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ABSTRACT

This paper presents a method of generating tests for
transition faults using tests for stuck-at faults such that the
peak power is the minimum possible using a given set of
tests for stuck-at faults. The proposed method is suitable for
use in testing scan designs that employ enhanced scan. The
method reduces the peak power consumption in benchmark
circuits by 19% on the average with essentialy the same
test set size and the same fault coverage compared to an
earlier method.

Categories and subject descriptors
B.8.1 [Performance and Reliability]: Reliability, Testing
and Fault-Tolerance

General terms
Algorithm, Design, Reliability

Keywords
Power Dissipation, Test Generation, Transition Faults

1. INTRODUCTION

Physical defects that cause the signal propagation delays in
circuits to increase can be modeled as delay faults. Two
general types of delay fault models, the gate delay fault
model [1,2] and the path delay fault model [3,4], have been
used to model delay defects. The path delay fault model is
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more comprehensive in modeling delay defects, but often
difficult to use in practice due to the large number of paths
in large circuits. The gate delay fault model is more
practical for large circuits. The most commonly used gate
delay fault model is the transition fault model [1]. Under
the transition fault model, there are two types of transition
faults, slow-to-rise faults and slow-to-fall faults. A test
pattern pair <V1, V2> is required to detect the transition
fault f on line I. Two conditions have to be satisfied by
<V1, V2> to detect the transition fault. (1) The initia
vector V1 must set the target node to an initial value O for
the slow-to-rise fault and to an initial value 1 for the slow-
to-fall fault. (2) The test vector V2 has to launch the
corresponding transition at the target node and aso
propagate the fault effect to the primary output. Thus, V2 is
a test for a s-a0 (s-a-1) fault if the transition fault is the
slow-to-rise (slow-to-fall) fault. Many works have been
reported on generating and compacting tests for transition
faults [3-6].

It is known that power dissipation may be considerably
higher in test mode than in the normal system mode [7,8].
During normal operation, typicaly a relatively small
portion of the flip-flops change value in each clock cycle.
However while scanning in test vectors as well as during
capture cycles, many more flip-flops may change value in
each clock cycle, thus causing much higher average and
peak power dissipation than in the normal operation mode.
This can cause problems both with heat dissipation and with
current spikes. Another problem arises when wafer probe
testing is done through spring loaded contacts which may
not be able to deliver large enough current to meet the peak
current requirement of some scan tests. This may cause a
chip to fail atest even when it is defect-free, thus reducing
the yield. Recently, yield loss due to voltage drops caused
by higher peak current during test of an ASIC chip has been
reported in [9]. Using tests with reduced peak current
requirement will help reduce the possibility of such
occurrences.



Various techniques have been proposed to reduce power
dissipation during test. Two examples are [10] and [11] that
consider standard scan designs.

In this paper, we present a power conscious transition fault
ATPG scheme based on the work in [6]. Our scheme
consists of three phases. First, we use a MinMax Spanning
Tree (MMST) [18] algorithm to construct tests for the easy-
to-detect faults. Second, we compute the minimum peak
power dissipation value without compromising transition
fault coverage when tests generated from a given stuck-at
fault test set are used. Then, we use this minimum value as
a constraint to select test pairs for the remaining faults.
Finally, in the third phase we use forward-looking fault
simulation [13] to compact the test set. The proposed
scheme keeps all the advantages noted in [6] and in
addition achieves minimum peak power dissipation.
Compared to the method in [6], the peak power reduction is
19% on the average and up to 40%.

The remainder of the paper is organized as follows.
Section 2 gives definitions of terms used in this paper and a
brief review of the previous work in [6]. In Section 3 we
formulate the problem and give a sketch of the proposed
method. Section 4 introduces the MMST based algorithm.
In Section 5, we give the method to select tests for the
remaining transition faults under the peak power constraint.
In Section 6, the test compaction method is discussed. In
Section 7 experimental results are presented. Section 8
concludes the paper.

2. PRELIMINARIESAND REVIEW

2.1 Terminology and background

Below we give the definitions for some terms used in this
paper.

Definition 1: The weighted switching activity (WSA) of a
node is the number of state changes at the node multiplied
by (1+node fan-out). The “1” in the formula is to include
the output capacitance of the driving gate. The WSA of the
entire circuit is obtained by summing the WSA of al the
nodes in the circuit.

WSA is used to represent the power dissipated in a circuit

when a two-pattern test is applied. WSA was also used to
represent instantaneous power in earlier works [11]. Instead
one can use an actual power calculation, but it requires a
large computation time.
Definition 2: The peak power is the highest value of power
dissipation at any given instant of switching activity caused
by test application. In this paper, the highest value of WSA
is used as the peak power.

