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Abstract This paper presents a broadside test generation method for transition faults in partial scan circuits. In order to

generate broadside transition tests for a given partial scan circuit whose kernel circuit is acyclic, this method transforms the

kernel circuit into some combinational circuits called broadside test generation models. These models are constructed by

using a time-expansion model of the kernel circuit. All the broadside transition tests are generated by performing constrained

stuck-at test generation on the broadside test generation models. This method is effective in terms of over-testing as well as

area overhead compared with enhanced scan testing and broadside testing based on full scan technique. Experimental results

show that the proposed method can alleviate the over-testing issue in reasonable test generation time.
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1. Introduction

Scan design is widely accepted by industry as an effective de-
sign for testability (DFT) method for delay faults as well as stuck-
at faults. There is an essential difference between scan testing for
stuck-at faults and that for delay faults. Unlike stuck-at testing, an
additional consideration must be taken into account for delay test-
ing using scan methodology. That is, to detect a delay fault, two
consecutive vectors are needed to be applied to the faulty site in a
scan environment. This can be done by using enhanced scan tech-
nique [1] or standard scan technique such as skewed-load testing [2]
and broadside testing [3].

In[1], all the flip-flops (FFs) in a given circuit are replaced with
enhanced scan FFs (ESFFs). Since each ESFF can store any two
consecutive vectors, any two-pattern tests for delay faults in the cir-
cuit can be applied. However, the extra area and delay induced
by ESFFs are very large. Moreover, over-testing, which is one of
the main concerns during testing [4], [5], can happen. This issue is
mainly caused by the detection of sequentially untestable faults. In a
fully enhanced scan circuit, many sequentially untestable faults can
unintentionally be detected because two consecutive vectors that are
never applied during normal operation are settable to ESFFs. One
way to handle this over-testing in delay testing is to adopt partially
enhanced scan technique [6]-[9]. In a partially enhanced scan cir-

cuit, only some FFs are replaced by ESFFs. In other words, some

FFs remain normal FFs. This means that sequentially untestable
faults associated with the normal FFs are not made detectable. Thus,
partially enhanced scan technique can reduce over-testing. How-
ever, this technique still requires special scan FFs (i.e., ESFFs).

In standard scan technique, standard scan FFs (hereafter simply
referred to as scan FFs (SFFs)) are used instead of ESFFs. Since
SFFs can store only an arbitrary vector, unlike ESFFs, the second
vectors of two-pattern tests must be justified by using some tech-
nique. To achieve this, skewed-load testing and broadside testing
have been proposed for full scan circuits. In skewed-load testing,
the second vectors of two-pattern tests are derived by shift opera-
tion. This forces the scan signal to be operated at the rated speed,
and the scan chain must be designed judiciously. Moreover, not
only over-testing but also under-testing, in which testable faults are
missed, can happen in skewed-load testing. Indeed, unnecessary
(resp. necessary) two-pattern tests for a given circuit may (resp.
may not) be shifted because applicable two-pattern tests depend on
the order of SFFs on the scan chain. Broadside testing, in con-
trast, never causes under-testing. This is because the second vec-
tors of two-pattern tests are derived by normal operation. There-
fore, broadside testing is more desirable than skewed-load testing
although broadside testing can also cause over-testing. There are
several broadside test generation methods for full scan circuits [10}-
[15]. In terms of area overhead and over-testing, partial scan design

is an alternative solution. In[16], a transition test generation method
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Figure 2: Kernel circuit of S: Sk

for partial scan circuits has been proposed. This method is based on ‘

skewed-load testing. As mentioned previously, since skewed-load j

testing has some undesirable properties, a test generation method

based on broadside-testing is also needed for partial scan circuits.

,.<In. this paper, we propose a method of broadside test generation

qug“t'x;apsition faults in partial scan circuits. This method targets
gan;'z}l,_,scan circuits whose kernel circuits are acyclic. To gener-
étal_g;:gadside transition tests for a partial scan circuit, we transform
its kernel circuit into some combinational circuits. This transformed
giﬁrc_gi_;g, which are called broadside test generation models, are con-
structed by using a time-expansion model [17] of the kernel circuit.
All the broadside transition tests are generated by performing con-
‘Strained stuck-at test generation on the broadside test generation
models. Compared with broadside testing based on full scan tech-
niqﬁ’é, this method is effective in terms of not only area overhead but
also‘over-testing, i.e., the number of sequentially untestable faults
‘uninfentionally detected by the method is small. Through experi-
miénts, we show that out method can reduce over-testing in reason-

able test generation time.
3 2 Related Works and Motivation

. 'First, this section describes our target circuits and faults. Then,
weé explain some related works which motivate us to address this
work:

