
Abstract: We use a DFT technique based on clock
freezing and clock partitioning, to model a sequential cir-
cuit as a set of overlapping pipelines. Our DFT technique
does not introduce any delay penalty and has small area
overhead. We present a novel sequential ATPG algorithm
that uses this model to detect most faults by using combi-
national techniques. Preliminary results are encouraging.

1.  Motivation
Automatic test-pattern generation (ATPG) for sequen-

tial circuits is an extremely expensive computational pro-
cess, so that ATPG algorithms working on complex
circuits can spend many hours of CPU time and still obtain
poor results in terms of fault coverage. Among the factors
that make this problem difficult [Abramovici et al. 1990]
are:

• the need to work with a model consisting of an iterative
array of time-frames whose number is, in the worst
case, an exponential function of the number of flip-
flops (FFs) in the circuit;

• the existence of illegal states, which may cause the
ATPG algorithm to waste a lot of time trying to justify
them;

• the existence of untestable faults, which the ATPG
algorithm identifies as untestable by failing to generate
test sequences that detect them; for each untestable tar-
get fault the algorithm must complete an exhaustive
search.

Because of the difficulty of the sequential ATPG
problem, the electronics industry has given up the idea that
complex circuits can be tested without intrusive design for
testability (DFT) techniques, such as scan design, which
significantly modify the design to make its buried FFs
more controllable and observable in test mode. However,
scan-type DFT techniques introduce delay penalties
resulting in performance degradation, and area overhead
causing additional power consumption and decreased
yield; moreover, scan tests are not directly compatible
with at-speed testing.

In this paper, we use a DFT technique based on clock
control and we introduce a novel testing paradigm that
allows the circuit to be modeled as a set of overlapping
pipelines. We also present a new ATPG algorithm that can

take advantage of the resulting structure, so that most
faults are detected with combinational techniques, which
are several orders of magnitude faster than the sequential
ones. Our DFT technique does not introduce any delay
penalty, has small area overhead, and the generated tests
may be applied at speed. Our preliminary results are
encouraging.

2.  Relevant Prior Work
In the conventional way to test a sequential circuit, the

clock is activated and the state is changed with every
applied input vector, so in any state only one vector is
applied. But there may be several vectors that detect dif-
ferent faults in the current state. For example, several fault
effects could have been propagated to flip-flops (FFs), and
they may be propagated to primary outputs (POs) by dif-
ferent vectors. Similarly, the current state may be neces-
sary to activate several other faults that may need different
vectors to propagate their fault effects to POs. But with
conventional testing, we can apply only one vector before
the state is changed, so many fault-detection opportunities
may have to wait for the next time when the current state
will be reached. Theclock freezingmethod, introduced in
[Abramovici et al. 1992] and further enhanced in [Santoso
et al. 1999], temporarily suspends the sequential behavior
of the circuit by freezing its clock, and several vectors may
be applied without changing the current state. These vec-
tors can be generated only by combinational ATPG algo-
rithms. In this way, the current state is fully exploited
before it is changed. This method does not require any
DFT. However, in general, a circuit has many more FFs
than primary inputs (PIs), and because all FFs are frozen,
the ATPG algorithm working with one time-frame is quite
constrained in what it can accomplish. After all the faults
that can be detected in the current frozen state have been
targeted, the sequential behavior of the circuit is enabled
again, and the application of the next vector is accompa-
nied by a clock pulse. Note that clock freezing does not
change the difficulty of controlling the state transitions of
the sequential circuit.

In the normal operation of a sequential circuit, the
same clock usually controls a large number of FFs.Clock
partitioning, introduced in [Agrawal et al. 1991] and fur-
ther developed in [Einspar et al. 1993][Baeg and Rogers
1993][Einspar et al. 1996][Rajan et al. 1996][Einspar et al.
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1999], is a DFT technique that divides the FFs sharing the
same clock into several groups, so that in test mode each
group can be independently clocked. Figure 1 illustrates the
clock control logic, derived from the techniques presented in
[Rajan et al. 1996]. In normal modeNM=1 and
LOAD_EV=0, so thatCLOCK propagates to all FFs. To
avoid clock skewing, clock gating occurs within every FF, so
the routing ofCLOCK to FFs is not changed. (FFs that are
always clocked will have their enabling input tied to logic 1.)
In test modeNM=0, and the clock propagation is under the
control ofK enabling signalsENi. The FFs controlled by the
same enabling signal are in the same group (Figure 1 shows
only one FF per group). The enabling valuesEVi that deter-
mine the clock partitioning in test mode are stored in a sepa-
rate set ofK FFs. These FFs are loaded from a set ofK PIs
when theLOAD_EVsignal is asserted. At the same time, the
clocking of all other FFs is disabled, so theK PIs that supply
the enabling values may be arbitrarily selected. This scheme
can provide a large number of enabling signals with only one
additional pin.

