers
that lie in the population. The mating pool comprises of
the covers with best fitness values. These are selected on
the basis of the binary tournament mating subset selection
method. Two chromosomes are drawn at random, the
chromosome with higher fitness is placed in the pool. The
size of the pool is half the population size at that instant of
time.

Recombination mates two chromosomes selected
randomly from the pool. Let the two clique covers to be
m a t e d b e A : { ( T 1 , T 2 ) , ( T 3 , T 4 ) , T 5 } a n d B : { ( T 1 ,

T3), T2, T4, T5}. Given two covers, the critical cover
is the one with lesser number of cliques. A crossover point
in a clover denotes the number of a randomly selected
clique in the cover. If (T1, T2) & (T1, T3) need to be
mated, then the clique subset for the first child is obtained
by performing the union of the two cliques, resulting in
(T1, T2, T3). For the second child, we again take the
union, but split the union into individual cliques giving rise
to T1, T2, and T3. After cross over, we select cliques in
the critical clique cover and apply the following
transformation. We remove the common trees that have
already been obtained from mating and lie before
crossover point. The cliques after crossover in the critical
clique cover are {(T3, T4), T5}. Since T3 has already
been obtained by mating cliques up to crossover, T3 needs
to be removed. The following children are obtained.

Child 1: {(T1, T2, T3), T4, T5}
Child 2: {T1, T2, T3, T4, T5}

Once the child clique covers have been obtained, we must
check whether they are valid. If not, the whole process of
mating is repeated until valid clique covers are obtained.
The chromosomes after recombination denote the new
population and hence at each stage the population
decreases by half. The whole process of fitness
calculation, obtaining the mating pool, performing the
cross over is continued till the population size reduces to
one and is the final solution.

3. RESULTS

The following example has 5 interconnect trees T1, T2,
T3, T4, and T5. See Figure 3. The compatibility graph is
shown in Figure 4.

TreeTl:

(4,1)

Tree T2:

(2. 1)

TreeT3:

(2,1)

(6,1)

(2,1)

(5,1)

(3,1) (3,1

(2,1) (2,1) (2,1)

(5,1)

(4,1;

(2,1)

(2,1 (2.

(4,1)

1) (3,1)

(2,1)

Tree T4: TreeT5:

(6,r

(3,1

(4,1)

(6,1)

(4,1)

(3,1) (3,1)

(3,1) (3 1) (3 1) (2,1)

Figure 3: Interconnect Trees of the System

Figure 4: Compatibility Graph for Ex1

3.1 SOLUTIONS (For Ex1)
We obtained two different optimal clique covers by

changing the fault coverage constraint on the system.



a)Fault Coverage Constraint =87.5%;
Optimal Clique Cover: {(T2 T3), T1, (T4, T5)}
Coverage=87.5%, TestTime =12, Hardware = 16;
Power Dissipated =62, Objective Function =192

This implies that T2 & T3 should be tested using the same
PRPG, T4 & T5 should be tested using the same PRPG
and T1 should be tested separately from the rest. The
configurations of the PRPG are given below.

Clique 1: T2 T3
6 bit configuration:
Seed = 011001 CharacteristicPolynomial: 001011
Clique 2: T4, T5
6 bit PRPG configuration:
Seed: 000001 Characteristic Polynomial: 000001
Clique 3: T1
6 bit PRPG configuration:
Seed: 000110 Characteristic Polynomial: 000001

b) Fault Coverage Constraint =85%
Optimal Clique Cover:{(T2 T4 T1), (T3, T5)}

Coverage=85.7%, TestTime=12, Test Hardware =12;
Power=64.5, Objective Function =144

This implies that T1,T2 & T4 should be tested using the
same PRPG, T3 & T5 should be tested using the same
PRPG. The configurations of the PRPG are given below.

Clique 1: T1 T2 T4
6 bit configuration:
Seed = 00001 Characteristic Polynomial:
000001
Clique 2: T3 T5
6 bit PRPG configuration:
Seed: 011001 Characteristic Polynomial:
001011

3.2 FAULT COVERAGE CONSTRAINT

Sharing of test resources between trees essentially leads to
decrease in fault coverage of the overall clique cover.
Therefore optimal clique covers which maximize sharing
of test resources have lower fault coverage. When a tree is
tested individually, the patterns generated maximize fault
coverage for that individual tree. However, when the same
tree is combined with others for sharing of test resources,
the patterns produced are optimized for the whole clique.
Thus fault coverage reduces with sharing of test resources.

3.3 POWER

Patterns generated are optimised for fault coverage and not
on power. Test power depends on the kind of patterns
generated, which in turn depends on the fault coverage
constraint. The power is also dependent on the nature of
the trees , the lengths of the trees and the kind of
branching. No relation could be seen between test power
and the objective function.

The problem of testing interconnects was studied in a
graph theoretic framework. A genetic optimisation
algorithm that seeks to minimise the test time and test area
overhead, satisfying the fault coverage and power
constraints, was proposed. The results of the algorithm are
encouraging.
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