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SUMMARY  This paper proposes a test generation method
using several partly compacted test plan tables for RTL data
paths. Combinational modules in data paths are tested using sev-
eral partly compacted test plan tables. Each partly compacted
test plan table is generated from each grouped test plan set and is
used to test combinational modules corresponding to the grouped
test plans. The values of control signals in a partly compacted
test plan table are supplied by a test controller. This paper also
proposes the architecture of a test controller which can be syn-
thesized in a reasonable amount of time, and proposes a test plan
grouping method to shorten test length for data paths under a
test controller area constraint. Experimental results for bench-
marks show that the test lengths are shortened by 4 to 36% with
—9 to 8% additional test controller area compared with the test
generation method using test plans.

key words: test plan grouping, test controllers, partly compacted
test plan tables, RTL data paths, hierarchical test generation

1. Introduction

A design for testability (DFT) method [1], [2] is impor-
tant for the design of reliable VLSI circuits. The ob-
jectives of a DFT method are the following: (1) high
fault efficiency, (2) short test application time [3], and
(3) at-speed-testing [4] under area and power consump-
tion constraints. Recently, non-scan DFT methods [5],
[6] for RTL (Register Transfer Level) design circuits
were proposed to attain the above-mentioned objec-
tives. RTL design circuits consist of a data path part
and a controller part. The former is represented by
hardware elements (e.g. registers, multiplexers, and op-
erational modules) and signals, and the latter is repre-
sented by a finite state machine (FSM). A controller
and a data path are connected with internal signals:
control signals and status signals. A control signal
comes from a controller, and a status signal comes from
a data path. DFT methods [5]-[10] for data paths are
based on a hierarchical test generation approach [11]
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and are classified into two major approaches. One is
a DFT approach based on the normal function of a
controller [7], [8],[10], and the other is a DFT approach
without the normal function of a controller [5], [6], [9].

In the former approach, test plans[9] for combina-
tional modules (multiplexers and operational modules)
in a data path are generated using the normal function
of a controller. If test plans cannot be generated us-
ing the normal function of a controller, DFT elements
are added into a data path to generate test plans. The
values of the original control signals in a test plan are
supplied by the original controller and the values of con-
trol signals added for DFT in a test plan are supplied
by the test registers [7]. In this DFT approach, the area
overhead for DFT is small, but the information of nor-
mal data flow is required to generate test plans. The
length of each test plan depends on the normal func-
tion of a controller. Thus, the test application time also
depends on the normal function.

In the latter approach, test plans are generated
to minimize their lengths using only the structures of
a data path, and DFT elements are added into a data
path to generate test plans with minimum lengths. The
values of the control signals in a test plan are supplied
by a test controller [5], [6]. In this DFT approach, the
test application time is short and the information of
normal data flow is not required to generate test plans.
However, the area overhead for DFT is large because a
test controller is required to supply the test plans. In
this paper, it is considered that test application time
is the most important problem and the discussion fo-
cuses on the latter DF'T approach. In [5], a data path is
strongly testable [5], [9] and a test controller is a sequen-
tial circuit. In [6], a data path is fixed-control testable
and a test controller is a combinational circuit. The
area for test controllers was improved compared with
that of [5], but the area overhead for data paths was
increased because fixed-control testability is covered by
strong testability. In this paper, it is considered that
the area overhead for data paths is more critical than
area for test controllers. Thus, the architecture of a
test controller proposed in [5] is discussed.

Recently, a test generation method using a com-
pacted test plan table [12] was proposed. All test plans
in a data path are compacted into a compacted test
plan table such that the length is minimized. In other
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words, the method tests as many combinational mod-
ules as possible at the same time in order to reduce
the test application time. In [12], it was assumed that
control signals of a data path are controllable.

This paper will first discuss the test lengths by the
test generation using test plans, and by the test gen-
eration using a compacted test plan table (CTPT) in
Sect.2. Their test controllers will also be discussed.
Then, their problems are revealed. In Sect. 3, in order
to solve these problems, a test generation method using
several partly compacted test plan tables and the archi-
tecture of a test controller are proposed. The optimiza-
tion problem for a test plan grouping is formulated us-
ing the integer linear programming (ILP) to shorten the
test length under a test controller area constraint. In
Sect. 4, experimental results are shown. Finally, Sect.5
concludes this paper.

2. Test Controller for Data Path Testing and
its Test Length

2.1 Data Path with Strong Testability

The DFT method [9] for data paths is based on hierar-
chical test generation [11] and strong testability [9].