For a circuit withN FFs, the main component of the area
overhead of this DFT technique is theN clock-enabling
AND gates, which is less than the area overhead in scan
design. This overhead is not needed if clock skewing in test
mode can be controlled [Rajan et al. 1996]. In addition, we
haveK FFs andK OR gates, but usuallyK << N, so this over-
head is negligible. Note that the operating frequency of the
circuit is not affected by the clock control mechanism, since
no delays are introduced in data paths. Unlike scan design,
clock control DFT is fully compatible with at-speed testing.

Clock partitioning increases the testability of the
sequential circuit, by reducing dependency among FF values
and introducing many more state transitions in the state tran-
sition graph, thus making states that are illegal or difficult to
reach easier to reach in test mode. As a result, some faults
that were impossible or difficult to detect in the original cir-

cuit become easier to test. Clock partitioning is also useful
for delay-fault testing [Fang and Gupta 1994]. Although the
sequential circuit with partitioned clocks is easier to test,
ATPG for the transformed circuit still requires sequential
algorithms.

3.  The New Approach
We combine clock partitioning with clock freezing to

decompose the original circuit into several overlapping
pipelines, so that the test generator works with one pipeline
at a time. The main advantage is that all or most faults in a
pipeline can be detected only by combinational algorithms
[Gupta et al. 1990].

To test a fault in the pipeline shown in Figure 2a, we
apply one input vector, then we clock twice; as a result, the
effect of the input vector propagates throughout the entire
circuit. Since the registers serve only to transmit the data, we
can make themtransparentfor ATPG, and model the pipe-
line by a combinational circuit as shown in Figure 2b. Thus
the application of every combinational vector generated on
this model has to be accompanied by clocking of all trans-
parent registers; the number of required clocks is equal to the
sequential depth of the pipeline.

The pipeline in Figure 2 isbalanced, as every path
between two combinational blocksCi and Cj goes through
the same number of registers. In a balanced pipeline, a com-
binational ATPG algorithm can detect every fault detectable
in the original circuit. In an unbalanced pipeline, some faults
untestable in the combinational model may be detected in the
original pipeline.

We will illustrate our approach using the circuit shown
in Figure 3a [Gupta et al. 1990] as an example. Here we do
clock partitioning by allocating an independent clock to each
register in the block diagram. To create pipelines we have to
cut all the feedback loops in the original circuit. Any loop-
cutting algorithm used to select scan FFs for partial scan
design can be used here. Instead of cutting a feedback loop
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by scanning registers, we temporarily freeze the clocks for
some of the registers along the loop; these registers are said
to befrozenand are shown as dark in Figure 3. In this circuit
we have five different ways to cut the loops, so we can create
five different (balanced) pipelines. Note thatR5 is frozen in
every pipeline, while any other register is frozen only in at
most two pipelines. In the same way as partial scan can be
used to create balanced pipelines [Gupta et al. 1990], we can
also use selective clock freezing to achieve the same result.

The test generator works with one pipeline at a time.
Given its frozen registers, the model for a pipeline is con-
structed as follows:

