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Abstract

Ground bounce can seriously upset the test operation of a board, especially on boards with many interconnect wires. Ground
bounce can be prevented by introducing a so-calledSimultaneous Switching Output Limit (SSOL) in the test set. In this paper,
we describe the problem of adding a “no-SSOL-violations” constraint to existing wiring interconnect test generation algo-
rithms, without negatively impacting their detection and diagnostic properties. We show that the problem isNP-hard. We
present an algorithmic approach for this problem, in which we exploit the degrees of freedom to modify an existing test set.
Our approach provides a trade-off between compute time and test time.

1 Introduction

In the literature, there is a multitude of test generation al-
gorithms for wiring interconnects [1]. The objective of these
test generation algorithms is to generate the smallest possible
set of test patterns, with certain minimum detection and diag-
nostic properties. Fault models that are typically addressed
by such test generation algorithms are single-net shorts and
multiple-net bridges.

Recently, preventingground bounce has become a new con-
straint for test generation algorithms. Ground bounce refers
to the phenomenon of shifting ground and power voltage lev-
els, for example between the IC-internal ground and power
levels and those at the board. Ground bounce can be pre-
vented by introducing an upper limit on the amount of
switching activity between consecutive test patterns, known
as theSimultaneous Switching Output Limit (SSOL).

This paper presents a generic solution that adds the “no-
SSOL-violations” constraint to a broad range of intercon-
nect test generation algorithms. The resulting test sets pre-
serve their original detection and diagnostic properties, but
in addition also prevent ground bounce from occurring. Our
solution offers a trade-off between test time and compute
time. At the expense of a possibly lengthy compute job, we
can guarantee the minimal set of interconnect test patterns
with the abovementioned features. Alternatively, we can effi-

ciently compute a near-minimal test set. The typical problem
setting we have in mind is the testing of board-level inter-
connect wires between 1149.1-compliant Boundary Scan ICs
[2] on a Printed Circuit Board (PCB). However, most of the
theory described in this paper is also applicable to other sit-
uations of testing interconnect wiring, such as with intercon-
nect wires between modules within one IC, multi-conductor
cable, etc.

The sequel of this paper is organized as follows. Section 2
describes the typical fault models that are used in this do-
main, as well as several previously published test generation
algorithms with different detection and diagnostic properties.
Section 3 introduces the ground bounce phenomenon, why it
should be prevented, and how that can be done by means
of test sets without SSOL violations. In Section 4, we for-
mally define the problem of adding a “no-SSOL-violations”
constraint to an existing test generation algorithm without af-
fecting its detection and diagnostic properties. Subsequently,
we explore the three degrees of freedom that we have in mod-
ifying existing test sets. Section 5 describes the details of our
algorithmic approach to the problem, which consists of two
procedures, that both can be solved either exhaustively, or by
means of an heuristic. Our approach is illustrated by means
of simple examples. As this paper is a preliminary report on
this work, we cannot yet publish experimental results on real
industrial devices. Section 6 concludes this paper.
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2 Prior Work

We consider the situation in which a number of interconnect
wires (nets) between two or more digital components need to
be tested. In order to test these nets, combinations of digital
test stimuli are applied to the net inputs, and the responses
are observed at the net outputs and compared to expected re-
sponses. We assume full controllability over the inputs of
these nets, i.e., at the outputs of the components. Likewise,
we assume full observability over the outputs of these nets,
i.e., at the inputs of the components.

Throughout this paper, we use the following terms for the
test stimuli.

� Test Pattern. A test pattern is one set of test stimuli that
are simultaneously applied in parallel on all nets of the
interconnect network. In Figure 1, test patterns are the
columns in the set of stimuli. Others [3, 1] refer to test
patterns asParallel Test Vectors (PTVs).

� Code Word. A code word is the list of test stimuli that
are subsequently applied on one individual net. In Fig-
ure 1, code words are the rows in the set of stimuli.
Others [3, 1] refer to code words asSequential Test
Vectors (STVs).

IC 1 IC 2

Net 1

Net 2

Net 3

Net 4

0     1     0

0     0     1

1     1     0

1     0     1

Test Pattern

Code Word

Figure 1: Terminology:test patterns andcode words.

Jarwala and Yau [3] described the following deterministic
fault model for wiring interconnects.

� Multi-net faults . Bridging faults that create shorts be-
tween two or more nets.