Hierarchical test generation is an efficient tech-
nique for generating test patterns of very large data
paths. In hierarchical test generation, there are two
steps. In the first step, it extracts a combinational mod-
ule M from the data path and generates test patterns of
M at gate level using a combinational test generation
tool. In the second step, it generates a test plan [9] at
RTL. A test plan is defined as follows. Thus, the test
patterns and the responses for M are propagated using
original data path flows of the data path.
Definition 1: Test plan [9]
A test plan for a combinational module M is the test
sequence at primary inputs and control signals that
propagates a test pattern to M from primary inputs
and propagates the response to primary outputs. The
values in a test plan are 0’s, 1’s, b’s (b € {0,1}) and/or
X'’s (X means don’t care). b is the value of a primary
input or a control signal which constitutes a test pat-
tern to detect a fault in M.
Example 1: Table 1 shows the four test plans 77, T5,
T5 and Ty for the combinational modules 1, 2, 3, and
4 in a data path, respectively. P; shows the primary
input of a data path and ¢y, ¢, ¢3, and ¢4 show the
control signals of a data path.
Definition 2: Strong testability [9]
A data path is strongly testable if there exists a test
plan for each combinational module M. A data path
which is strongly testable is referred to as a data path
with strong testability.

The DFT method [9] is applied to data paths to be
strongly testable.
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Table 1  Test plans.
T, T,
Time| Py | ¢; | caf s3] ey Time| Py | c; ]| cofcs] ey
0 [b]O]X]X]|X 0 [b]X]|X]|X]|X
I [b]X]|X]|b|X I | X|X]|b[X|O
2 | X]|X][X]O0[X

T; Ty
Time|[ Py | ci [ caf|cs|ca Time| Py | ci|cofcs] ey
0 [b|b]JO]1]X 0 [bJOJO]1]Db
1 [X]0]1]X]|X 1 | X]|X]|X|X]|X
2 | X|X|[X]|X[X

2.2 Compacted Test Plan Table

A compacted test plan table [12] generation is summa-
rized as follows.

Definition 3: Test plan scheduling [12]

Let T; be a test plan for a combinational module
i (i = 1,2,...,n) in a data path with strong testa-
bility and primary inputs including control signals
(Po, P1,...,Py—1). The value of Py at time ¢ in Tj is
denoted by T;(t, k). Let L; be the length of T;. Let w
be the number of primary inputs. Let n be the number
of combinational modules. Let TPST be a test plan
scheduling table. The row of a TPST represents time
and the total number of rows is ) L;. The column

i=1

of a TPST represents a test plan for a combinational
module and the total number of columns is n. Each col-
umn is sub-divided into sub-columns. The sub-column
represents a primary input and the total number of
sub-columns in each column is w. The value of P at
time ¢ and a column for 7; in a TPST is denoted by
TPST(t,i k). Tt is called that T; is scheduled at time
tyina TPST it TPST(t,i,k) =T;(t — t1,k) for any ¢,
k, such that t; <t <t;1 + L;, and 0 < k < w. When T;
is scheduled at time ¢; in a TPST, the period of time
from t1 to t1 + L; — 1 in a TPST is defined as the life
time of T;. TPST(t,i,k) = X for any ¢, k, such that

0<t<ti,t1 +L; <t< ZL and 0 < k < w. The

degree of a life time at tlme t is defined as the number
of test plans whose life time contains time t.

ﬂ TPST(t,i,k) for any t,k, such that

i=1
n
0<t<> L
i=1

Operation (1) means that a compaction operation () f
[12] shown in Table 2 is applied to the scheduling result
of a TPST.

If the result of the operation (1) does not include
@, it is called that the scheduling result is compatible.

and 0 <k <w (1)
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Table 2 Operation Ny.
Neg b | X[0]1
blo|blo|o
X|b|X]|0]1
0lol0]0]0o
llo|[l|lo]l
Table 3 Test plan scheduling table.
Test
plan T, T, Ts Ty
Time| Py cy|calcs|ca|Pifei|calesles|Pifei|eales]es]Piler]ca]ecs]ey
0 blOo]O|1|Db
blb|Oo| 1 |X|X|X[X]|X
2 b X[ X|X[X|X[0o]1]X]|X
3 bO| X X[X|[X][X]b]X]0|X]|X]|X]|X]|X
4 b|X|X|b|X
5 X|X|0|X
Table 4 CTPT.
Time Pl Ci|Cr|C3|Cy
0 |[b]JOf[O]1]|Db
1 blb|0]1]|X
2 |[b]O]1]X[X
3 bl[O]|b]|X]O
4 b X|X]b|X
5 X[X]|X]0[X

If the result of operation (1) includes ¢, it is called that
the scheduling result is incompatible. If the scheduling
result is compatible, the result of operation (1) is called
a compacted test plan table (CTPT). If the degree of
life time at time ¢ in a TPST is 0, the row at time ¢ is
deleted from a CTPT.

