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Abstract

This paper presents a transition test generation method for acyclic sequential circuits. In this method, to
generate test sequences for transition faults in a given acyclic sequential circuit, constrained combinational
stuck-at test generation is performed on its double time-expansion model that is composed of two copies of a
time-expanson model of the given circuit. Thismethod iscomplete, i.e., thismethod can generatetest sequences
for all the testable trangtion faults and can identify all the untestable transition faults in a given acyclic se-
quential circuit. Experimental results show that our method can achieve higher fault efficiency with drastically
shorter test generation time than that achieved by a conventional method.

1 Introduction

Test generation for sequential circuitsisgenerally a hard problem even if their circuit sizes are not so large.
During sequential test generation, much time is consumed by the task of identifying sequentially untestable
faults It isimpossible to identify all the sequentially untestable faultsin alarge circuit. A concept of circuit
pseudo-transformation (CPT) has been proposed to facilitate test generation for sequential circuits [1]. The
CPT changes a given sequential circuit into a different circuit that is easily testable compared to the original
one only when test generation is performed. Several test generation methods based on this concept have been
proposed for stuck-at faults[2, 3, 4, 5] and for delay faults[6, 7].

For the stuck-at fault model, internally balanced structure has been proposed as an easily testable circuit
structure in [4]. The stuck-at fault testability of a sequentia circuit with internally balanced structure is pre-
served in its combinationally equivalent circuit. That is, test sequences for all the testable stuck-at faultsin
a sequential circuit with internally balanced structure can be generated, and all the untestable stuck-at faults
in the circuit can be identified by applying a combinational stuck-at fault test generation agorithm (ATPG)
to its combinationally equivalent circuit. Test generation methods for an acyclic sequential circuit, whichisa
super class of sequentia circuits with internally balanced structure, have been proposed [2, 3, 5]. To generate
test sequences for a given acyclic sequential circuit, these methods use a transformed combinational circuit in
which the function and timing behavior of the given circuit are simulated. Under the CPTsused in [2, 3, 5],
the stuck-at fault testability of an acyclic sequentia circuit is also preserved in its transformed combinational
circuit.

Similarly, for the delay fault model, two test generation methods based on CPT have been proposed [6,
7]. In[6], it was shown that the delay fault testability of a balanced sequential circuit is preserved in its
combinationally equivalent circuit. For an acyclic sequential circuit, unlike the case of the stuck-at fault model,
asequentia delay fault ATPG isrequired to generate test sequences [8]. Thisimpliesthat it is hard to achieve
high fault efficiency with short test generation time. In [7], it was shown that the delay fault testability of an
acyclic sequential circuit isnot preserved in its time-expansion model [3]. Moreover, lwagaki et al. proposed a



Figure 1: Acyclic sequential circuit: S

subclass of acyclic sequential circuits whose delay fault testability is preserved in itstime-expansion model [7].
The circuit structure is called discontinuous reconvergence (DR) structure. In consequence of restricting circuit
structure, we can use a combinational delay fault ATPG.

For stuck-at faults and delay faults partial scan technique and Partially enhanced scan technique can
be used as straightforward methods to apply the above test generation methods based on CPT to a general
sequential circuit, respectively. Given a sequential circuit, in partial scan technique, some flip-flops (FFs) are
replaced by scan FFs such that its kernel, which isthe circuit excluding the scan path, become a desired circuit
structure. In partially enhanced scan technique, enhanced scan FFs [9] are used instead of scan FFs. Hardware
overheads in these design methods depend on which circuit structure is used for akernel. If acyclic structureis
used for akernel, its hardware overhead is the smallest of the circuit structures mentioned above.

In this paper, we present a transition test generation method for acyclic sequential circuits. In this method,
to generatetestsfor transition faultsin a given acyclic sequential circuit, constrained combinational stuck-at test
generationis performed on itsdoubl e time-expansion model that is compaosed of two copies of atime-expansion
model of the given circuit. That is, unlike the method proposed in [7], we do not restrict circuit structure but
modify its test generation model for a given acyclic sequential circuit. As a result, an increase of hardware
overhead is not incurred. This method is complete, i.e., this method can generate tests for al the testable
transition faults, and can identify all the untestable transition faults. We show that, by some experiments, our
method can achieve higher fault efficiency with drastically shorter test generation time than that obtained by a
conventional sequential test generation method.