2.2 Test application

Transition fault tests can be applied in three different ways:
broadside [14], skewed-load [15] and enhanced-scan [16].
In this paper, we only consider enhanced-scan transition
fault tests.
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When enhanced scan is used, scan cells are made up of
three latches. During scan-in of a new vector the previously
applied vector is stored in the third latches of the scan flip-
flops, which drive the combinational logic of the circuit
under test. For this reason during scan-in no power is
dissipated in the combinational logic of the circuit under
test. Power is dissipated in the combinational logic only
during capture cycles.

2.3 Review of previouswork

For designs with enhanced scan one can generate tests for

transition faults by composing two-pattern tests from tests

for stuck-at faults [6,12]. Compared to the conventional test
generation and test application methods for transition faults
in standard scan designs, this has the following advantages

[6].

« Higher fault coverage compared to that achievable in

standard scan designs. Enhanced scan alows the

detection of all the irredundant transition faults
whereas standard scan based tests may not detect all
the irredundant faults.

e Low average power dissipation due to the use of
enhanced scan cells, since the inputs to the
combinational logic are held at a constant value while
the new state is scanned in.

e Reduced storage space. Normaly the size of a
transition fault test set is four to five times larger than
the size of a stuck-at fault test set. Since the transition
fault tests are chosen from a stuck-at fault test set, only
the stuck-at fault tests need to be stored and the test
datavolumeis significantly reduced.

e Simplified validation process. Since the stuck-at fault
tests have gone through a validation process, the
validation process for the transition fault tests is
unnecessary.

Despite all the advantages above, the peak power during
test may exceed that in normal operation since there is no
power saving action addressing the capture cycle.

3. PROBLEM FORMULATION

A transition fault test set for an enhanced scan design
consists of a sequence of primary input vectors and state
vectors that are scanned in. For the sake of simplicity of
explanation, we assume as in [6] that al the inputs (i.e,
primary inputs and state variables) are scanned. For this
case, let Te=<ty, t,, ..., ty> be a sequence of test vectors
scanned in and let T, be a test set for stuck-at faults. We
assume that all the tests in T, have to be applied in some
order. A pair of consecutive vectors of T constitutes a two-
pattern test for transition faults. For example <tj, t,>, <t,,
t3>, ..., <tj, ti.1> form two-pattern tests. If the transition fault
tests are formed from tests for stuck-at faults, then each t; is
a member of the test set T, for stuck-at faults. In the test



sequence T for transition faults, some of the testsin T, may
appear more than once. One obtains a two-pattern test <t;,
t,> for say a slow-to-rise fault on circuit line r by using a
test, say t;, to detect the s-a-1 fault on line r (note that t; sets
line r to 0) and a test t, that detects the s-a-0 fault on r.
Actually, any test in T, that sets r to O can be used for t;
(even if it does not detect a s-a-1 fault on r) and any test in
T. that detectsa s-a-0 fault onr can be used for t,.

In order to construct a sequence T for transition faults

from atest set T such that the maximum WSA for any two-
pattern test is the minimum possible using the tests in T,
we create a graph G4V,E), which is a complete graph
caled the transition graph. In Gg there is a node
corresponding to each test in T, and the edge (t, t) has
weight w;; which is equal to the WSA during the capture
cycle when the two-pattern test <t;, t> is applied. Since the
WSA for (t;, t;) is equal to the WSA for (t;, t), Gs is an
undirected graph with a weight w;;=w;; on the edge between
t and t. An example given below illustrates the
construction of G and how transition fault tests with
minimum WSA can be obtained from Gq.
Example: Let T. contain four tests {t;, t, t3, t4}. The
corresponding Gs is given in Figure 1. In G traversing an
edge corresponds to a two-pattern test, which also depends
on the direction of traversal. For example <ty, t,> and <t,
t,> are two different two-pattern tests that detect different
transition faults. Thus there are twelve different two-pattern
tests corresponding to the six edges in G of Figure 1. From
these tests we need to select a minimal number of tests to
detect all the transition faults that can be detected if all
twelve tests are applied. In addition, the maximum of the
WSAs in the circuit for al the two-pattern tests used should
be minimum. A test sequence T corresponds to traversing
the graph G starting from a node corresponding to the first
test in Ts. For example, the test sequence T = <ty, to, t3, to,
t,> corresponds to traversing Gs starting from t;. The two-
pattern tests obtained from T are <ty, to>, <t,, t>, <t3, t,>
and <t,, t;>.