A CTPT is generated such that its length is min-

imized. The algorithm for CTPT generation was pro-
posed in [12].
Example 2: Table 3 shows the example of the test
plan scheduling table. In this table, T} is scheduled at
time 3, T» is scheduled at time 2, T3 is scheduled at time
1, and T} is scheduled at time 0. The CTPT shown in
Table 4 is generated from the scheduling result shown
in Table 3.

2.3 Supply of Test Plans by a Test Controller

The architecture of a test controller proposed in [5] is
summarized as follows. Figure 1 shows the test con-
troller which supplies test plans to control signals of the
data path with strong testability. The test controller
consists of a test plan generator (TPG), a test pattern
register (TPR), and a target module register (TMR) as
shown in Fig.1. Consider the test of a combinational
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Fig.1 Architecture of a test controller.

module M, which has data inputs and control inputs,
in the data path. The TMR is used to store the index
of M. The bit width of the TMR is [log, n], where
n is the number of combinational modules in the data
path. The TPG generates the test plan of M from the
index stored in the TMR. Thus, the TPG supplies the
values in n test plans to control signals. The number
of states in the TPG is max(L;), where L; is the length
of a test plan for a combinational module . When the
data input value of a test pattern of M is justified, if
some primary inputs of the data path are not used, the
control input value is applied from such primary inputs
by way of the TPG. Otherwise, the control input value
is pre-stored in the TPR and is applied to the control
inputs by way of the TPG. If the Reset is applied, the
TPR and the TMR load values from some primary in-
puts of the data path, otherwise, they hold their values.
The mode switching signal t1 is used to disable DFT
elements of the data path in normal operation mode.
In [5], the detailed architecture of the TPG was not de-
scribed. If a data path has many test plans and many
control signals, the TPG cannot be synthesized in a
reasonable time.

In [5], testing is sequentially performed for a single
combinational module in data paths. The test length
for data paths with strong testability using this test
controller is, then, given by

L:i((Li—i—l)XM% (2)

=1

where L is the test length for data paths, n is the num-
ber of combinational modules, L; is the length of a test
plan for a combinational module i (i = 1,2,...,n), and
N, is the number of test patterns for a combinational
module i. L; + 1 cycles are required to apply one test
pattern to a combinational module because one cycle
is required to load values into the TPR and the TMR.
Equation (2) shows that the test length for data paths
with strong testability becomes drastically longer as the
number of combinational modules and the number of
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gates in a combinational module increase.

Example 3: Consider the test controller which sup-
plies four test plans shown in Table 1 to control signals.
The bit width of the TMR is 2 because the number of
test plans is 4, the bit width of the TPR is 1 because
the number of b’s of control signals in a test plan is 1,
and the number of states in the TPG is 3 because the
maximum length of test plans is 3. Assuming that the
numbers of test patterns for the combinational module
1, 2, 3, and 4 are 8, 3, 7, and 2, respectively, the test
length for the data path is, according to equation (2),
B+ x8+(2+1)x3+(B3+1)x7+(2+1)x2=75.

2.4 Supply of a CTPT by a Test Controller

All test plans are compacted using the algorithm pro-
posed in [12], and a resultant CTPT is generated. Com-
binational modules are tested using a CTPT.

Consider a test controller for supplying a CTPT
based on the test controller shown in Fig. 1. In the test
generation described in subsection 2.3, because a com-
binational module is tested by a test plan, the TMR
is necessary to distinguish n test plans. In the test
generation using a CTPT, there is only one test plan
table because all the test plans of the n combinational
modules are compacted into one table. Because the n
combinational modules are tested by using the same
CTPT, there is no need to distinguish combinational
modules. Thus, the TMR is unnecessary. The TPG
generates the values of control signals in a CTPT. The
number of states in the TPG is Lorpr, where Lorpr
is the length of a CTPT. While testing combinational
modules, if the primary inputs which drive the TPR are
not used, the control input values can be reloaded into
the TPR from them using the test controller shown in
Fig. 2. In Fig. 2, if the control input values are reloaded
into the TPR, the value of the reload signal is 1, other-
wise is 0. If a test controller does not have the reload
function, the bit width of the TPR is the number of b’s
of control signals in a CTPT. Thus, the reload function
is necessary to reduce the bit width of the TPR.