: 2.1 Target Circuits and Faults

- This paper targets partial scan circuits whose kernel circuits are
acyclic. A sequential circuit can be represented as combinational
Jogic blocks (CLBs) connected with each other directly or through
‘FFs:-A CLB is a region of connected combinational logic gates.
Figure 1 is an example of a partial scan circuit S, and its kernel cir-
cuit Sk is shown in Figure 2. The input (resp. output) of an SFF
in“Figure 1 is treated as a primary output (PO) (resp. primary in-
sput (PI)) in Figure 2, which is represented as a bold arrow and called
-aspseudo primary output (PPO) (fesp. pseudo primary input (PPI)).
-Notésthat, our method is still applicable to a full scan circuit with

‘multiple scan chains. This is because, by enabling a subset of scan
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Figure 3: Time-expansion model of Sx: CT (Sx)

chains such that the kernel circuit is made acyclic and treating SFFs
on the other chains as normal FFs, we can apply our method to the
kernel circuit. We handle a broadside test generation problem for
transition faults in a partial scan circuit. There are two transition
faults associated with each line in a circuit: a slow-to-rise fault and
a slow-to-fall fault. Tt is assumed that, under the transition fault
model, the extra delay caused by a transition fault is large enough to
prevent the transition through the faulty site from reaching any FF
or any PO within a specified period. In this paper, we assume that
transition faults in a partial scan circuit are tested in the slow-fast-
slow testing manner [18]. Under this assumption, we can consider
a sequential circuit to be delay fault-free in both the fault initializa-
tion and 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-fast-slow testing manner [18]. Hence, slow-
fast-slow testing never misses any fault testable in at-speed testing.

2.2 Double Time-Expansion Model

A double time-expansion model (9] has been proposed to gener-
ate transition tests for an acyclic sequential circuit. Given an acyclic
sequential circuit, a double time-expansion model of the circuit is
constructed from a time-expansion model (TEM) [17] of the circuit.
In the following paragraphs, we briefly explain those two models.

A TEM of an acyclic sequential circuit is a combinational cir-
cuit in which the behavior of the circuit within a specific time span
is simulated. Figure 3 is a TEM CT (Sk) of the kemel circuit Sk
shown in Figure 2. TEM CT (Sk) is a combinational circuit derived
by connecting CLBs according to their sequential depths. A se-
quential depth between two CLBs is defined as the number of FFs
on a path between the CLBs. If a CLB has paths to another CLB
in Sk whose sequential depths are different, the CLB is duplicated
in CT (Sk). For example, in Figure 2, since CLB 2 has two paths to
CLB 4 whose sequential depths (zero and two) are different, CLB 2
is duplicated in CT (Sk). A shaded part of a CLB in Figure 3 repre-
sents a portion of the lines and gates removed. There is no path from
the portion to any input of CLBs or any PO and PPO of CT(Sk). The
character placed at the bottom of each frame in Figure 3 is the label
of CLBs in the frame, where ty;, denotes an arbitrary integer. The
label of a CLB v is denoted as ¢(v) which corresponds to a specific
time.

A double time-expansion model is defined as follows [9].

[Definition 1] Let S be an acyclic sequential circuit, and CT (S) be a
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Figure 4: Double time-expansion model of S: C?(Sk)
TEM of S. Then, a combinational circuit obtained by the follow- — —
ing procedure is said to be a double time-expansion model (DTEM) —

CP(s) of .
S1: Make two copies of CT (S): CP(S), co(s).
S$2: Connect each pair of PIs u in CP(S) and v in Cf (S) such that
t(u) —t(v) = 1 and I(u) = I(v), and feed a new primary input
w into them, where /(«) = I(v) means that u and v are identical
inS. ]
For example, a DTEM CP (Sk) of Sk (Figure 2) is constructed as
Figure 4 according to the above definition. Note that, after perform-
ing S2 of Definition 1, the value of 1 is added to all the label value
of CP(Sk) in Figure 4. Also note that although two copies of CLB 1
in tmin + 1 (also in £y + 2) can be merged into one CLB, CP(Sk)
is expressed as Figure 4 to differentiate C?(Sk) and C%(Sk) from
each other. If one wants to test the slow-to-rise fault on line / in
Sk, test generation for one of the corresponding stuck-at 0 fault is
performed on CP(Sx) under the constrained value of 0 that must be
satisfied during test generation. In this way, transition tests for an
acyclic sequential circuit can be generated by using a DTEM.
In[9], an acyclic sequential circuit is assumed to be obtained as a
kernel circuit of a given circuit by using enhanced scan technique.
Thereby, two consecutive vectors V; and V; to be applied to PPIs at
the times corresponding to i, + 1 and fy;, + 2 in Figure 4 can be
stored in ESFFs. Here, suppose a given circuit is designed by using
standard scan technique. In this case, V; and V; for PPIs cannot bé
stored in SFFs but only V; can be stored. Consequently, V> must be
justified by using some technique. In the next section, we discuss