– Wired-OR: In case of dominant ‘1’ drivers, the
short behaves like a logical ‘wired OR’ between
the shorted nets.

– Wired-AND: In case of dominant ‘0’ drivers, the
short behaves like a logical ‘wired AND’ be-
tween the shorted nets.

– Strong-Driver: A specific driver dominates the
shorts, and hence the shorted nets follow the
dominant driver.

� Single-net faults. Stuck-at faults and stuck-open
faults on one net. We assume the following possible
deterministic behavior for such faults.

– Stuck-at-0: The downstream sensor is such that
an open leads to a captured logical ‘0’.

– Stuck-at-1: The downstream sensor is such that
an open leads to a captured logical ‘1’.

The requirement for testing shorts is that every net must get a
unique code word. If the nets are fault-free, each response is
unique. In case of a short, the nets involved in that short have
the same response. Therefore, these responses are no longer
unique and the short is detected. William Kautz [4] proposed
a test for shorts which has become known as theCounting Se-
quence Algorithm. The code words are generated by a simple
binary counting algorithm. Fork nets,d2log ke test patterns
are required. The Counting Sequence Algorithm guarantees
the detection of all shorts with the minimum number of test
patterns. In the example of Figure 2(a), there are four nets,
i.e.,k = 4. Hence, we needd2log 4e = 2 test patterns only.
The code words are00, 01, 10, and11, which can be arbi-
trarily assigned to the four nets.

In order to guarantee that every net is tested for stuck-at-0
opens, every code word needs to contain at least one ‘1’.
Likewise, for stuck-at-1 faults, every code word needs to
contain at least one ‘0’. This is not guaranteed by the Count-
ing Sequence Algorithm. Therefore, Goel and McMahon
[5] proposed a test generation algorithm that has become
known as theModified Counting Sequence Algorithm. The
main idea is that open faults can be detected if we forbid
the all-zeros and all-ones code words. Hence, fork nets,
d2log(k + 2)e test patterns are needed, which can be gen-
erated again by a simple binary counting algorithm, which
starts at one, instead of at zero. The Modified Counting Se-
quence Algorithm guarantees the detection of all shorts and
opens with the minimum number of test patterns. In the ex-
ample of Figure 2(b), withk = 4, we needd2log(4+2)e = 3

test patterns. This yields six possible code words (001, 010,
011, 100, 101, and 110), from which we can arbitrarily
choose four and assign them to the four nets.

Another interconnect test generation algorithm, published by
Eerenstein and Muris [6], is known as theLaMa Algorithm.
It is based on the Modified Counting Sequence Algorithm,
but increments by three rather than by one. This yields code
words with a Hamming distance of at least two, instead of
Hamming distance one as is the case for the code words gen-
erated by the Modified Counting Sequence Algorithm. This
can be proven as follows. All code words generated by the
LaMa Algorithm are binary representations of1 + 3n with
n 2 IN+. Suppose that two code words, say1 + 3x and
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Figure 2: Test stimuli for four nets for (a) Counting Sequence Algorithm [4], (b) Modified Counting Sequence Algorithm [5], (c) LaMa Algorithm [6], and
(d) True/Complement Test Algorithm [7].

1 + 3y, have Hamming distance one. Then(1 + 3x)� (1 +

3y) = 3(x�y) should be a power of2, which leads to a con-
tradiction, and hence to the conclusion that the code words
generated by the LaMa Algorithm have a Hamming distance
of at least two. Eerenstein and Muris claim that a larger Ham-
ming distance between code words increases the chances of
detection of a short, especially in the case that neither the
‘0’ nor ‘1’ driver is dominant. The LaMa algorithm requires
d2log(3k + 2)e test patterns fork nets. In the example of
Figure 2(c), withk = 4, we needd2log(3 � 4 + 2)e = 4 test
patterns. This yields five possible code words (0001, 0100,
0111, 1010, and1100), from which we can arbitrarily choose
four and assign them to the four nets.