Figure 1. An example transition graph

In the method we propose the test sequence Ts is
constructed in three phases. In the first phase we construct a
sequence Tg that includes al the tests in T, at least once
and has the property that the maximum value of WSA for
any two consecutive testsin T is minimum. To define Ty,
we determine a path in G such that the path includes every
node in G at least once and the largest weight of an edge
included in the path is the minimum among al the paths
that can be constructed to include each node of G at least
once. It iswell known that an algorithm based on Minimum
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Spanning Tree traversal provides a two-approximate
solution for a specia case of TSP (the Traveling Salesman
Problem) called ATSP, which requires visiting each node
exactly once with minimum cost [17]. The cost in this case
is the sum of the weights of the edges in the path used to
visit the nodes. In the problem we consider the goal is to
visit each node at least once such that the maximum weight
of an edge in the selected path is minimum. To obtain such
a path we use a MinMax Spanning Tree [18] (defined later
in this section) for Gs. In the second phase we extend T, as
follows. First we simulate the two-pattern tests obtained
from T to drop al the transition faults detected by them.
T4 is extended into a sequence T that includes tests to
detect yet-undetected transition faults such that the
maximum WSA of the tests included in the extended test
sequence is again the minimum among all the possible
extensions. The extended sequence T is compacted without
increasing the maximum WSA in the third phase to obtain a
minimal length test sequence.

Definition 3: Given a graph G(V,E), a spanning tree Gy is
a connected, cycle-free subgraph that includes al the nodes
inG.

Definition 4: Given a graph G(V,E) with weighted edges, a
spanning tree is called a MinMax Spanning Tree (MMST)
if the maximum of the weights of the edges in Gy is the
minimum among all the spanning trees of G.

For example, aMMST for the transition graph of Figure 1
is given in Figure 2. In the next three sections we give the
details of the proposed method to generate transition fault
tests from a given stuck-at fault test set.

(r—2—(e)
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Figure2. A MMST for thetransition graph of Figure 1

4. TEST SEQUENCE BASED ON A MMST

The first part of the test sequence for transition faults is
derived by constructing a MMST for the transition graph of
a given stuck-at test set and traversing the graph using the
following procedure.

Procedure MM ST (G4(V,E))

Given: A transition graph G4V,E) corresponding to a
stuck-at fault test set T,

Step 1: Sort the edgesin E by weight into alist E’

Step 2: Remove from E' all the edges whose weight is
equal to the maximum edge weight

Step 3: Check to see if a spanning tree made up of edges
from E’ exists for the graph. If such a spanning tree exists,
go back to Step 2. Otherwise go to Step 4.

Step 4: Restore the edges removed in the last execution of
Step 2into E



Step 5: Construct a spanning tree for Gg Thisisa MMST
for the given G,. The method we use to construct a spanning
tree is discussed below.

Step 6: Find a path based on the spanning tree constructed
in Step 5. The method we use to construct the path is
discussed below. This path defines the first part Ty of the
transition fault test sequence.

To generate a spanning tree in Step 5 we apply the Depth-
First Search (DFS) algorithm to the graph G.. Since Gs is
connected, the order by which the nodes are visited for the
first time defines a spanning tree called the DFS tree [17].
For example, suppose that the graph shown in Figure 3(a) is
obtained after Step 4. Let us start the DFS agorithm from
t;. Suppose that t, is visited first. The algorithm then
backtracks to t;. Suppose that t; and t, are visited next.
Then the spanning tree is the one shown in Figure 3(b).

To construct the path in Step 6 we traverse the spanning
tree constructed in Step 5 in depth first manner such that a
subtree with alower depth is traversed earlier. For example,
in the spanning tree of Figure 3(b) we first traverse the
subtree rooted at t, as it has fewer levels than the subtree
rooted at t; which will be traversed later. The traversal of
the subtree rooted at t, results in the subsequence t1—t2.
Next, we return to t1 and traverse the subtree rooted at t3.
Thisresultsin the sequence t;—ty,—t;—tz—t,.

@)

(o)

Figure 3. Method to construct depth-first MM ST

When we traverse the MM ST as discussed above, some
nodes may be visited more than once. We shortcut a node
that has been visited before by using an edge not in the
MMST if the weight of the edge does not exceed the
maximum weight of the edges in the MMST; otherwise the
shortcut is not taken. The resulting test sequence is called
Tsl.

The test sequence Tg is fault simulated and all the
detected transition faults are dropped. To detect the yet-
undetected faults the procedure described in the next
section is used for extending T.