this problem.
3. Proposed Method

In this section, we discuss a new test generation model for broad-
side transition testing of partial scan circuits, and present a test gen-
eration method using the new model.

3.1 Broadside Test Generation Model

As pointed out in Section 2. 2, vectors for PPIs in a frame, where

Double time-expansion model =5

Justification model

—
—
——
FRRNSRY

Figure 5: Overview of a broadside test generation model

a stuck-at fault exists, of a DTEM, must be justified by using some
technique. Note that this frame is called a test frame. In order to
achieve this requirement, we propose a broadside test generation
model. The overview of a broadside test generation model is shown
in Figure 5. A broadside test generation model is composed of a
DTEM and a justification model which is used for the above re-
quirement. The justification model and the broadside test generation
model are defined as follows.

[Definition 2] Let S and Sk be a partial scan circuit and its kernel
circuit, respectively. Let CT (Sx) and CP(Sk) be a TEM of Sk and
a DTEM of Sk, respectively. Let ¢ be the label value of a test frame
in CP(Sk). Then, a combinational circuit obtained by performing
the following procedure is said to be the justification model (JM)
C/(Sk) with respect to 1.

S1: For each PPI which belongs to only Cg (Sk) in ¢, extract the
logic cone of the corresponding PPO in CT (Sk). Also, for each
PPI shared by CP(Sk) and C?(Sk) in 1, extract the logic cone
of the corresponding PPO in C7 (S).

S$2: For each pair of the logic cones, connect each pair of PIs (resp.
PPIs) u in one cone and v in the other cone such that #(u) = ¢(v)
and /(u) = [(v), and feed a new PI (resp. PPI) w into them. O

[Definition 3] Let S and Sk be a partial scan circuit and its kernel
circuit, respectively. Let CP (Sk) and C/ (Sk) be a DTEM of Sk and
the JM with respect to the label value ¢ of a test frame in CP(Sk).
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Figure 6: Justification model of C°(Sk): C/

Then, a combinational circuit obtained by performing the following

procedure is said to be the broadside test generation model (BTGM)

CB(Sk) with respect to 1.

S1: For each PPI which belongs to only C2(Sk) in ¢, connect the

~ Gorresponding PPO of C/(Sk) to the PPL Also, for each PPI

éhared by CP(Sk) and CP(Sk) in ¢, connect the corresponding
PPO of C/ () to the PPL

S2; Connect each pair of PIs (resp. PPIs) u in C/(Sk) and v in

CD(SK) that #(u) = t(v) and I(u) = I(v), and feed a new PI

(resp. PPI) w into them. (m]

Notice that, for a given circuit, d + 1 JMs are created, where d de-
notes': the sequential depth of its kernel circuit. Hence, d+ 1 BTGMs
are also created.

Figure 6 shows the JM C,Jmi“+2(SK) of Figure 4. This JM is com-
qugd_rof the logic cone of the PPO of CLB 4 in 1, + 3 (Figure 3)
and qﬁﬁ of the PPO of CLB 2 in 1,,, + 3. Note that although those
two'-)lo‘gic cones can share CLBs 1 and 2, we explicitely express the
two Ioglc cones for simplicity. Figure 7 shows the BTGM CB (Sk)

of Figure 4. In creating this BTGM, the value of 2 is assigned to #,,,
of Figure 4 and the value of 0 is also assigned to 1,,, of Figure 6. As
shown in Figure 7, CLBs in a frame are not shared to differentiate
Lhe DTEM and the JM. Patterns that are needed to activate stuck-at
faults in a test frame and propagate those effects to a PO or a PPO
can be justified by using its M.