The abovementioned test generation algorithms guarantee
detection of faults. However, next to detection of faults,di-
agnostic resolution is often another important property of a
test. Jarwala and Yau [3] described the situation ofaliasing,
which obscures the diagnostic resolution. Aliasing occurs
if the faulty response of a faulty net is equal to the fault-free
response of another, fault-free net. In this case, we cannot de-
termine whether the fault-free net also suffers from the fault
at the faulty net. Wagner [7] presented theTrue/Complement
Test Algorithm, that enhances the (Modified) Counting Se-
quence Algorithm in order to prevent from aliasing. It ap-
plies all test patterns of the original Counting Sequence Al-
gorithm, followed by the same test patterns with inverted val-
ues. Due to the inverted test patterns, the all-zeros and all-
ones code words will not be generated. Therefore, it is not
necessary to exclude the numbers0 andk�1 in the counting
sequence. Hence, the True/Complement Test Algorithm re-
quires2 � d2log ke test patterns. The True/Complement Test
Algorithm guarantees that every code word contains an equal
number of zeros and ones, due to its inversion. In case of
a ‘Wired-OR’ fault with another net, in the response word
the number of ones is increased and the number of zeros is
decreased. Likewise, in case of a ‘Wired-AND’ fault with
another net, the number of zeros is increased and the num-
ber of ones is decreased. In case of a stuck-at open fault, all
response values will be either all-zeros or all-ones. Hence,

in every fault case the numbers of zeros and ones changes,
such that the response word does not contain an equal num-
ber of zeros and ones any more. Therefore, a faulty response
will never be equal to a fault-free response of another net,
and hence, the True/Complement Test Algorithm is aliasing-
free. In the example of Figure 2(d), withk = 4, we need
2 � d2log 4e = 4 test patterns. The code words are1100,
1001, 0110, and0011, and they can be arbitrarily assigned to
the four nets.

3 Ground Bounce and its Prevention

During the regular operation of an IC, there is much internal
switching activity amongst the transistors. Too much activity
can cause surges in current demand from the power-supply
and cause the IC-internal power or ground levels to fluctu-
ate considerably. This in turn, can cause spurious pulses to
be generated on critical signals, such as system clocks or
master resets, thereby causing spurious behavior in the IC.
Ground bounce is the term used for the phenomenon of vary-
ing ground and power levels. In the context of ICs on a PCB,
ground bounce typically refers to a shift from the IC’s in-
ternal ground or power voltage level compared to the PCB’s
ground or power level [8, 9].

Ground bounce can have a negative impact on the opera-
tion of the IC. If the IC-internal ground voltage level rises
to the threshold voltage of the IC-internal logic, there ex-
ists the likelihood of invalid logic behavior. In the case of
Boundary-Scan-equipped ICs [2], ground bounce can result
in spurious test clocks (TCKs), which, in turn, can cause on-
board Boundary-Scan devices to go out of synchronization.

Ground bounce can be prevented by designing ICs (or
boards) such that they can handle large amounts of switch-
ing activity within the IC (or between ICs on the board). The
switching activity during test is typically higher than during
normal (non-test) operation. By its very nature, testing sets
up sensitive paths through a circuit thereby causing many
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outputs to change value. In order to save test time, it is often
an objective of test generation algorithms to obtain the high-
est possible fault coverage with a minimum number of test
patterns. This increases still further the amount of internal
switching activity per test pattern. Designers do design their
ICs and boards to handle ground bounce during normal op-
eration and during test operation. In fact, the IEEE 1149.1
Boundary-Scan Standard [2] mandates that there should be
no ground-bounce inside the device during all test operations
based on the use of the boundary-scan register. The problem
is that at board level, with all on-board boundary-scan de-
vices in EXTEST test mode for interconnect testing, there is
no guarantee that board-level ground bounce will not occur,
even though each device is within its ground bounce specifi-
cation. In fact, there is a high probability that ground bounce
will occur if there are more than a few thousand Boundary-
Scan to Boundary-Scan interconnects.

Richter and M¨unch [8] reported on ground bounce problems
during EXTEST testing between 1149.1-compliant ASICs
on an industrial telecommunications board. All the ASICs
met their electrical ground bounce specification and simula-
tion confirmed correct operation of the ASICs under normal
operation with at most 50% of the ASIC outputs switching si-
multaneously. The ASIC designers did not consider the pos-
sibility that many (or even all) boundary-scan outputs might
switch simultaneously (worst-case EXTEST), even though
that was what happened during board testing.