5. FAULT-ORIENTED TEST SELECTION

We extend the sequence T, into a sequence T by including
tests for the transition faults not detected by Ty. Let F be
the set of remaining transition faults. The extension has two
parts. In the first part we determine the minimum value of
WSA needed to detect the transition faults in F, that are
detectable by using tests in T,. We also order these
detectable transition faults. In the second part of this phase
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we extend T, to detect all the detectable transition faultsin
F.

5.1 Determination of detectabletransition

faults and minimum WSA

We know that for every transition fault detected there is a
corresponding stuck-at fault that is detected. We determine
the set of stuck-at faults called Fs corresponding to the
transition faults in F. We fault simulate without fault
dropping the stuck-at faults in Fs using the tests in T..
During the fault simulation process, for each stuck-at-a
fault f in F5 we determine the set of testsin T, that detect the
fault f as well as the set of tests that set the faulty line to a.
These sets of tests in T, correspond to the tests that can
detect the corresponding transition fault and initialize the
fault, respectively. If the set of initializing tests or the set of
detection tests for some transition fault in F;, is empty, then
the fault is not detectable using the tests in the given T..
Undetectable transition faultsin F, are dropped.

Knowing the set of tests in T, that can initidize a
transition fault f and the set of testsin T, that can detect f,
we also know the set of two-pattern tests formed out of tests
in T, that detect f. Thus for each transition fault f in F,, we
can determine from Gs the minimum WSA, denoted by
mWSA;, needed to detect the fault. Then the minimum
WSA needed to detect all the detectable transition faults,
denoted by WSA i, iS:

WSA in = max(W1, max (MWSAY)),

where W1 is the maximum WSA of an edge in the MMST
found in Phase 1.

For each detectable transition fault f, we determine alevel
of difficulty which is equal to the minimum of the number
of testsin T, that initialize the fault and the number of tests
in T that detect the fault. We then order the faultsin F; in
ascending order of their level of difficulty. Let the ordered
set of detectable transition faults be F/’. In the next step
described below we extend the test sequence Ty obtained
after Phase 1 to detect the faults in F'. We consider the
faultsin F’ in order.

5.2 Extending Tg

We extend T, in three ways to detect faultsin F,. These are
illustrated in Figure 4. In Figure 4(a) a sequence Ty with
tests from T, is given. This sequence yields three two-
pattern tests <t t,>, <t,, t3>, <ts, t,>. This sequence can be
extended in three different ways depicted in Figure 4(b)
through 4(d). The extended sequence of Figure 4(b) gives
one additional two-pattern test <t,, ts>, whereas the
extended seguences of Figure 4(c) and Figure 4(d) give two
additional two-pattern tests. The sequence of Figure 4(c)
gives additional tests <ty, ts> and <ts, t>, and the sequence
of Figure 4(d) gives additional tests <t, t=> and <ts, t,>.
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Figure 4. Methods to extend Tg

In extending Ty into a test sequence Ts we pick a yet-
undetected transition fault, say f, at the top of the ordered
set of faults F' and then extend the current test sequence by
one or two nodes as illustrated in Figure 4 such that the
resulting two-pattern tests detect f and none of the two-
pattern tests added by this extension require WSA greater
than WSA,;, determined in the first part of this phase. We
fault simulate the two-pattern tests added by the extensions
and remove al the detected faults from F,’. We repesat the
extension step until al the faults in F’ are detected. The
final test sequence obtained iscalled Ts.

An extension of Ty to detect al the faults in F/' aways
exists for the following reason. Consider an arbitrary fault
in K’ that can be detected by a two-pattern test <t;, t>.
Since t; exists in Ty, and since WSA is the same for <t;, t>
and <t;, t>, the extension of Figure 4(d) can be used to add
<t;, t}> to T and detect the fault.

6. COMPACTION

After the fault-oriented test selection described above, the

test sequence obtained guarantees the detection of al the

detectable faults with a minimum peak WSA. As is well
known, test sequences can be compacted further in a post-
processing step. We use forward-looking fault simulation

[13] to compact the test sequence. Compared to reverse-

order fault simulation, forward-looking simulation can often

achieve alarger reduction of test set size with a reduced run
time.

For transition fault tests which are given as a sequence of
tests, we have to make sure the resulting sequence would
not violate the peak power constraint of WSA;, before we
drop any test from the sequence during test compaction.
Next we discuss the procedure we use to compact T. Let Ty
be {t, t,, ..., t,} where every t;, 1<i<n, is an element from
thetest set T..

* Mark all thetest vectorsfromt; to t, as UNUSED.