_ 3 2 Test Generation Flow

! leen a partial scan circuit S whose kernel circuit S is acyclic,

bgoadSIde transition tests for S are generated as follows:

S1: Create a transition fault list FT of S.
#+82:/Construct d + 1 BTGMs C(Sk), .. c? o1 (Sk) of Sk, where d
- is the sequential depth of Sk.
-:83: Create stuck-at fault lists F{ for CP(Sk) ,..
qd-H
.. for 1“1 ye.oy Cay1 for Fd+1.
-S4 For each stuck-at fault £S5 € Fis (i=1,...,d+1),

++(a): generate a test pattern +5 under the corresponding con-

Ff ', for
(Sk) corresponding to FT, and constrained value lists Cy

straint ¢ € C;, and

.-(b): transform ¢S into a broadside test ¢7 for the corresponding
transition fault fT € FT according to the label informa-
tion of CZ(Sk).

Note that, in S3, even if a transition fault in a given circuit cor-
responds to some stuck-at faults in its BTGMs, we can handle the
respective stuck-at faults one by one because generated broadside
transition tests are applied in the slow-fast-slow testing manner. In
S4, if all the stuck-at faults corresponding to a transition fault are
identified as untestable, the transition fault is also untestable. More-
over, it is sufficient to generate a test pattern for one of the stuck-at
faults corresponding to a transition fault. In S4 (b), 15 is transformed
into ¢T as follows. For example, in Figure 7, a pattern for each of
the PIs and the PPI of CLB 1 in frame 0 is transformed into a pattern
for each of the PIs of CLB 1 and the corresponding SFF at time 0
in Figure 2. Notice that, the pattern for the SFF is set by scan-in
operation before time 0. Other patterns in frames from 1 to 6 are
transformed in the same way.

The following theorem shows the correctness of our test genera-
tion method.

[Theorem 1] Let S and Sk be a partial scan circuit and its kernel cir-
cuit, respectively. Let fTT (resp. flT) be a slow-to-rise (resp. slow-
to-fall) transition fault in S. Let S, (resp. FS, ) be the set of
stuck-at O (resp. 1) faults corresponding to fT (resp. ff). Then,
fTT (resp. flT) is testable under the broadside testing manner if and
only if at least one f5 , € FS , (resp. f5_, € FS.)) in the corre-

sponding BTGM C8(Sk) is testable under the constrained value of

0 (resp. 1).

[Proof] Broadside transition test generation for fTT (resp. ff )inS

can be viewed as test generation for the stuck-at O (resp. 1) fault in

S corresponding to fTT (resp. fT) in a situation where (a) the con-

strained value of O (resp. 1) must be set to the faulty site at time ¢,

and (b) no scan operation must be performed between £;4 and f5,9.

Here, t,,q denotes a time at which the stuck-at O (resp. 1) fault in §

is activated, and t;q = tang — 1. In[17], it has been shown that the

stuck-at test generation problem for an acyclic sequential circuit can
be reduced to that for its TEM. The properties of a TEM still hold
in a BTGM because the BTGM is constructed by using the TEM.

Hence, we can demonstrate this theorem by showing that (a) and

(b) are satisfied in test generation for the BTGM. Since, in C,B (Sk),

stuck-at test generation for f5_, (resp. f5,) is performed under the

constrained value of 0 (resp. 1), (a) is satisfied. Furthermore, since
patterns for f5, (resp. f5,,) in the test frame of CB(Sk) are justi-

fied by its JM, (b) is also satisfied. Thus, the theorem is proved. O

3.3 Test Application

In this subsection, we describe how to apply broadside transition
tests to a partial scan circuit.

Broadside transition tests generated by the method of Section 3.2
are applied to a partial scan circuit S whose kernel circuit Sk is
acyclic as follows. Let CP(Sk) be a DTEM of Sk, and ¢ be the la-
bel value of a test frame. In test application, the circuit is operated

at a slow clock speed except when its rated clock is applied at the
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Figure 7: Broadside test generation model of C?(Sx): C2(Sx)

time corresponding to ¢. If there exists a PPI in a frame before the
test frame, scan-in operation is performed before the corresponding
time. Also, if there exists a PPI which belongs to only CZD (Sk) in
a frame after the test frame ¢, scan-in operation is performed be-
fore the corresponding time. Scan-out operation is performed after
the corresponding time if there exists a PPO which belongs to only
C2(Sk) in a frame between the test frame ¢ and the last frame. Note
that, in order to keep the values of normal FFs during scan oper-
ation, the system clock must be separated from the scan clock or
all the normal FFs have to be redesigned such that the values can
be held during scan operation. For example, a broadside transition
test generated by performing test generation on the BTGM C%(Sk)
shown in Figure 7 is applied to the partial scan circuit shown in Fig-
ure 1 as follows. Scan-in operation is performed before each time
from O to 3, then the circuit is operated at a slow clock speed. The
transition to activate transition faults is created between times 3 and
4, then between times 4 and 5, its fault effect is captured at the rated
clock speed. Before each time of 5 and 6, scan-in and scan-out oper-
ations are performed simultaneously, then the circuit is operated at
the slow clock speed. After time 6, scan-out operation is performed.
Let d be the sequential depth of Sk. The length of a broadside tran-
sition test can range from d +2 to 2d + 2. In the case of Figure 2, it