Ground bounce can be prevented at board level by controlling
the degree of switching activity in the test patterns generated
and applied across the interconnects. This can be done by in-
troducing an upper limit on how many Boundary-Scan out-
puts can be simultaneously switched in the transition from
one test pattern to the next. In this paper, we refer to this
upper limit as theSimultaneously-Switching Outputs Limit
(SSOL). In general, the SSOL should be derived and defined
by the board designer responsible for the electrical design of
the board. Many vendors of board-level interconnect ATPG
tools have added SSOL constraints into their products [8].

The SSOL constraint restricts the maximum Hamming dis-
tance between two consecutive test patterns. However, a cer-
tain minimum amount of switching is necessary in order to
achieve the desired detection and diagnostic levels. There-
fore, incorporating an SSOL constraint into test generation
can lead to an increase in the number of test patterns gen-
erated, and hence to an increase in test time. The objective
of this paper is to show how a user-defined SSOL constraint
can be added to any interconnect test generation algorithm
without jeopardizing the ability to meet other test constraints,
e.g., the ability to detect and unambiguously locate opens
and shorts, and minimum or near-minimum number of test
patterns.

4 Problem Definition

A central notion in our problem definition is formed by SSOL
violations, which are defined as follows.

Definition 1 [SSOL Violation].
Let p1 and p2 be test patterns, and letssol 2 IN. If p1
andp2 are applied consecutively, they have a SSOL viola-
tion sv(p1; p2), defined bysv(p1; p2) = max(h(p1; p2) �
ssol ; 0), whereh(p1; p2) represents the Hamming distance
of test patternsp1 andp2. 2

The problem addressed in this paper is to incorporate the con-
straint of SSOL-violation-free consecutive test patterns into
any given test generation algorithm. It can be described as
follows.

Problem 1 [SSOL-Constrained Test Generation].
Given are (1) a test generation algorithm that generates in-
terconnect test patterns for a user-defined number ofk nets,
with certain detection and diagnosis properties, and (2) a
user-defined integerssol. Find a test that (1) has the same
detection and diagnostic properties as the tests generated by
the original algorithm, (2) for which any pair of consecutive
test patternsp1 andp2 holdssv(p1; p2) = 0, and (3) has a
minimal number of test patterns. 2

We solve this problem by analyzing and exploiting the de-
grees of freedom that we have for modifying an interconnect
test set without altering the detection and diagnostic proper-
ties of such a test. We distinguish the following three degrees
of freedom.

1. Code Word Subset Selection.
For k nets, a test generation algorithms requiresp(k)

test patterns. Withp(k) test patterns, the algorithm
generatesc(k) unique code words, such thatk � c(k).
The functionsp(k) andc(k) depend on the test gen-
eration algorithm. The expressions fork, p(k), and
c(k) for the four test generation algorithms described
in Section 2 are as follows.

� Counting Sequence Algorithm [4]:
p(k) = d2log ke

c(k) = 2p(k) = 2d
2log ke

� Modified Counting Sequence Algorithm [5]:
p(k) = d2log(k + 2)e

c(k) = 2p(k) � 2 = 2d
2log(k+2)e

� LaMa Algorithm [6]:
p(k) = d2log(3k + 2)e

c(k) = d(2p(k) � 2)=3e = d(2d
2log(3k+2)e

� 2)=3e

� True/Complement Test Algorithm [7]:
p(k) = 2 � d2log ke

c(k) = 2p(k)=2 = 2d
2log ke
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In many practical cases, the situation arises that the al-
gorithm generates more code words than strictly nec-
essary, i.e.,k < c(k). k, p(k), andc(k) are all inte-
gers, and hence the expressions above have ceil opera-
tors that round off any non-integer values to the nearest
higher integer value. These ceil operators cause that
in many casesk < c(k). An example is the Count-
ing Sequence Algorithm fork = 5. In that example,
p(k) = 3, c(k) = 8, and hencek < c(k).
The degree of freedom is that we can freely choose a
subset ofk unique code words out of the availablec(k)
code words generated by the test generation algorithm,
without affecting either the detection and diagnostic
properties of a test, or its test time.

2. Re-Ordering of Test Patterns.
Nets do not contain memory elements. Therefore, nei-
ther the detection and diagnostic properties of a test
set, nor its test time, are affected by modifying the or-
der in which the test patterns of a test set are applied.

3. Additional Test Patterns.
The detection and diagnostic properties of a test set
depend on the test patterns in that test set, but are not
affected by adding other, new test patterns, nor by re-
peating some of the existing test patterns. Adding test
patternsdoes obviously increase the test time.