The test length for data paths with strong testa-

Test Controller

¥io

PI (Data path)

tl >

TPG I

eload signal

Reset
(Controller)

v v

Control signals (Data path)

Fig.2 Test controller with reload function.
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bility using this test controller is, then, given by
L =max (N;) x (Lerpr +1), (3)

where L is test length for data paths and N; is the
number of test patterns for a combinational module 4.

The TPG cannot be synthesized in a reasonable
time when Loppr is large and the number of control
signals is large. Thus, it is considered that the test
controller to generate the values of control signals in a
CTPT is not practical.

It is also predicted that the test length by a test
generation using a CTPT is long for data paths with
the following characteristics.

Characteristic 1.

The maximum number of test patterns for a combi-

national module and the minimum number of test

patterns for the other combinational modules are

very different.
Characteristic 2.

The number of combinational modules with the
maximum number of test patterns is small and the
number of combinational modules with the mini-

mum number of test patterns is large.
Example 4: In the CTPT shown in Table 4, the bit

width of the TPR is 4. The values of control signals
can be loaded into the TPR at time —1 which is earlier
than time 0 in the CTPT by one cycle. The number of
states in the TPG is 6 because the length of the CTPT
is 6. The test length for the data path is, according to
equation (3), 8 x (6 + 1) = 56.

3. Test Generation Method Using Several
Partly Compacted Test Plan Tables

In this section, a test generation method using sev-
eral partly compacted test plan tables is proposed to
shorten test length compared with the conventional
methods described in Sect. 2.

3.1 Preliminaries

Definition 4: Partly compacted test plan table

A subset of a test plan set is compacted and the re-
sultant one is referred to as a partly compacted test
plan [12]. Especially, when a partly compacted test plan
is used for test generation, it is referred to as a partly
compacted test plan table (PCTPT).

Example 5: Table 5 shows the two PCTPTSs

Table 5 Two PCTPT.
PCTPT, PCTPT,

Time| P, c;|cy]cs|cy Time| Py | ¢/ | cy]cs|cy
0 [bs]bs] O 1]|X 0 [byJO]O| 1|Db,
1 |01 [X]X 1 |6 X X[X]X
2 || X[X|b | X 2 | X|X]|b|X]O
3 1 X|IX]X[0]X
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Table 6 Drive control signal table.
DC, DC,
|| es]e cile|es|e
1j]of1fo0 ojrjof1
DG, DC,
cilefes|e cileafecs|cs
11]1[1]0 I 1f1]1

(PCTPT; and PCTPT;). Four test plans shown in
Table 1 are partitioned into two groups (G; and Gs).
T1 and T3 belong to G, and T and T4 belong to Gs.
PCTPT; is generated from G1, and PCTPTj is gener-
ated from G5 by applying the algorithm shown in [12].
In Table 5, b;’s correspond to a test pattern for each
combinational module i (i = 1,2,...,n). b;’s are re-
placed with the test pattern (0’s and/or 1’s).
Definition 5: Density degree

The density degree DDy, for a test plan T; shows the
number of 0’s, 1’s, and b’s in T; and is given by the
following equation.

DDy, =Y {(cOk + cly + cbi) X Oxi},
k=1

where u is the number of control signals, c0f is the
number of 0’s of the control signal ¢ in T;, cly is the
number of 1’s of the control signal ¢ in T;, cby is the
number of b’s of the control signal ¢i in T3, and dg; is
the 0-1 variable. If one of the following conditions is at
least satisfied, d; is 0. Otherwise, d; is 1.

(C1) c0f and cby, are 0.

(C2) cly, and cby, are 0.