1. Treat the frozen FFs as PIs with frozen values (that cannot
be changed by the test generator).

2. Exclude the “invisible” combinational logic that directly
feeds only frozen registers.

3. Model any register that is not frozen and feeds POs
(directly or indirectly) as transparent.

4. Any other register (not frozen and not transparent) is
flagged as acapture register.

For example, in Figure 3c,R1, R2, andR5 are frozen reg-
isters,R3 andR4 are transparent, andR6 is a capture register.
A capture register feeds only invisible logic (C1), so it cannot
be used to detect faults in the current pipeline. But we can
useR6 to capture fault effects to be propagated in the future
in a pipeline where it will be frozen (Figure 3b). Similarly, in
Figure 3d,R3, R4, andR5 are frozen registers,R2 andR6 are
transparent, andR1 is a capture register. Figure 4 illustrates
the model of a pipeline (the invisible logic is shown as
shaded triangles); here one time frame corresponds tod con-
ventional time frames, whered is the sequential depth of the
pipeline. It is important to note that a register frozen in one
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pipeline may be transparent in another one; thus applying a
combinational vector in one pipeline may change the state of
the frozen registers in all other pipelines.

Figure 5 outlines the high-level structure of our algo-
rithm, called PIPEXPRESS. The first block determines the
clocking scheme by grouping together the FFs that will share
one of the independent clocks. Then the pipelines are con-
structed as illustrated in Figure 3.ntf represents the number
of time frames in the current pipeline and is initially set to 1.
A pipeline is said to beusefulif it has undetected faults that
may be detected in the presence of input values already
assigned. Initially the only assigned input values are the val-
ues of the FFs in the frozen registers of the pipeline. PIPEX-
PRESS is opportunistic so that in every step it tries to detect
as many faults as possible using the shortest possible test
sequence. Test generation takes place in the two blocks at the
bottom of Figure 5: the block on the left (detailed in
Figure 6) generates as many as possible combinational vec-

tors, and the block on the right (detailed in Figure 7) gener-
ates one sequence of two or more vectors. The entire process
is repeated after one such sequence has been generated.

In Figure 6, PIPEXPRESS first selects a useful pipeline
and generates as many test vectors as possible. Every such
combinational vector is simulated, dropping the detected
faults and keeping track of the faults still possible to detect in
one time frame. When no more target faults are found, the
current pipeline is marked as not useful. At the same time,
any pipeline whose frozen register is a transparent or a cap-
ture register of the current pipeline is checked for usefulness,
since its state has been changed, and new fault effects may
be stored in its FFs or the new state may allow new faults to
be detected. The entire process is repeated until no more use-
ful pipeline can be found.

In Figure 7, PIPEXPRESS is first trying to generate a
sequence of two vectors for a useful pipeline, using the
model shown in Figure 8 for two time-frames (the number of
vectors is equal to the number of time-framesntf). If not suc-
cessful,ntf is incremented and the entire process repeated.
The transition between time-frames involves firing at least

Construct pipes

Determine
clocking scheme

Setntf  = 1 & mark
every pipe as useful

Target as many as
possible faults in
one time-frame

Target faults in
two/more time-

frame

No more
Stop when
ntf  > limit

One sequence
generated

Figure 5. High-level structure of PIPEXPRESS

Select target faultf
No more

Select a useful
pipeP

SimulateP  (one time frame)
with internal clocks

f detected?

Y

Mark pipes*
No more

N

Figure 6.  Generating combinational vectors

No more

Select a useful pipeP

Select target faultf

Incrementntf  & mark
every pipe as useful

Simulate the generated
vectors

Mark P as not
useful

Stop when
ntf  > limit

f detected?
N

Y

No more

Figure 7. Generating a sequence

Figure 8. ATPG model with two time-frames

PIs

POs

PIs

POs



one of the frozen clocks of the pipeline. PIPEXPRESS deter-
mines the frozen clock(s) to be fired. Note that the state of a
register that is frozen in every pipeline, such asR5 in
Figure 3, can be changed only in this way. Additional clock
partitioning for the FFs of such a frozen register would
increase the testability of the circuit. Like before, the appli-
cation of a combinational vector in one time frame requires
clocking of all the transparent registers of the pipeline, and
we also clock the capture registers. When one sequence with
ntf vectors has been successfully generated, the state of the
current pipeline, as well as of any other pipeline whose fro-
zen register is transparent or a capture register in the current
one, has been changed; then PIPEXPRESS returns to trying
to generate only combinational vectors (Figure 6).

