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Abstract— In this paper, a new concept which allows the
reduction of test vectors volume is presented. The concept is based
on reconﬁguration of some gates of circuit under test. Instead of
testing the original circuit, a circuit which has the same topology
(but some of its gate functions are reconﬁgured) is actually
tested. Two possible implementations of the reconﬁguration are
investigated. Preliminary experiments indicate that test length
can be reduced to approx. 70% of its initial value while the
increase in transistors is moderate.

I. I NTRODUCTION
There are many reasons forcing designers to reduce the
number of test vectors needed to test a digital circuit and
thus reduce the test application time. Automatic test pattern generator tools have been used in this area for a long
time. High-quality test sequences generated by these tools,
in addition to the usage of full/partial scan techniques and
other methods allowed designers to reduce the test application
time signiﬁcantly [6], [12], [3], [5]. Another reason exists for
reducing the number of test vectors – namely permanently
increasing number of embedded systems implementations.
In these systems, power consumption is important not only
during their functional mode but during the test application
as well. Numerous methodologies for the reduction of power
consumption during test application were published, usually
aiming at the reduction of the number of transitions during
test application [4]. From this point of view, any reduction of
test data volume can be seen as a contribution to this objective.
Other activities the objective of which is the reduction of test
data volume, can be also recognized in the ﬁeld of test data
compaction [2], [7].
The aim of this paper is to present a new concept which
allows to reduce the number of test vectors. The approach
is built on experiments that we performed with simple combinational circuits and FlexTest, a commercial automatic test
pattern generator (ATPG) tool. For a given circuit C, ATPG
can generate k-vector test sequence T leading to p% fault
coverage where k and p depends on structure and properties
of C, fault model used and user requirements in particular.
We will show that if logic function of some gates of C can
be changed then a much shorter test T  can be generated, i.e.
k can be signiﬁcantly decreased (tens of percent, depending
on circuit) simultaneously with keeping p unchanged or even
increased. In fact, the circuit is reconﬁgured before test is
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applied. The ﬁrst conﬁguration is used for normal operation
of the circuit. The second conﬁguration is used during test
application to reduce test application time. This observation
will be demonstrated in Section II on a simple combinational
circuit. It is important to note that circuit topology remains
unchanged during this reconﬁguration. In Section II (and also
in Section V) we will also deal with the major objection
which can be formulated against this approach: as test is not
generated for the original circuit it says nothing about the
original circuit.
The proposed method will be deﬁned in Section III. In
particular, we will describe a heuristic algorithm enabling
to identify those gates of original circuits which should be
reconﬁgured in order to reduce test application time. The
method will be evaluated using some circuits from the ISCAS85 benchmark suite in Section IV. Section V discusses
possible implementations of the reconﬁguration mechanism.
Conclusions are given in Section VI.
II. P RELIMINARY S TUDY
Figure 1a shows c17 circuit which consists of six two-input
NAND gates. We used FlexTest to derive the test with 100%
fault coverage. A standard stuck-at-fault model was utilized
for AMI 1.2 micron technology1. The test consists of nine
test vectors.
After some experiments in which we evaluated various
replacements of gates, logic functions of three gates of this
circuit were modiﬁed as shown in Figure 1b. Again, we used
FlexTest to derive the test with 100% fault coverage. The
new test contains only ﬁve test vectors which represents a
signiﬁcant reduction.
There are several problems related to this method:
• How to recognize those gates which have to be reconﬁgured and how to ﬁnd their new logic functions in order
to decrease test length as much as possible. This problem
will be addressed in Section III.
• How to implement the reconﬁguration. The reconﬁguration should not inﬂuence the result of test and its
implementation should cost small area on a chip. This
problem will be addressed in Section V.
1 http://germanium.cs.wustl.edu/HEP/ADK/HTMLdatabook/
AMI12databook.htm
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Fig. 1.

C17 circuit (a) and its modiﬁcation before test is applied (b)

How to ensure that by performing the reconﬁguration and
testing the reconﬁgured circuit, the original circuit is also
tested properly.
A possible answer to the third item which justiﬁes proposed
method is as follows. The basic assumption of the proposed
method is that ATPG tools do not inspect internal failures of
gates because only the circuit structure is tested in which gates
are considered as black boxes. In general, test generation methods and tools are based on the assumption that failures which
arise in the internal structure of a component are propagated
to component output as either stuck-at-zero or stuck-at-one
values. This is the principle which is widely accepted and
expresses the relation between internal and external failures
of an electronic component (e. g. a gate) and thus allows to
generate test vectors for its external nodes only.
It is a fact, that one possibility how to generate a test
is based on developing a test sequence for stuck-at-zero
and stuck-at-one faults on the internal connections of the
component (this is the case of Mentor Graphics FlexTest
tool). It is evident that these faults are then the same for
both versions of the circuit (i. e. the original circuit and the
modiﬁed one) as far as internal connections and I/O ports
of both of them are concerned. Thus, it can be stated that
the test of one of them covers the faults of the other one.
Problems may appear if the internal implementations of both
types of gates differ in some way. Then, it might happen that
in one mode a gate operates properly while the other mode is
damaged and its operation is not correct. This is a situation
which deserves to be investigated and analyzed. Section V will
give more details relevant for a particular implementation of
reconﬁgurable gates.
•