These three degrees of freedom are utilized in the next sec-
tion to solve our problem of incorporating the SSOL con-
straint into an existing test pattern generation algorithm.

5 Algorithmic Solution Approach

Our solution approach to the problem defined in the previous
section consists of two procedures.

1. Test Pattern Ordering and Insertion.
In this procedure, we assume a given subset of code
words and test patterns. The test patterns are ordered
in order to minimize the number of SSOL violations.
Remaining violations, if any, are solved by inserting
additional test patterns. This procedure exploits De-
grees of Freedom 2 and 3 regarding re-ordering and
addition of test patterns.

2. Code Word Subset Selection.
This procedure searches for the subset of code words
that leads to the smallest test pattern set without SSOL
violations. The procedure exploits Degree of Free-
dom 1 regarding code word subset selection, and uses
the procedure for test pattern ordering and insertion as
a subroutine.

Both procedures are described in more detail in the sequel of
this section.

5.1 Test Pattern Ordering and Insertion

In this procedure, we assume given a set withp � k stimuli,
i.e., p test patterns andk code words, necessary for testing
k interconnect wires. The procedure consists of two steps.
In Step 1, we exploit Degree of Freedom 2, and we try to
re-order thep test patterns such that the number of SSOL
violations is as small as possible. In Step 2, we resolve the
remaining SSOL violations, if any, by exploiting Degree of
Freedom 3 and inserting a minimal number of additional test
patterns.

Initially, we construct a so-calledSSOL Violations Graph.
This is a weighted, fully-connected, and undirected graph.
The nodes of the graph correspond to thep test patterns. The
edge between nodesp1 andp2 has a weightsv(p1; p2), where
functionsv is defined according to Definition 1. The idea is
that the weight of an edge represents the number of SSOL vi-
olations in case the two test patterns connected by that edge
are applied after one another.

In Step 1, the problem is to find an ordering of the test pat-
terns, such that the number of SSOL violations is minimized.
In terms of our SSOL Violations Graph, this means that we
need to find a tour through all nodes of the graph, such that
the summed weight of the edges encountered along the tour
is minimal.

This problem is equal to the optimization variant of the well-
knownTraveling Salesman Problem [10].

Problem 2 [Traveling Salesman Problem (TSP)].
Given a setC of m cities, with distancesd(ci; cj) 2 Z+ for
each pair of citiesci; cj 2 C, and a positive integerB. Is
there a tour ofC having lengthB or less? 2

TSP is known to beNP-complete, and hence its optimiza-
tion variant isNP-hard [10]. In practical terms, this means
that the time needed to compute an optimal solution increases
exponentially with the problem instance size. The problem
instance size is determined by the number of test patterns.
Fortunately, the problem instance size for board-level inter-
connect testing is not very large. The number of test patterns
is in the order of2 log k, and hence, even for boards with
thousands of nets, we have in between 10 to 20 test patterns.
Therefore, it seems feasible for most practical problem in-
stances to solve this problem exhaustively, i.e., by enumer-
ating all possible tours in the graph. Alternatively, there are
effective and efficient heuristic algorithms forTSP available
in the literature, that are able to solve this problem with close-
to-optimal solutions in short compute times [11].
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Figure 3: Example of an SSOL Violations Graph withssol = 2 (a), the test pattern ordering in this graph (b), and the corresponding resultant test set (c).

Figure 3(a) shows an example of an SSOL Violations Graph.
In this example,ssol = 2. The test set contains four test pat-
terns of four bits each:0001, 0011, 0110, and1011. The
nodes in the graph are the four test patterns. The edges
between two nodes have weights that equal the number of
SSOL violations in case the corresponding test patterns are
applied consecutively. We can see in this graph that only
two out of the six edges have an SSOL violation. Fig-
ure 3(b) shows the same graph, in which by means of bold
arrows the SSOL-violation-free tour through this graph is in-
dicated. Figure 3(c) shows the corresponding resultant test
set, in which the four test patterns are ordered according to
the SSOL-violation-free tour in the graph.