4.  Implementation Details
While PIPEXPRESS works with one pipeline at a time,

the generated vectors are expanded to account for clocking
of the transparent registers, and the resulting sequences are
fault simulated for the entire circuit using the PROOFS fault
simulator [Niermann et al. 1992]. Note that in the test gener-
ation model, the POs are observed only after all the transpar-
ent registers have been clocked, but in the fault simulation
model they are observed after every clock. This is equivalent
with applying several random vectors in between the “real”
vectors, and these vectors may detect additional faults. The
results of PROOFS are ported back into the test generator to
enable fault dropping and reporting the fault effects stored in
registers. The two programs communicate viasockets.

PIPEXPRESS is similar to the FAST algorithm [Abram-
ovici et al. 1986]. When working with several time frames, it
borrows concepts from the FASTEST algorithm [Kelsey et
al. 1993]. The most important is backtracing all objectives to
PIs (or backtrace-stop lines) without stopping at time-frame
boundaries; this scheme avoids the state justification prob-
lem and hence it never has to deal with illegal states.

The existence of frozen values at the PIs of a pipeline
may preclude the activation and the observation of several
still undetected faults; PIPEXPRESS removes these faults
from the set of target faults for the pipeline, so that only
potentially detectable faults will be targeted. Faults whose
effects are stored in observable frozen FFs are also consid-
ered potentially detectable. The number of potentially
detectable faults determines theusefulnessof the pipeline.
Following its opportunistic strategy, PIPEXPRESS always
selects the most useful pipeline as the next one to work on.

As preprocessing steps, we use: 1) the algorithms
FIRES [Iyer et al. 1996] and FUNI [Long et al. 2000] to
identify combinationally and sequentially untestable faults;
2) the combinational test generator ATOM [Hamazoglu and
Patel 1998] running on a full-scan model of the circuit to
identify the rest of the combinationally untestable faults.

Every time we remove the identified untestable faults from
the set of target faults. The same faults would be much more
computationally expensive to target in test generation.

5.  Preliminary Results
We compare a preliminary implementation of PIPEX-

PRESS with GATEST [Rudnick et al. 1997] and with a com-
mercially available sequential ATPG that we will refer to as
S_ATPG. Both PIPEXPRESS and GATEST were run on a
Pentium III 550 computer with 256Mb memory, while
S_ATPG was run on a SPARC SUNW Ultra-Enterprise com-
puter; the two machines have comparable performance.

The circuits we used arepiir8o andpcont2, taken from
[Chickermane et al. 1992].piir8o is an optimized finite-
impulse response filter (see Figure 9), whilepcont2is a con-
troller circuit used in DSP applications. Table 1 gives the cir-
cuits data. Forpiir8o, freezing the 8 FFs in the marked
register is always required to cut the feedback loops, so we
have a single pipeline with 8 frozen FFs and 48 transparent
FFs. (Note that a single pipeline is the worst structure for our
method, since all the faults in the invisible logic can be
detected only using models with several time frames.) Each
one of the frozen FFs has its independent clock, and the
transparent registers are always clocked. Similarly, for
pcont2we have a single pipeline, with 16 frozen FFs with
independent clocks and 8 transparent FFs.

Table 2 summarizes the main experimental results and
Table 3 presents details on the faults detected by PIPEX-
PRESS, showing the original number of faults, the faults
identified as untestable in preprocessing, and the faults
detected by sequences of different length. Forpiir8o,
PIPEXPRESS and GATEST detect comparable number of
faults (almost twice as many as S_ATPG); PIPEXPRESS is

Table 1. Circuit data

Circuit PIs POs Pipes FFs Frz. Faults
piir8o 9 8 1 56 8 19,936

pcont2 9 8 1 24 16 11,272
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about 3 times faster than GATEST, and about 10 times faster
than S_ATPG. Each one of the 173 generated vectors has to
be clocked 4 times to propagate through the transparent reg-
isters. Forpcont2, PIPEXPRESS detects 8% more faults
than GATEST and about 50% more than S_ATPG, while
being twice as fast as GATEST and more than 20 times faster
than S_ATPG.

6.  Conclusions
Our method has the potential of providing a very signifi-

cant breakthrough in the field, as it offers a solution to an
important problem that until now has been considered
impossible to solve without significantly changing the struc-
ture of the circuit in test mode. Our DFT technique is based
on clock freezing and clock partitioning, introduces no delay
penalties and small area overhead, and it is compatible with
at-speed testing.
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