III. P ROPOSED M ETHOD : S ELECTION OF G ATES FOR
R ECONFIGURATION
Let Γ denote a set of available logic gates. Given a circuit
which performs f1 function and whose topology is represented
by graph G(1) = (V, E, ε), ε : V → Γ, where V is set of
nodes, E is a set of interconnections and ε assigns a logic

function to every node, the problem targeted in this paper is to
ﬁnd ϕ which constitutes G = (V, E, ϕ), ϕ : V → Γ such that
G can be tested using fewer test vectors than G(1) ; however,
still providing at least the same fault coverage. In addition, we
require that the gate replacements do not change the number
of inputs and outputs of nodes in V (for example, a twoinput/one-output gate can be replaced only by a two-input/oneoutput gate).
As the number of possible replacements is |V |r , where r is
the average number of possible replacements for a particular
gate, the exhaustive search for the optimal replacement is
intractable. Hence a heuristic search method developed on the
basis of the hill-climbing algorithm is proposed to solve this
problem. The search algorithm can be described using the
following semi-formal description. For benchmark circuit C
which contains gates from Γ = {g1 , . . . gn }, the procedure is
as follows:
1)
2)
3)
4)
5)

6)
7)

8)

Set the best solution B := C.
Set current solution X := C.
Create an empty set of modiﬁed gates S := .
For X, ﬁnd the minimum number of test vectors,
N min (X), which ensures p% fault coverage.
For each gate gi which is in X but not in S, replace it
by all gates from Γ (one by another) that have the same
number of inputs and outputs. For every replacement
ﬁnd the minimum number of test vectors N min (X ij )
which ensures at least p% fault coverage2.
If such j exists for which N min (X ij ) ≤ N min (B) then
B := X ij .
If such j exists for which N min (X ij ) ≤ N min (X) then
run this algorithm recursively from step 4 with setting
X := X ij and insert gi to S. When this recursion is
terminated, remove gi from S.
Repeat 4 – 7 steps until all gates of C are checked for
replacement.

The solution is represented by circuit B. In steps 6 and 7,
we do not compare only test length, but also the number of
reconﬁgured gates. Hence, if two circuits have the same test
length (for a given fault coverage), the search proceeds from
the circuit which requires fewer gates which differ from C.
IV. E XPERIMENTAL R ESULTS
For evaluation of proposed method we used c432, c1355,
c2670 and c6288 from ISCAS85 suite [1]. Γ contains 56
standard gates (with up to 4 inputs) which are also supported
by AMIS library. In addition, 7 gates (with up to 8 inputs) were
included to Γ to cover all the gates used in ISCAS85 circuits.
FlexTest tool was used to calculate test length. For each circuit
the algorithm was executed for 4 days on an Opteron 2220
processor. In some cases, the computation was not terminated
within this time limit. But for example, the computation took
7 min 31 sec for c17 circuit. The results are as follows:
2 X ij means circuit X whose i-th gate was changed to operate as j-th gate
of Γ.

The most interesting reduction was obtained for c6288
circuit (16-bit multiplier). Only 11 out of its 2416 gates
have to be reconﬁgured to reduce test length by 21.7%
while fault coverage remains unchanged and the number
of transistors is increased by less than 1% (estimated).
Fault coverage remains unchanged – 99.56%.
• In case of c432 circuit, 27 out of 160 gates have to be
reconﬁgured to reduce 102 test vectors to 57 test vectors
(i.e. the reduction is 44.1%). The number of transistors
increased by approx. 37%. Fault coverage increased from
99.24% to 99.82%.
• In case of c2670 circuit, 43 out of 1269 gates have to be
reconﬁgured to reduce 189 test vectors to 124 test vectors
(i.e. the reduction is 34.4%). The number of transistors
increased by approx. 7%. Fault coverage increased from
95.74% to 96.56%.
• No reduction was obtained for c1355 circuit (32b SEC).
These preliminary experiments indicate that test length can
be reduced to approx. 70% of its initial value. Also, the
relative area overhead decreases with growing test circuits.
How is the area overhead calculated? We ﬁrstly calculated the
number of transistors of original circuits. Then, we calculated
the number of transistors of modiﬁed circuits (assuming that
they contain ordinary gates, i.e. no reconﬁgurable gates are
used). The number of transistors is given according to AMIS
library. Finally, we estimated the number of transistors for
circuits which contain reconﬁgurable gates that allow the
change of logic function before test is performed. The number
of transistors of a reconﬁgurable gate is estimated as
•