After running aTSPSolver, there are two possible outcomes:
(1) we have obtained a tour with summed weight zero, or
(2) we have obtained a tour with summed weight larger than
zero. In the first case, we have right away found an ordering
of the test patterns that meets the SSOL constraint. In the lat-
ter case, we have found an ordering of the test patterns that
still has one or more SSOL violations. This might be due
to the fact that there is no tour with summed weight zero, or
there is such a tour, but the heuristicTSPsolver we used was
not capable of finding it. In any case, it is expected that the
number of SSOL violations is relatively low, as minimizing
the summed weight of the tour was the objective function of
theTSPSolver.

Remaining SSOL violations can be resolved by inserting
one or more additional test patterns in between two con-
secutive test patterns that have an SSOL violation. Per in-
serted test pattern, we can resolvessol remaining SSOL vi-
olations. Hence, if consecutive test patternsp1 andp2 have
sv(p1; p2) SSOL violations (withsv(p1; p2) > 0), we need
to insertd sv(p1;p2)

ssol
e additional test patterns in order to re-

solve all SSOL violations between these two patterns.

Figure 4(a) shows an example test pattern set, generated by
the LaMa Algorithm fork = 4. The SSOL violation val-
ues are depicted as weights of the arrows at the bottom of
the figure. Forssol = 2, there is only one SSOL violation,
between the third and fourth test pattern. This violation is re-
solved in Figure 4(b) by inserting one additional test pattern
in between test pattern three and four.

0    0    0    1

0    1    0    0

0    1    1    1

1    0    1    0

1      0     0

0    0    0    0    1

0    0    1    0    0

0    0    1    1    1

1    0    0    1    0

0      0      0     0

(a) (b)

Figure 4: Test pattern set with violation againstssol = 2 (a) and the viola-
tion resolved by inserting one additional test pattern.

5.2 Code Word Subset Selection

A test generation algorithm generates fork netsc(k) unique
code words, withk � c(k). We only need one unique code
word per net. In casek = c(k), we are done, as in that
case Degree of Freedom 1 does not provide us any real free-
dom. However, whenk < c(k), we do have actual free-
dom, as we have to choose whichk unique code words we
select out of the set ofc(k) available code words. This
can be done in

�
c(k)
k

�
=

c(k)!

k!�(c(k)�k)!
ways. In many prac-

tical situations, there are many alternative subsets ofk code
words. As example, consider the True/Complement Test Al-
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gorithm for k = 257. According to the equation in Sec-
tion 4, c(257) = 2d

2log 257e = 29 = 512. Therefore, there
are

�
512

257

�
� 4:7� 10152 alternative code word subsets!

There are two alternative ways in which we can address the
issue of code word subset selection.

1. Exhaustive Code Word Subset Selection

2. Heuristics-Based Code Word Subset Selection

In the sequel of this section, we describe both alternatives.

The exhaustive code word subset selection is done through
exhaustive enumeration through all code word subsets with
k elements. This approach is described in Algorithm 1. It
consists of an iteration over all code word subsets. For a
code word subset, we solve the test pattern ordering problem
by means of aTSPSolver as described in Section 5.1. If the
TSPSolver yields an ordering of the given test patterns with-
out SSOL violations, we have found a test with a minimal
number of test patterns, and hence can abort our exhaustive
enumeration algorithm. If theTSP Solver yields a solution
with SSOL violations, we calculate how many additional test
patternsap need to be inserted to resolve these SSOL viola-
tions.best ap represents the lowest number of additional test
patterns needed to resolve SSOL violations for all code word
subsets considered so far. Ifap < best ap, we makebest ap
equal toap, and memorize the current code word subset as
the one with the smallest number of test patterns so far.

Algorithm 1 [Exhaustive Enumeration]

1 best ap :=1;
2 for i = 1 to

�
c(k)

k

�
do f

3 solve ‘Test Pattern Ordering’ (TSP) for Code Word Subseti;
4 if # SSOL violations = 0f
5 /* Hurrah, we have found an optimal solution! */
6 abort
7 g

8 elsef
9 ap := # test patterns to be inserted

to resolve SSOL violations;
10 if ap < best ap f
11 best ap := ap;
12 memorize Code Word Subseti
13 g

14 g

15 g

Instead of using the exhaustive enumeration approach, we
can also employ an heuristic for code word subset selection.
Many different heuristics can be invented. As an example,
we describe one such heuristic in the sequel of this section.
This heuristic counts the bit transitions in each code word as
generated by the test generation algorithm, i.e., before test
pattern re-ordering. Out of the availablec(k) code words,

this heuristic selectsk code words such that the sum of their
transition counts is as low as possible.