(C3) 0 and cly are 0, and cby, is 1.
Example 6: DDy, DDr,, DDr,, and DDr, are the
density degrees for the test plans Ty, T, T3, and Ty
shown in Table 1, respectively. DDr,, DDr,, DDr,,
and DDr, are 2, 0, 4, and 0, respectively.
Definition 6: Drive control signal table
The drive control signal table DC; for a combinational
module ¢ shows the control signals where a test plan T;
is supplied. The column of a DC; represents a control
signal ¢, (k = 1,2,...,u), where u is the number of
control signals of a data path. The row of a DC; rep-
resents flags to show whether T; is supplied to control
signals or not. The value of a flag for ¢, in DC; is de-
noted by DC;(ck). Thus, when there exists 0, 1, or b
at any time for a control signal ¢ in T;, DC;(cg) is 1.
Otherwise, DC;(cx) is 0.
Example 7: Table 6 shows the drive control signal
tables DCy, DCy, DC3, and DC}y for the test plans T7,
Ts, T3, and Ty shown in Table 1, respectively.

3.2 PCTPT Generation and Architecture of TPG

A test generation method using several PCTPTs is pro-
posed to shorten test length. A test plan set is parti-
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Fig.3 Architecture of TPG.
tioned into m groups G; (j = 1,2,...,m, and m is

the number of groups). A PCTPT for each group is
generated by compacting test plans in each group.

Consider a data path with Characteristic 1 and
Characteristic 2. In the test generation using a CTPT,
the test length is long for such a data path because
the length of unnecessary test sequence is long. In the
test generation using several PCTPTs, if the test plans
with the maximum number of test patterns and the test
plans with minimum number of test patterns do not
belong to the same group, the test length can be dras-
tically improved compared with that by the test gener-
ation using a CTPT. The test plan grouping method is
proposed to shorten the test length in subsection 3.3.

Figure 3 shows the proposed architecture of the
TPG. The TPG consists of the FSM, the Decoder, and
the MUX. As shown in Fig. 3, the Decoder is divided
into m decoders for each PCTPT to synthesize the TPG
in a reasonable time. Thus, TPG can be synthesized in
a reasonable time by setting the appropriate values of
the constraints as described in subsection 3.3.

In Fig.3, Let GL; be the length of PCTPT},
Decoder-G; be a decoder for PCTPT; and GNCj
be the number of control signals where the values in
PCTPT; are supplied. The MUX is an array of multi-
plexers. The Decoder consists of m decoders Decoder-
G;. The maximum value of the length of the PCTPT}
is the number of states in the FSM, and affects the area
of the FSM. The density degree of PCTPT; affects the

area of the Dcoder-G;. > GNC; affects the area of
j=1
the MUX.

3.3 Test Plan Grouping Method

The test length for data paths can be shortened under a
test controller area constraint by considering a test plan
grouping. In this subsection, the optimization problem
for a test plan grouping is formulated using ILP as fol-
lows.

(1) Input
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(a) n test plans T; and the number of test patterns

N; (1 <4 < n,n is the number of test plans)

(b) The number of groups: m (1 <m < n)

(¢) Constraint ¢

g means max(GNCj). (max < > DC’i(ck)> <q¢<u,
J (2

k=1
u is the number of control signals in a data path

GNCj is given by the following equation.
GNCj = ];L/l (X5 x DCy(cx))

The following 0-1 variable X;; is defined as an ILP
variable. X;; = 1 (T} belongs in G;), X;; = 0 (Oth-
erwise)

(d) Counstraint p

p means max (Z(XU X L1)> (max(Li) <p< >
7 \i=1 J i=1

.

(e) Constraint r
All test plans in G; are concatenated, the resultant
one is referred to as a concatenated test plan of G,
and it is denoted by CTj. All test plans in a data
path are concatenated, the resultant one is referred
to as a concatenated test plan of a data path, and it
is denoted by CTyy;.
7 means mJaX(DDCTj ). (m?X(DDTi) <r< DDCTa”)
(2) Output
m test plan sets G; (1 <j <m)
(3) Optimization: minimize the following cost func-
tion F

F=>"3 ((MAXTP; - N;) x L; x X;;)
j=114=1

MAXTP; = max (X;; x N;)

Constraints
(cl) max (GNCj) <g¢q
J

(c2) mjax <Z(Xij x L;) < p)

i=1
(¢3) max (DD¢r,) <7
¢ .

(04) ZXij =1
j=1

i=1

The cost function F' is the total sum of the length of
unnecessary test sequence for each combinational mod-
ule and it is expected that the test length is reduced by
minimizing F. (cl) means that the maximum output
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Fig.4 Example of test plan grouping (m = 2).

number of Decoder-G; in the TPG is less than or equal
to g. The area of the MUX in the TPG is reduced by
adjusting ¢. (c2) means that the maximum value of the
total sum of each test plan length in G is less than or
equal to p. The area of the FSM in the TPG is reduced
by adjusting p. (¢3) means that the maximum value of
the density degree of a concatenated test plan C7Tj is
less than or equal to r. The area of the Decoder in the
TPG is reduced by adjusting . (c4) means that a test
plan T; belongs to only one group. (cb) means that G;
is not empty.