α = d + max(atr , btr ),
tr

(1)

tr

where d is a constant and a (resp. b ) is the number of
transistors of original (resp. modiﬁed) gate. For example, d =
6 is considered for conducted experiments.
V. P OSSIBLE P HYSICAL I MPLEMENTATIONS
We investigated two approaches to the implementation of
the reconﬁguration mechanism: multiplexing of logic functions
and polymorphic gates.
A. Reconﬁguration by Multiplexing
Figure 2 shows an example of reconﬁgurable logic function
NAND/NOR which could be used to implement reconﬁguration for proposed circuits. Logic function is selected using
a control logic signal (Sel), the third input of the circuit.
In comparison with a standard CMOS implementation of
NAND (or NOR) gate, this implementation uses 6 additional
transistors. In order to reconﬁgure whole circuit before test is
applied, control signals (Sel) of all reconﬁgurable gates must
be connected together to form a global reconﬁguration signal
(GRS) which is set/reset by a controller.
However, reconﬁgurable circuits controlled by GRS exhibit
one important disadvantage for our method. In fact, the existence of GRS signal should be reﬂected by ATPG during test
generation which does not happen. In our future research we
will investigate whether this fact really inﬂuences the set of
test vectors generated by FlexTest.

Fig. 2. Optimized transistor-level implementation of NAND/NOR gate which
is controlled by Sel signal [8]

B. Reconﬁguration by Polymorphic Gates
Polymorphic gates [9], [11], [10] exhibit another option
to implement reconﬁguration for the proposed method. Polymorphic gates are conﬁgurable; their functionality depends on
some external factors, for example, on the level of the power
supply voltage (Vdd), temperature, light etc. For instance,
NAND/NOR gate which operates as NAND when Vdd=3.3V
and as NOR when Vdd=1.8V is the most famous example [9].
This gate consists of 6 transistors only. It was fabricated in a
0.5-micron CMOS technology.
In particular, polymorphic gates controlled by Vdd could
perform the reconﬁguration for proposed method. Then, the
polymorphic circuit works as follows: For one level of Vdd
the circuit operates in the normal mode. Once the level of Vdd
is changed, the circuit is switched to test mode which allows
to perform test using reduced number of test vectors. This
approach does not require any additional signal such as GRS
and thus seems to be ideal for our method. Unfortunately,
not all polymorphic gates which could be possibly used in
our experiments exist now. Hence, the cost of implementation
can be only estimated. The value of constant d (i.e. d = 6
in equation 1) was determined on the basis of the analysis
performed on existing polymorphic gates.
C. Possible Problems with Test Application
During the test application, selected gates are reconﬁgured
and the following faulty situations can be identiﬁed:
(A) If the test fails due to a fault on connections between
gates, then no problem arises. The test generated by ATPG

covers these faults and during test application the faults will
be properly detected by the test.
(B) The test is applied to a circuit which contains reconﬁgurable gates that are based on multiplexing logic functions
(Figure 2). As each gate contains two elements (for example,
NAND and NOR element), two situations can be recognized:
• A fault is propagated onto the gate output from the
internal element which is active in test mode, the element
is faulty – then the gate is identiﬁed as a faulty one
although in functional mode it operates properly – an
incorrect conclusion.
• An element which is active in functional mode and
is faulty (so that it is not able to cover the required
function) is replaced by the other element during the test
application mode which operates correctly – the output
of this gate is propagated to the element output, then
the element is seen as properly working – an incorrect
conclusion.
Another drawback of this approach can be certainly seen
in the way in which the element is controlled, i. e. by an
external signal. In fact, the existence of this signal should
be reﬂected by ATPG during test generation which does
not happen because the control signals were connected to
the selected elements after the analysis of the test sequence
generated by ATPG was done.
(C) Both logic functions are provided by an indifferentiable
circuit (such as the polymorphic gate) whose components are
active in normal as well as test mode. Hence, for this approach
it holds that the drawbacks described in B are not valid.
To summarize, the paper deals with research in the environment described under B. The objective of our research was to
verify whether the test vector set can be reduced if gates in the
circuit can possibly perform two functions. For this purpose,
the use of reconﬁgurable gates as described in this paper was
justiﬁed and the results gained can be seen as convincing.
As a 100% fault coverage is not achievable for complex
real-world circuits, designers do respect that some faults can
remain unrecognized. Although the proposed method can also
leave some faults unrecognizable, it allows the reduction of test
vectors volume with simultaneous high fault coverage. This
idea was veriﬁed and can be seen as the main contribution of
this paper.
VI. C ONCLUSIONS
In this paper, a new concept which allows the reduction
of test vectors volume was presented. The concept is based
on reconﬁguration of some gates of circuit under test. We
have shown that this circuit modiﬁcation is not recognizable
for commonly used ATPG tools when a commonly used
fault model is utilized. Two possible implementations of the
reconﬁguration were investigated. The usage of polymorphic
gates seems to be more advantageous than the usage of
reconﬁgurable gates controlled by a logic signal. Preliminary
experiments indicate that test length can be reduced to approx.
70% of its initial value while the increase in transistors
is moderate. The method presented in this paper can be

combined with various existing methodologies which result in
test application time reduction. The method can be classiﬁed as
“test generation strategies”, which when combined with “test
application strategies” can reduce both test application time
and power consumption during its application.
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