An example that illustrates the operation of this heuristic is
depicted in Figure 5. In the example, we used the LaMa Al-
gorithm fork = 4 andssol = 2. This yieldsd2 log(3 � 4 +
2)e = 4 test patterns andd(24 � 2)=3e = 5 unique code
words. These code words are:0001, 0100, 0111, 1010, and
1101. We only need four unique code words, and hence the
code word subset selection here revolves around the question
of deselecting one of the five available code words. Count-
ing the number of bit transitions in the five code words shows
that code word1010 has the highest bit transition count, viz.
three. Therefore, this code word becomes our candidate for
deselection. The remaining code words right away form a
test set without SSOL violations, and hence, in this case, no
further test pattern re-ordering and/or insertion is necessary.

0    0    0    1
0    1    0    0
0    1    1    1
1    0    1    0
1    1    0    1

Code Words

1
2
1
3
2

# Transitions

Figure 5: Example of a code word subset selection heuristic, based on the
number of bit transitions in the original code words.

Note that the heuristic described above is an example of an
heuristic that directly selects one code word subset. Such an
algorithm subsequently invokes the procedure for test pat-
tern ordering and insertion only once. One can also think
of heuristic approaches that allow for the evaluation of mul-
tiple code word subsets. In that case, the general structure
of Algorithm 1 can be utilized, i.e., evaluate each code word
subset, memorize the best subset so far, and abort the algo-
rithm as soon as a subset is found that does not have any
SSOL violations without additional test patterns being in-
serted. In fact, for code word subset selection, a full range
of algorithms is possible, with exhaustive enumeration of all
code word subsets as one extreme, and the direct selection of
only one single subset as the other extreme.

6 Conclusion

Many wiring interconnect test generation algorithms exist.
These algorithms have different detection and diagnostic
properties, and also vary in the number of code words and
test patterns they produce. In this paper we have described
four of such algorithms: the Counting Sequence Algorithm,
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the Modified Counting Sequence Algorithm, the LaMa Al-
gorith, and the True/Complement Test Algorithm.

Varying levels of power and ground voltage, commonly
known as ground bounce, is a growing concern within ICs,
as well as between ICs on boards. Especially during board-
level interconnect testing for boards with many wires, ground
bounce is a likely phenomenon, that might cause malfunc-
tioning tests. Ground bounce during board-level intercon-
nect testing can be prevented by restricting the number of si-
multaneously switching IC outputs to a limit, named SSOL,
determined by the board designer. This requires upgrading
of existing interconnect test generation algorithms, such that
they meet this additional SSOL constraint.

In this paper we have presented the problem of finding an al-
gorithm that takes any interconnect test generation algorithm
as starting point, and generate a test that (1) maintains the
detection and diagnostic properties of the original test gen-
eration algorithm, (2) meets the SSOL constraint for a user-
defined SSOL value, and (3) requires only a minimal or near-
minimal number of test patterns. We showed that there are
three degrees of freedom which can be exploited to address
this problem: (1) the selection of the set of code words, (2)
the re-ordering of test patterns, and (3) the insertion of ad-
ditional test patterns. We showed that this problem isNP-
hard, by showing that one of its subproblems isNP-hard.
We have presented an algorithmic approach that provides a
trade-off between the resulting ‘test time’ (i.e., the number of
test patterns) and the compute time required to obtain a test
set.

Code word subset selection can be done exhaustively, or by
means of an heuristic. Exhaustive selection guarantees the
best solution possible, but is often more expensive with re-
spect to compute time. The number of alternative code word
subsets can be very large. When combined with a low, and
hence difficult to achieve SSOL value, this might lead to in-
tractable compute times. An heuristic-based approach costs
less compute time, but might lead to additional test patterns
that were perhaps not strictly necessary.

Test pattern re-ordering can be done by means of an exhaus-
tive or an heuristicTSP Solver. It is important to note that
this procedure is invoked for every code word subset evalua-
tion, and hence, the compute time required by theTSPSolver
is increasingly important when more code word subsets are
evaluated. Fortunately, the size of theTSPproblem instances
is relatively small, as it scales logarithmically with the num-
ber of nets. Therefore, even for large printed circuit boards,
exhaustiveTSPsolving is still feasible.
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