2 Preliminaries
2.1 Target Circuit and Fault Model

A sequentia circuit generally consists of combinational logic blocks (CLBs) connected with each other
directly or through FFs. A CLB isa region of connected combinational logic gates. This paper treats acyclic
sequential circuits in which there is no cyclic path. For example, an acyclic sequentia circuit Sis shown in
Figure 1. In this paper, we assume that FFs are of D-type. This assumption does not impose restrictions on
circuit representation because the other types of FFs can be modeled by a D-type FF and some logic gates.
Note that although a general sequentia circuit is not acyclic, the circuit can be made acyclic by using some
techniques, e.g., enhanced scan technique.

Our target faultsare trandtion faultsin acyclic sequential circuits. There are two transition faults associated
with each linein an acyclic sequential circuit: a slow-to-rise fault and a slow-to-fall fault. Under the transition
fault model, the extra delay caused by atransition fault is assumed to be large enough to prevent the transition
through the faulty site from reaching any FF or any primary output within a specified time. In this paper, it is
assumed that transition faultsin acyclic sequential circuits are tested in the slow-fast-slow testing manner [10].
Under this assumption, we can consider a sequential circuit to be delay fault-free in both the fault initialization
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Figure 2: Time-expansion model of S C(S)

and the fault effect propagation phases. Note that if a transition fault is testable under the at-speed testing
manner, the fault is also testable under the slow-fagt-slow testing manner [10]. Hence, the slow-fast-slow
testing never misses any testable fault in the at-speed testing.

2.2 Time-Expansion Mode

In this subsection, we mention a time-expansion model (TEM) [3], which is used in our test generation
method. Then, we describe the correspondence between a transition fault in an acyclic sequential circuit and a
transition fault in its TEM. We also explain the correspondence between a two-pattern test for aTEM and atest
sequence for itsoriginal circuit.

A TEM of a given acyclic sequential circuit is a combinational circuit in which the function and timing
behavior of thegiven circuit are simulated. Figure2isaTEM C(S) of thecircuit SshowninFigure1l. TEM C(S)
isacombinational circuit derived by connecting CLBs according to their sequential depths. A sequential depth
between two CLBs is defined as the number of FFs on a path between them. If a CLB has paths to another
CLB in Swhose sequential depthsare different, the CLB isduplicated in C(S). For example, in Figure 1, since
CLB 1 has two paths to CLB 5 whose sequential depths (one and two) are different, CLB 1 is duplicated in
C(S) (Figure 2). A shaded part of a CLB in Figure 2 represents a portion of the lines and gates removed. There
is no path from the portion to any input of CLBs or any primary output of C(S). The number placed at the top
of each columnin Figure 2 isthe label of CLBsin the column. The label of aCLB v isdenoted ast(v).

A transition fault in an acyclic sequential circuit is mapped into a single or a multiple transition fault in its
TEM. For example, atransition fault associated withalinel in CLB 1 of S(Figure 1) ismapped into a multiple
fault whose respective faultsexist in the duplicated CLBs of C(S) (Figure 2) if the corresponding lines| 1,1, are
not removed. Note that since we use the slow-fast-slow testing manner during test application, we can handle
respective transition faultsin a multiple transition fault one by one.

Here, we briefly describe how atwo-pattern test for a TEM istransformed into atest sequencefor itsoriginal
circuit. A two-pattern test for a TEM istransformed into a test sequence for its original circuit on the basis of
the information about the label of each primary input in the TEM. For example, suppose that a two-pattern
test for C(S) shown in Figure 2: PI1 = (VP VB, PI2 = (V12\512), PI1' = (V' \B'Y), P12 = (V2 V512,
PI3 = (V3\513), PI4 = (V" B4, PI5 = (V™ \B1®), PI6 = (V{6,\E16), and the corresponding responses:
PO1 = (V{OL,\EOL), PO2 = (V{02,\£92), PO3 = (V{O3,\5°%), are given. From the label information of C(S), if
VOt = VP and V512 = VP12 | thistwo-pattern test is transformed into the test sequence for S(Figure 1) shown in
Table 1. Note that the above transformation is formally defined in [7].