*  Conduct forward-looking transition fault simulation on
pairs {<ty, t,>, <t,, t>,..., <t,1, t,;>}. If any pair does
not detect any new fault or should be skipped without
simulation (a feature of forward-looking fault
simulation [13]), continue with the next test.
Otherwise, mark both vectorsin the pair as USED.
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e Scan the test sequence {t, t,, ..., t;} from the start
vector t;. For every UNUSED segment (a segment such
that al its vectors are UNUSED): (@) If the UNUSED
segment is at the start or the end of T, removeit. (b) If
the UNUSED segment is between two USED vectors t;
and t; and if WSA(t, t;) is no greater than WSAn,
remove the entire segment. Otherwise try to replace the
UNUSED segment with an element t, from T, such that
both WSA(t;, t) and WSA(t, t;) are less than or equal
to WSAin. If the entire UNUSED segment cannot be
replaced by a test t,, shorten the UNUSED segment by
marking its last element as USED and try to remove the
shortened UNUSED segment or replace it with asingle
element of T.. Repeat the last step as necessary to
determine if a subsequence of the UNUSED segment
can be deleted.

7. EXPERIMENTAL RESULTS

We implemented the scheme described above in C and
experimented with 1SCAS89 benchmark circuits. The
experiments were run on a Linux machine with a 1400 MHz
Intel Pentium IV processor and 512MB memory.

The stuck-at fault test set we used can detect al the
irredundant stuck-at faults [19]. We reproduced the
procedure in [6] for comparison. For a fair comparison, we
made the following two changes in this reproduced
procedure. i) We use forward-looking fault simulation in
place of reverse order fault simulation used in [6] since
forward-looking fault simulation gives higher compaction.
ii) We apply forward-looking fault simulation using al the
test vectors instead of just the vectors from the fault-
oriented phase (i.e,, Phase 2) as done in [6]. This gives
shorter test sequences.

Experimental results are given in Table 1. After the
circuit name, we give the number of tests in T, and the
number of transition faults (the set of transition faults is
denoted by F). Next, we give the results obtained by the
method in [6] including the number of transition fault tests
in Ts and the number of transition faults detected. The
scheme in [6] uses an arbitrary order to visit tests in T, in
the first phase and thus may result in different peak WSA
values depending on the order. For this reason, we
conducted experiments using ten different random orders
and recorded both the average peak WSA and maximum
peak WSA from these ten experiments. These are reported
in the next two columns of Table 1. The run time of the
procedure from [6] is given next. The experimental data
obtained by using the proposed method are reported in
Table 1 next. The first two columns under the proposed
method are similar to those for the method of [6]. Next the
peak WSA and percentage reduction in WSA compared to
the average peak WSA and the maximum peak WSA for the
method of [6] is given. Finally, the run time is given.



From Table 1, it can be seen that the proposed method
achieves the same transition fault coverage as [6] with
reduced peak power dissipation. Compared to the peak
WSA in [6], the proposed method reduces the peak WSA
by 19% on the average. The run time for the proposed
method is higher. The number of tests for the proposed
method is similar to the number of tests for the method of

[6].

8. CONCLUSION

In this work, we proposed a new low power transition fault
ATPG scheme for designs with enhanced scan based on
reusing stuck-at fault tests. The peak power requirement of
the proposed method is minimum under the constraint of i)
a given stuck-at fault test set and ii) uncompromised
transition fault coverage. Experimental results showed that
the proposed scheme achieves the same transition fault
coverage while reducing the peak power by 19% on the
average compared to an earlier method.
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Table 1 Experimental Results

Sizeof T&F, The method in [6]

The proposed method

[T Fir [Ty [tr_det|avg peak| max peak

time(s) | [T4 tr_det pesk avg¥% | max% | time(s)

s1196 | 113 | 2110 | 343 | 2110 | 810 888

0.63 379 2110 486 40.00 | 45.27 240

$9234 | 111 | 10700 | 595 |10694( 7226 7393

13.17 578 | 10694 | 5605 2243 | 24.19 41.03

s13207 | 235 | 15387 | 895 [(15379( 10558 | 10669

28.45 | 890 | 15379 | 8267 | 21.70 | 22.51 | 186.97

s15850 | 97 | 18427 | 610 (18401| 12901 | 13140

25.22 614 | 18401 | 11300 | 12.41 | 14.00 61.17

S38417 | 87 | 49558 | 671 (49544| 31628 | 31811

68.82 | 653 | 49544 | 29628 | 6.32 6.86 166.75

s38584 | 114 | 59130 | 1057 {58978 31095 | 31592

99.90 | 1006 | 58978 | 27848 | 10.44 | 11.85 | 240.68

Avg. - - - - - -

- - - - 18.88 | 20.78 -
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