After grouping, test plans in each group are com-

pacted, and a PCTPT for each group is generates from
those results.
Example 8: Figure 4 shows the examples of test plan
grouping (m = 2). The vertical axis of the graph shows
the number of test patterns for combinational modules
used in Example 3. The rectangles in the graph show
the test plans, and the width of the rectangles shows the
length of the test plans shown in Table 1. The circles
in the graph show the groups of the test plans. In the
graph, the area of parts with shadows shows the total
sum of the lengths of the unnecessary test sequence for
combinational modules. Thus, the area shows the value
of the cost function F. The minimum value of F is 5.
Assuming that the values of p, ¢, and r are 6, 4, and
10, respectively, the following constraints are satisfied
in this grouping.

. (i(Xij X LJ) =max(6,4) =6 < p(=6)
=1
max (GNC;) =max(3,4) =4 < ¢g(=4)

max (DDcr,) = max(8,4) =8 < r(= 10)
J

After grouping, T} and T3 are compacted, and PCTPT,
shown in Table 5 is generated. Likewise, T5 and Ty are
compacted, and PCTPTs shown in Table 5 is gener-
ated.

Example 9: Let us now assume the value of pis 5. The
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values of ¢ and r are the same as those in Example 8.
Ty and T3 are grouped, and T» and Ty are grouped. The
following constraint is not satisfied in this grouping.

max <zn:(X7] X L1)> =max(6,4) =6 < p(=5)

J i=1

Thus, this grouping is invalid. Another grouping is
tried. 77 and T, are grouped, and T3 and T, are
grouped as shown in Fig. 5. The value of F' is 20. Thus,
the total sum of the lengths of the unnecessary test se-
quence becomes larger than that of Example 8. The
following constraints are satisfied in this new group-
ing.

max <zn:(X7] X L1)> =max(5,5) =5 < p(=5)
i=1
max (GNCj) =max(4,4) =4 < q(=4)

max (DDcr;) = max(2,6) =6 < r(= 10)
J

After grouping, 77 and Ty are compacted, and
PCTPT;’ shown in Table 7 is generated. Likewise, T3
and T are compacted, and PCTPT5’ shown in Table 7
is generated. In Table 7, b;’s correspond to a test pat-
tern for each combinational module i (i = 1,2,...,n).
b;’s are replaced with the test pattern (0’s and/or 1’s).
In this example, the value of cost function F' increases
from 5 to 20. Thus, the test length is affected by the
values of the parameters.

Number of test patterns
'y

F=10+10=20
7 k\
10
10
3
2
C_ D& [T

t— P ——r—>
3 2 3 2
Length of test plans

Fig.5 Another example of test plan grouping (m = 2).

Table 7 Two PCTPTs (Example 9).

PCTPT/' PCTPT,'
Time| Py | c;|co|cs] ey Time[P;|ci|co]cs] ey
0 |Ib]O0X]|X]|X 0 |bs|bs[ O] 1]X
I |6 | X[X|[b]| X I | X]0[1[X]X
2 b X[ X[0]X 2 |by] O[O 1]by
31X X|[by|X]O0 31X XXX
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3.4 Test Generation

After a gate level circuit for a combinational module
is synthesized, test generation is performed for a single
stuck-at-fault in a combinational module. As a result,
test patterns for a combinational module are generated.
Next, b;’s corresponding to a test pattern for each com-
binational module ¢ (i = 1,2,...,n) are replaced with
the test pattern (0’s and/or 1’s). The above-mentioned
processing is iterated for all test patterns for each com-
binational module ¢. The test length for a data path
with strong testability is given by

L= (MAXTP; x (Lpcrpr, + 1)), (4)
=1

where MAXTP] = maX(Xij X Nl), LPCTPTj is the

length of PCTPT}, N; is the number of test patterns
for a combinational module i, and L is the test length
for a data path.