Table 1: Input and output sequences

Time | O 1 2 3 4
PI1 V]F_’Il Vgll — VEIl’ Vgll’ X X
P|2 VEIZ VEIZ — VEIZ’ Vglz' X X
PI3 X V]F_JI3 V§|3 V]F_JI 3 Vgl 3
Pl4 X VEM ng VEI q Vgl q
PI5 | X Vi iRl X | X
PI6 | X X Vi Ve X
PO1 | X X VIO [VEOT T X
PO2 | X X X[ V9?7 | vE02
PO3 | X X X[ VP98 | Vi3

3 Proposed Method
3.1 Motivation and Main Ideas

Asshownin Table 1, we can obtain atest sequence for an acyclic sequentia circuit only if, for itsTEM, the
second vector of a primary input u and the first vector of a primary input v that satisfy t(v) —t(u) = 1 are the
same value. This limitation is induced by the fact that a TEM of an acyclic sequential circuit does not include
information about its pattern dependency such asv5't = V'Y and v5'2 = \&'2 in Table 1. Thus itisnot sufficient
touseonly aTEM to generate test sequences for itsoriginal circuit that is acyclic.

In order to generate transition testsfor an acyclic sequential circuit, we define the following test generation
model that includesinformation about its pattern dependency.

Definition: Let S be an acyclic sequentia circuit, and C(S) be a TEM of S Then, a combinational circuit
obtained by the following procedure is said to be a double time-expansion model (DTEM) C *(S) of S

S1: Maketwo copiesof C(S): C1 (), G (S).

S2: Connect any pair of primary inputs uin CJ;(S) and v in G}, (S) such that the difference between those
label values, t(v) —t(u), with each other, and feed anew primary input w into them. ]

Figure 3 shows a DTEM C*(S) of S (Figure 1). In Figure 3, C*(S) is composed of two copies of C(S)
(Figure 2): Cy1(9), Cy,(9), and Plly,-yv1 and Pl2y,-y1 are created according to S2 of “Definition”. A single
pattern for C, (S) (resp. G, (S)) correspondsto the first (resp. second) vector of avector pair for C(S). Note
that, in Figure 3, asingle pattern for Pl 1y,-yv1 and Pl2y,-y1 corresponds to both the second vector for PI1 and
P12 and the first vector for PI1" and PI2' in Figure 2.

Transition test generation is similar to stuck-at test generation. A two-pattern test (V 1,V>) for the slow-to-
rise (resp. slow-to-fall) fault associated with alinel in acombinational circuit has the following two properties:

1. thevalue of O (resp. 1) isjustified to | by V;, and
2. the stuck-at O (resp. 1) fault associated with | is detected by V.

According to these properties, we can generate the first vector and the second vector of a two-pattern test
separately. Here, let us consider applying the above propertiesto a DTEM. If we generate a two-pattern test
for the slow-to-rise (resp. slow-to-fall) fault associated with aline | in a TEM C(S), we perform stuck-at
test generation for the stuck-at O (resp. 1) fault associated with a corresponding line | v2 in CY,(S) under the
following constraint: the value of the corresponding line ly1 in G, (S) is set to O (resp. 1). For example, in
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Figure 4: Double time-expansion model with a constraint

order to generate a two-pattern test for the slow-to-rise fault associated withalinel ;1 in CLB 1 (Figure 2), we
perform stuck-at test generation for the DTEM with a constraint shown in Figure 4. From the above discusson,
we see that a test sequence for atransition fault in an acyclic sequential circuit can be generated by performing

constrained combinational stuck-at test generation on itsDTEM.

The correctness of the above test generation is guaranteed by the following theorem.

Theorem: Let Sand C*(S) be an acyclic sequential

at least one fsc*(s) € FSC*(S) associated withly2 € Lyo is

e an objective (0,ly1) (resp. (L,lv1)) in G4 (S) must be satidfied, i.e., the value of O (resp. 1) has to be

circuit and a DTEM of S, respectively. Let f be the

sow-to-rise (resp. dow-to-fall) fault associated with alinel in S, Let FSC*(S) be the set of stuck-at O (resp.
1) faults associated with the set of linesLy 2 in G;,(S) corresponding to|. Then, (i) fS istestableif and only if

testable under the following condition:

justifiedto ly1 inCy1(S), wherely 1 isthe line corresponding to | .

Furthermore, (ii) atest pattern generated for fsc*(s) can

aways be transformed into a test sequence for f.°.
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Sketch of proof: We demonstrate (i) of “Theorem” first. Under the slow-fast-slow testing manner, we can
treat stuck-at faults in FSC*(S) one by one. Hence, it is sufficient to consider whether at least one fsc*(s) is
testable. The transition fault testability of Sisnot preserved in C(S) [7]. Thisis because C(S) does not include
information about the pattern dependency in S Unlike C(S), C*(S) includes information about the pattern
dependency. Consequently, C*(S) can simulate the function and timing behavior of S. By the similar discussion
in [7], (i) of “Theorem” can be demonstrated.