ranges from 5 to 8.
4. Experimental Results

In this section, we evaluate the proposed method in terms of area
overhead, over-testing and test generation time.
The following experiment was performed on a PRIMEPOWER

Table 1: Circuit characteristic of a sample circuit

#PIs
198

#POs
16

#FFs
257

Area
20,359

650 workstation (Fujitsu, CPU: SPARC64 V 1.35GHz x 4, Mem-
ory: 16GB). TetraMAX ATPG (Synopsys) was used as a test gen-
eration tool with a backtrack limit of 100. We applied our method
to a sample circuit that is composed of several ISCAS ’85 bench-
mark circuits. This circuit is constructed as Figure 1, and CLBs 1,
2, 3 and 4 correspond to ¢5315, ¢7552, ¢3540 and c6288 of the IS-
CAS ’85 benchmark circuits, respectively. The characteristic of this
circuit are shown in Table 1. In Table 1, columns “#PIs.” “#POs”
and “#FFs” denote the number of PIs, POs and FFs, respectively.
Column “Area” denotes the area of the circuit estimated by Design
Compiler (Synopsys), where the area of a 2-input NAND gate is
considered to be 2. We compared the proposed method to a fully
enhanced scan method and a full scan method in this experiment.

First, we show area overheads needed for the three methods con-
sidered. In the fully enhanced method and full scan one, their area
overheads were +21.5% and +8.8%, respectively. Our method
only required an area overhead of +3.4% to make the kernel cir-
cuit acyclic. Since the proposed method is based on partial scan
design, we can achieve low area overhead compared with the other
methods.

Next, we show test generation results. In this experiment, we
compared the test generation time and the number of untestable
faults in our method with those in the other two methods when

every method reached 100% fault efficiency for targeted transition
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Table 2: Test generation results for a sample circuit

Method #faitlts | #det | #unt | TGT [s]
Enhanced scan T 31237 61| 19421
Fullscan | 37,298 (37210 | 88 | 28597

Our method 37,178 | 120 | 883.09 ‘

faults.‘.’lf‘abl_e_iz iists the test generation results obtained by the fully
enhanced scan method, full scan one and proposed orig, which are
denoted by “Enhanced scan,” “Full scan” and “Our method” respec-
tively. . Columns “#faults,” “#det” and “#unt” give the number of
targeted transition faults, detected faults, identified untestable faults,
respectively. Column “TGT [s]” denotes test generation time. In Ta-
ble 2, “#unt” of “Enhanced scan” represents the number of combi-
nationally untestable faults. In “Enhanced scan,” the test generation

time was the shortest because the test generation did not identify

sequentially untestable faults. This may cause over-testing. In “Full*:

scan,” some sequentially untestable faults were identified although
the test generation time increased. Since our method paid atten-
tion to more sequentially untestable faults by using BTGMs, the test
generation time increased further. However, the number of identi-
fied sequentially untestable faults was the largest, and therefore this
method can contribute to reducing yield loss caused by over-testing.
Here, we evaluate the propose method further. As shown in[4], in
broadside testing for a full scan circuit, the number of sequentially
untestable faults identified during test generation increases as the
nu;gber; of time frames used by the test generation increases. This
means that, in terms of over-testing, it is important to consider the
behavior of a given circuit within a long time span during test gen-
eratior: ; In our method, a time span from d + 2 to 2d +2 is con-
sidered-during test generation, where d is the sequential depth of a
kernel circuit. Therefore, compared with the conventional methods,
itiscconceivable that we can identify many sequentially untestable
faults,for more complex circuits as well as a simple circuit used in
t_}}is ‘experiment.