Example 10: In the PCTPTs shown in Table 5, the
bit width of the TPR is 2. The values of control signals
are loaded into the TPR at time —1 which is earlier
than time 0 in the PCTPT by one cycle. The num-
ber of states in the FSM is 4 because the length of
max (Lperpr) is 4. The test length for the data path

J

is, according to equation (4), 8x (44+1)+3x(3+1) = 52.
Example 11: In the PCTPTs shown in Table 7, the
bit width of the TPR is 2. The values of control signals
are loaded into the TPR at time —1 which is earlier
than time 0 in the PCTPT by one cycle. The num-
ber of states in the FSM is 4 because the length of
mjax (LPCTij) is 4. The test length for the data path

is, according to equation (4), 8 x (4+1)+7x (4+1) = 75.
4. Experimental Results

In this section, the experimental results of the test gen-
eration method using several PCTPTs are described by
applying it to some practical RTL data paths.

The platform of the preliminary experiments is as
follows.

CPU: Pentium III, Frequency: 1 GHz,

and Memory: 512 Mbyte.

The characteristics of the practical RTL data paths
with strong testability are shown in Table 8. Circuit,
#PI, #PO, #CS, #ST, #R, #M, and |bit| denote
the circuit name, the number of primary inputs, the

Table 8 Characteristics of RTL data paths.
Circuit | #P1 | #PO | #CS | #ST | #R | #M | [bif
RISC 32 96 177 5 47 115 32
DCT-C 96 224 112 2 22 312 32

IDCT-C 96 224 135 6 27 349 32
MPEG 56 128 589 0 241 368 8
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Table 9 Experimental results.
C PCTPT PCTPT-TA10 PCTPC-TA30 TP CTPT
Wt TTTL | TA | Ru(%) | Raa%) | m | TL | TA | Ry(%) | Ren%) | p r|m| TL | TA | Ru(%) | R [ p[afr| TL | TA | TL [ TA
RISC | 8 3216] 1637 37.8 75.5] 97| 4924| 1003 4.8 7.5 4] 54| 4219] 1188 18.4 27.3] 10] 38] 16 5172]  933] 41940 1535
DCT-C| 7 | 10392| 4552 54.8 10.8 | 124] 14487| 4469 36.3 8.7 24 361 7] 10392 4552 54.8 10.8 22744 4110]23630] NA
IDCT-C| 8 | 15316 4427 44.9 105.3 | 160[ 17818 1950 36.0 9.6 24| 36| 40| 15901 2752 42.8 27.6| 96| 287| 144 27819| 2157| 64912 NA
MPEG | 7 [ 77011 9019 309 122.3 32] 104457] 4925 6.3 21.5)384| 412|576 111495| 4052| 96269] NA
. . Table 1 h. risti f ntrollers.
number of primary outputs, the number of control sig- 0 Characteristics of test controllers
1‘ th b f‘t tus . 1‘ th b f Circuit TG TA TMR TPR | #State | FSM |Decoder| MUX
nals, the number of status signals, the number of reg- TP T TS > S T BT BT
isters, the number of combinational modules, and the wise [PerPT 1637 2] 175 80| 450 739 232
bit widths of data path signals, respectively. The logic PCTPT-TAL0 | 1003]  49] 28 7] 120] 164 642
nthesis was ‘ d usine the Desion C 1 PCTPT-TA30 | 1188] 42| 28 of 133 386 59
synthesis was performed using the Design Compiler™ - TET RS 5 el o e
of Synopsys and the test generation for each combi- bt et 552 21 o  236] 885| 298] 662
national module was performed using the TetraMax PCTPT-TAL0 | 4469 49 0 15| 299] 1397] 2724
PCTPT-TA30 | 4552 21 o _236] _885| 2984] 662
ATPG of Synopsys. _ TP 21576 o 12| 309 o] 1705
The proposed method was compared with two con- 1beT.cPCTPT 7oy Y o _200] 053] 2969 484
ventional methods: the test generation method using PCTPT-TAI0 | 1950] 56 O 14 301 232 1341
. . PCTPT-TA30 | 2752 42 o 6| __a08] 1265] 1037
test plans[5], and the test generation method using TP 2052 53 0 651 1101 30 2858
a CTPT[12]. In the test generation method using a MPEG |PCTPT o019) 21 O] 1488) 4381] 3376] 1241
PCTPT-TA30 | 4925 35 o 229 1359 2139 1392

CTPT, the test controller area could not be synthe-
sized for three data paths in a reasonable time (less
than 24 hours) because each Leorpr is large and the
number of control signals is large as described in sub-
section 2.4. Therefore, we concluded that it is difficult
to apply the test generation method using a CTPT to
practical data paths. Thus, we will not refer to the test
generation method using a CTPT from now on.