Then, we can easily see that (ii) of “Theorem” istrue because C*(S) includesinformation about the pattern
dependency in S, O

3.2 Test Generation Procedure

All the testable transition faults can be tested, and al the untestable transition faults can be identified by
performing test generation based on only “Theorem”. Furthermore, in order to perform test generation more
efficiently, we use the following test generation procedure. 1n thefollowing procedure, for the sake of efficiency,
we make use of the fact that a necessary condition to detect the transition fault associated with aline isthat the
corresponding stuck-at fault on thelineis detectable. That is, we perform stuck-at test generation for a TEM of
agiven acyclic sequential circuit, then construct vector pairs for transition faultsin the TEM from test patterns
for stuck-at faults. Thisadditional step aims to detect many transition faults before performing test generation
based on “Theorem”.

Given an acyclic sequential circuit S, our method is performed as follows.

Main Procedure
Sl: Create atransition fault list FS of S
S2: ConstructaTEM C(S) of SandaDTEM C*(S) of S

S3:  Perform a sub procedure FAULT_DROPPING.

Until FS is empty, iterate S4.
S4: For each remaining fault in RS, the following steps are performed.

(a): Perform test generation based on (i) of “Theorem”.

(b): Convert atest pattern tsc*(s) generated in S4(a) into a two-pattern test ttC © for C(s).
(c): Perform transition fault simulation by applying ttC ® to C(S).

d): Addt™ to TS,

(e): Drop al the corresponding transition faults detected in S4(c) from FS.

S5: Convert TtC(S) into a transition test set T,Sfor S.

Sub Procedure FAULT_DROPPING

(a): Create astuck-at fault list FEE of C(S.

(b): Generate a stuck-at test set TSC(S) for FSC S by using a combinational stuck-at fault ATPG.
(c): Convert TSC(S) into avector pair set Vtc(s) for C(9).

(d): Perform transition fault simulation by applying Vtc(s) to C(9).
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Table 2: Circuit characteristics

Circuit name | #PIs | #POs | #FFs | Area
C1* 32 48 56 | 5,292
c2* 48 56 88 | 5,911
C3* 256 | 224 | 160 | 19,923

(e): Add valid vector pairs, which detect some transition faultsin (d), to atransition test set TtC(S) for C(S).
(f): Drop al the corresponding transition faults detected in (d) from F,S.

Here, we explain some steps in the above procedure in details. In S3(b), stuck-at test generation is per-
formed. As mentioned above, a necessary condition to detect the transition fault associated with a line is that
the corresponding stuck-at fault on the line is detectable. Hence, if all the stuck-at faults corresponding to a
transition fault in S are identified as untestable, the transition fault is also untestable. This step is useful in
achieving efficient test generation. Note that, for a given sequential circuit, if stuck-at fault testing is performed
by using the method proposed in [3] in advance, TSC(S) can be obtained without performing test generation in
S3(b). In S3(c), we convert TSC(S) into Vtc(s) for C(S) such that pattern conflict does not occur. During pattern
conversion, each first vector in Vtc(s) is basically derived as the complement of its corresponding pattern in
TSC(S) such that atransition occurs. In [11], Liu et al. have proposed an efficient method to obtain two-pattern
testsfor transition faults from test patternsfor stuck-at faults. This method could be applied to S3(c) with some
modification. In $4, if al the duplicated stuck-at faults corresponding to atransition fault in the original circuit
areidentified as untestable, the transition fault is also untestable. Noticethat if one of al the duplicated stuck-at
faults corresponding to a transition fault in the original circuit is detected, we do not need to consider the other
duplicated faults. Although, in this step, we need to perform test generation under constraints, commercial
ATPG tools can usually support such kind of constraints.

4 Experimental Results

In this section, we evaluate the proposed method in terms of hardware overhead, test generation time, test
application time and fault efficiency.

The following experiment was carried out on a Sun Blade 2000 workgation. To perform test generation
and fault simulation, TetraM AX ATPG (Synopsys) was used as a combinational and sequential ATPG tool with
a backtrack limit of 100. We used acyclic versions of the circuits reported in [7]. The characteristics of these
circuitsare shown in Table 2. In Table 2, Columns “#PIs’, “#POs’ and “#FFs’ denote the number of primary
inputs, primary outputs and FFs, respectively. Column “Area” denotesthe area of acircuit estimated by Design
Compiler (Synopsys).