¢ 55 ‘Conclusions and Future Work

\ In.this paper, we proposed a method of broadside test genera-
tion, for, transition faults in partial scan circuits. To generate broad-
side*transition tests for a partial scan circuit whose kernel circuit is
acyclic, we transform the kernel circuit into some combinational cir-
cuits called broadside test generation models. Then, all the broad-
side transition tests are generated by performing constrained stuck-
at test generation on the broadside test generation models. Through
expeﬁments, we showed that out method can reduce over-testing in
reasonable, test generation time compared with the previous meth-
n,Our futyre work is to handle a more general delay fault model,

i.es, the, path delay fault model, in this frame work.

Acknowledgments
We would like to thank Prof. Mineo Kaneko of Jépan Ad-
vanced Institute.of Science and Technology (JAIST) for his valu-

able comments.: We would also like to thank Prof. Michiko Inoue,

" Prof.. Tomokazu Yoneda, Prof. Thomas Clouqueur and Ms. Chia

Yee Ooi of Nara Institute of Science and Technology for their useful

suggestions. This work was supported in part by Research Promo-

" fion Expenses for Associates of JAIST and in part by Japan Society

for the Promotion of Science (JSPS) under Grants-in-Aid for Young
Scientists (B) (No. 17700062) and for Scientific Research B(2)

(No. 15300018).

References

[1] B. I Dervisoglu and G. E. Stong, “Design for testability: using scanpath tech-
niques for path-delay test and measurement,” Proc. Int. Test Conf., pp. 365—
374, 1991.

[2] 7. SavirandS. Patil, “Scan-based transition test,” IEEE Trans. on CAD, Vol. 12,
No. 8, pp. 1232-1241, Aug. 1993.

[3]1 1. Savir and S. Patil, “Broad-side delay test,” IEEE Trans. on CAD, Vol. 13,
No. 8, pp. 1057-1064, Aug. 1994.

[4] J. Rearick, “Too much delay fault coverage is a bad thing.” Proc. Int. Test Conf.,
pp. 624-633, 2001.

[S]1 International technology roadmap for semiconductors (ITRS),
http://public.itrs.net/, 2003.

[6] T.J. Chakraborty, V. D. Agrawal and M. L. Bushnell, “Improving path delay
testability of sequential circuits,” IEEE Trans. on VLSI Systems. Vol. 8, No. 6,
pp- 736-741, Dec. 2000.

[71 S. Ohtake, S. Miwa and H. Fujiwara, “A method of test generation for path de-

lay faults in balanced sequential circuits,” Proc. VLSI Test Symp., pp. 321-327,
2002.

[8] T. Iwagaki, S. Ohtake and H. Fujiwara, “Reducibility of sequential test gen-
eration to combinational test generation for several delay fault models,” Proc.
Asian Test Symp., pp. 58-63, 2003.

[9] T.Iwagaki, S. Ohtake and H. Fujiwara. “Acceleration of transition test genera-
tion for acyclic sequential circuits utilizing constrained combinational stuck-at
test generation,” Proc. European Test Symp., pp. 48-53, 2005.

[10] K.-T. Cheng, S. Devadas and K. Keutzer, “Robust delay-fault test generation
and synthesis for testability under a standard scan design methodology,” Proc.
Design Automation Conf, pp. 80-86, 1991

[11] B.Underwood, W.-O. Law, S. Kang and H. Konuk, “Fastpath: a path-delay test
generator for standard scan designs,” Proc. Int. Test Conf., pp. 154-163, 1994.

[12] P..Varma, “On path-delay testing in a standard scan environment,” Proc. Int.
Test Conf., pp. 164-173, 1994.

[13] H. Wittmann and M. Henftling, “Path delay ATPG for standard scan design.”
Proc. European Design Automation Conf., pp. 202-207, 1995.

[14] Y. Shao, I. Pomeranz and S. M. Reddy, “Path delay fault test generation for
standard scan designs using state tuples,” Proc. Asia South Pacific Design Au-
tomation Conf. and Int. Conf. on VLSI Design, pp. 767-772, 2002.

[15] M. Abadir and J. Zhu, “Transition test generation using replicate-and-reduce
transform for scan-based designs,” Proc. VLSI Test Symp., pp. 22-27, 2003.

[16] K.-T. Cheng, “Test generation for delay faults in non-scan and partial scan se-
quential circuits,” Proc. Int. Conf. on CAD, pp. 554-559, 1992.

[17] T Inoue, T. Hosokawa, T. Mihara and H. Fujiwara, “An optimal time expan-
sion model based on combinational ATPG for RT level circuits,” Proc. Asian
Test Symp., pp. 190-197, 1998.

[18] A. Kirsti¢ and K.-T. Cheng, Delay fault testing for VLSI circuits, Kluwer Aca-
demic Publishers, 1998. o