In Table 9, Circuit denotes circuit name,
“PCTPT” shows the experimental results of the test
generation method using several PCTPTs, “PCTPT-
TA10” shows the experimental results of the test gener-
ation method using several PCTPTs with less than 10%
additional test controller area constraint, “PCTPT-
TA30” shows the experimental results of the test gen-
eration method using several PCTPTs with less than
30% additional test controller area constraint, “TP”
shows the experimental results of the test generation
method using test plans[5], and “CTPT” shows the
experimental results of the test generation method us-
ing a CTPT [12]. In Table 9, m denotes the number of
groups, TL denotes the test length for data paths, and
TA denotes the area of a test controller. Ry, and Rra
of “PCTPT” are defined as follows. Ry, and Rra of
“PCTPT-TA10” (“PCTPT-TA30”) are also defined in
the same way as those of “PCTPT”.

Ryr, = (TL of “TP"-TL of “PCTPT”) /TL of “TP”
Rra = (TA of “PCTPT”-TA of “TP”) /TA of “TP”

In “PCTPT”, the experiments were iterated chang-
ing the values of the parameters manually until the test
controller was synthesized in about 10 hours. As a re-
sult, parameters p, ¢, and r were set to 2000, infinity,
and 3000. Given m, test plans were partitioned into m
groups to shorten test length. “PCTPT” shortened the
test length by 30 to 54% compared with “T'P”. How-
ever, the test controller area increased by 10 to 122%
compared with “TP”. As for test controller area, the

area of “TP” was minimum except for IDCT-C.

In “PCTPT-TA10” (“PCTPT-TA30”), the exper-
iments were iterated changing the values of the param-
eters manually until the test controller area constraint
was satisfied and the test length was shortened. As
a result, p, ¢, and r were set to appropriate values to
shorten test length with less than 10% (30%) additional
test controller area compared with “TP”.

Thus, the following (1), (2), and (3) are taken into
account.

(1) p affects the area of the FSM in the TPG.
(2) q affects the area of the MUX in the TPG.
(3) r affects the area of the Decoder in the TPG.

“PCTPT-TA10” shortened the test length by 4 to
36% with less than 10% additional test controller area
compared with “TP”. “PCTPT-TA10” could not find
the values of the parameters to shorten the test length
with less than 10% additional test controller area for
MPEG. “PCTPT-TA30” shortened the test length by
6 to 54% with less than 30% additional test controller
area compared with “TP”. As for IDCT-C, “PCTPT-
TA10” reduced the test controller area by 9% compared
with “TP”.

Table 10 shows the detailed area of the test con-
trollers. In Table 10, “T'G” denotes a test generation
method, “TA” denotes the test controller area, “TMR?”
denotes the area of the TMR, “TPR” denotes the area
of the TPR, “#State” denotes the number of states in
the FSM, “FSM” denotes the area of the FSM in the
TPG, “Decoder” denotes the area of the Decoder in the
TPG, and “MUX” denotes the area of the MUX in the
TPG. As for “PCTPT”, “TMR”, and “MUX” were
reduced, and “TPR”, “FSM”, and “Decoder” were in-
creased compared with “TP”. As for “PCTPT-TA10”
and “PCTPT-TA30”, by setting the appropriate value
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to p, the maximum value of the lengths of PCTPTs
was shortened, and “FSM” was reduced compared with
“PCTPT”. By setting the appropriate value to r, the
maximum value of the density degree of PCTPTs was
reduced, and “Decoder” was reduced compared with
“PCTPT”. By setting the appropriate value to g, the
maximum number of control signals where the values
in PCTPTs were supplied was reduced, “MUX” was re-
duced compared with “TP”, and “MUX” was increased
compared with “PCTPT”.

5. Conclusion

This paper proposed a test generation method using
several PCTPTs for RTL data paths with strong testa-
bility. The optimization problem for test plan group-
ing is also formulated using ILP to shorten test length
under a test controller area constraint. Experimental
results for practical RTL data paths show that the test
lengths are shortened by 4 to 36% with less than 10%
additional test controller area and the test lengths are
shortened by 6 to 54% with less than 30% additional
test controller area compared with the test generation
method using test plans.

The algorithm to find the optimum values of the
parameters is under development. In this paper, the
values of the parameters are manually set and test plans
are partitioned into some groups. We have shown that
it is possible to find the values of the parameters that
minimize the test length under a test controller area
constraint. Future work includes proposing an effec-
tive algorithm for finding the optimum values of the
parameters.
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