First, we evaluate the hardware overhead needed to make a given circuit acyclic by using enhanced scan
technique. The result of hardware overheads reported in [7] shows that, by using acyclic structure as a kernel
structure, an about 9.5% reduction on average (a 11.2% reduction in the best case) was achieved compared with
the case of using DR-structure. Thus, our method is effective in hardware overhead compared to the previous
method.

Next, we show the test generation results. Table 3 liststhe test generation results obtained by sequential test
generation for transition faults in the respective circuits, denoted by “ Sequential ATPG”, and by our proposed
test generation procedure, denoted by “Our method”. Columns “#faults’, “#det”, “#unt” and “#abt” give the
number of target transition faults, detected faults, identified untestable faults and aborted faults, respectively.
Columns“TGT [9]", “FE [%]” and “TAT [clock cycles (CC)] denote test generation time which includes fault
simulation time, fault efficiency and test application time, respectively. The fault efficiency is defined as 100 x



Table 3: Test generation results

Circuit name Method #faults | #det | #unt | #abt | TGT [ | FE[%)] | TAT [CC]
Sequential ATPG 11,724 | 26| 483 | 13145 96.01 487
cr Ourmethod | 12238 | 10104 | 41 3 6.76 | 99.98 1,190
Sequential ATPG 10,900 | 23| 2095 | 1,122.03 | 84.01 221
c Ourmethod | 13018 | 10875 | 26| 117| 1376 | 99.10 1,008
Sequential ATPG 43,658 0 | 4,874 | 4,709.04 | 90.91 189
c3 Ourmethod | 48032 | 45885 | 02147 | 19540 | 9553 1,737
Table 4. Disaggregated results of our method
o S3 (FAULT_DROPPING) [ $4 (“Theorem’) Overall

Circuitname | GT g FE [%)] TGT[S | FE[%] | TGT[S] | FE [%]

c1* 4.21 97.21 2.55 | 99.98 6.76 | 99.98

c2 3.98 90.96 9.78 | 99.10 13.76 | 99.10

c3* 38.09 54.44 157.31 | 9553 | 19540 | 95.53

(#det+ #unt) /#faults. The test application time of our method is calculated by (d + 1) - ntpr, where nypr is
the number of generated two-pattern tests and d is the maximum sequential depth of a given acyclic sequential
circuit. In the conventional method (“ Sequential ATPG”), the test application time is the length of a generated
test sequence. Notethat we do not consider scan shift operation here. From Table 3, we can see that our method
outperformed the conventional method in test generation time as well as fault efficiency. In the best case, our
method achieved 15.09% higher fault efficiency with about 1/82 shorter test generation time than that of the
conventional method. Table 3 also shows our method resulted in long test application time compared to that of
the conventional method. However, this dose not mean that our method is ineffective in test application time
because our method detected more faults compared with the conventional method. Furthermore, if we use the
method reported in [12], we can reduce the test application time.

Finally, we analyze the test generation results of our method. Table 4 showsthe disaggregated results of the
proposed method. Columns“ S3 (FAULT DROPPING)” and “$4 (“Theorem”)” givethe intermediate resultsin
S3 of our method and 4, respectively. In thistable, “FE [%)]” denotes the cumulative result of fault efficiency.
In columns “S3 (FAULT_DROPPING)” and “$4 (“Theorem”)” “TGT [s]” denotes test generation time which
includes fault simulation time in each step. For C1* and C2*, S3 worked well, i.e., alarge number of transition
faultswere detected in S3. Furthermore, even if some faultsare missed in S3, we can detect almost all the faults
by performing $4.

5 Conclusionsand Future Work

In this paper, we presented a transition test generation method for acyclic sequential circuits. In thismethod,
to generate test sequences for transition faults in a given acyclic sequential circuit, constrained combinational
stuck-at test generation is performed on its double time-expansion model that is composed of two copies of a
time-expansion model of thegiven circuit. Thismethod can generate test sequencesfor all the testabletransition
faults and can identify all the untestable transition faultsin a given acyclic sequential circuit. In this paper, on
the basis of circuit pseudo-transformation (CPT), we accelerated test generation. Moreover, CPT made the use
of an efficient procedure such as FAULT_DROPPING possible. We showed that our method is effective in test
generation time, fault efficiency and hardware overhead by experiments.

Our future work isto extend the proposed method to be able to handle the path delay fault model.
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