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Abstract

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 several
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 from a test controller.
This paper also proposes the architecture of a test controller
which can be synthesized 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 benchmarks 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.

keywords : test plan grouping, test controllers, test length,
partly compacted test plan tables, RTL data paths

1. Introduction

A design for testability (DFT) method [1,2] is important for
the design of reliable VLSI circuits. The important objectives
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 consumption constraints. Recently,
non-scan DFT methods [5,6] for RTL (Register Transfer
Level) design circuits were proposed to attain the
above-mentioned objectives. 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
operation modules) and signals, and the latter is represented
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 [5,6,7,8,9,10] for
data paths are based on a hierarchical test generation approach
[11] 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].
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In the former approach, test plans [9] for combinational
modules in a data path are generated using the normal function
of a controller. If test plans cannot be generated using 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 from the original
controller and the values of control signals added for DFT in a
test plan are supplied from the test registers [7]. In this DFT
approach, the test area for DFT is small, but the information of
normal data flow is required to generate test plans. The length
of each test plan depends on the normal function of a
controller. Thus, the test application time also depends on the
normal function.

In the latter approach, test plans are generated in order 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 from 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 focuses on the latter
DFT approach. In [5], a data path is strong testable [5,9] and a
test controller is a sequential 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 compacted test
plan table [12] was proposed. Test plans are compacted into a
compacted test plan table such that the length is minimized. In
other words, the method tests as many combinational modules
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.
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This paper will first discuss in section 2 the test lengths by
the test generation using test plans, and by the test generation
using a compacted test plan table (CTPT). Their test
controllers will also be discussed. Then, their problems are
revealed. In section 3, in order to solve these problems, a test
generation method using several partly compacted test plan
tables and the architecture of a test controller are proposed.
The optimization problem for a test plan grouping is
formulated using the integer linear programming (ILP) to
shorten the test length under a test controller area constraint.
In section 4, experimental results are shown. Finally, section 5
concludes this paper.

2. Test Controller and Test Length
2.1 Supply of Test Plans by a Test Controller

The architecture of a test controller proposed in [5] is
summarized. Figure 1 shows the test controller 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 Figure 1. Consider the test of a
combinational 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 (logzn—|, 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 7 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 i. 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 inputs 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 described. If a data
path has many test plans, the TPG is not synthesizable.

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=S(Li+1)x Ni), (1)
i=1

where L is the test length for data paths, » is the number of
combinational modules, L; is the length of a test plan for a
combinational module i (i = 1,2, ..., n), and V; 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 (1) shows that the test length for data
paths with strong testability becomes drastically longer as the
number of combinational modules and the number of gates in
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a combinational module increase.

Example 1: Table 1 shows the four test plans Ty, T,, T; and T,
for the combinational modules 1, 2, 3, and 4 in the data path,
respectively. P; shows the primary input of a data path and ¢,
Cy, C3, and ¢4 show the control signals of a data path. A test
plan has four kinds of values 0, 1, X (don’t care), and b. b is
the value which constitutes a test pattern to detect a fault in a
combinational module [12]. 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. 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 (1), (3+1)x 8+ (2+1)x 3+ (3+1)x 7+
(2+1)x 2 =75.

Test Controller
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Figure 1. Architecture of a test controller
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Table 1. Test plans

T, T,
Time[ Py | c;|co|cs|ca Time| Py | c;|cy|cs|ca
0 |b|O0]X|X]X 0 |b|X|X|X]X
1 b|X|X]|b|X 1 [ X|X]|b]|X]O0
2 | X[X]|X]0]X
T; T,
Time| Py | c,|co|cs|cy Time| Py | c; | co|cs]cy
0 [b|b]O]1]X 0O [b[O]O]1]Db
I | X[0o]1]X]X 1 [ XX XXX
2 | XX XXX
Table 2. CTPT
Time| P| ¢ | co|cs|cy
0 blO|O0O]1]Db
1 blb|O0]1]X
2 bl|Oo]|1]X]|X
3 blJ]O[b|X]|O
4 b|X|X]|b|X
5 X|IX|X[0]X

2.2 Supply of a CTPT by a Test Controller

All test plans are compacted using the algorithm proposed
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in [12], and a resultant CTPT is generated. Combinational
modules are tested using a CTPT.

Example 2: Table 2 shows the CTPT which is generated to
minimize the length from 4 test plans shown in Table 1.

Consider a test controller of a CTPT based on the test
controller shown in Figure 1. The TMR is unnecessary. The
TPG generates the values of control signals in a CTPT. The
number of states in the TPG is Lc¢rpr, where Lerpr 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 using the test
controller shown in Figure 2. In Figure 2, if the control input
values are reloaded into the TPR, the value of the reload signal
is 1, otherwise 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 testability using
this test controller is, then, given by

L=max(N;)X (Lcrprtl), 2

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

The area of the TPG is very large when Lcrpr 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.

1. The maximum number of test patterns for a
combinational module and the minimum number of test
patterns for the other combinational modules are very
different.

2. The number of combinational modules with the
maximum number of test patterns is small and the
number of combinational modules with the minimum
number of test patterns is large.

Example 3: In the CTPT shown in Table 2, the bit width of the
TPR is 4. The values of control signals can be loaded into the
TPR at time -1. 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 (2), 8 (6+1) = 56.

3. Test Generation Method Using Several Partly
Compacted Test Tables

In this section, a test generation method using several partly
compacted test plan tables is proposed to shorten test length
compared with the conventional methods described in section
2. The optimization problem for test plan grouping is
formulated using ILP.

3.1 Preliminaries

(Definition 1: Partly compacted test plan table)
A subset of a test plan set is compacted and the resultant one is
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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 4: Table 3 shows the two PCTPTs (PCTPT, and
PCTPT,). Four test plans shown in Table 1 are partitioned into
two groups (G; and G,), PCTPT, is generated from G;, and
PCTPT, is generated from G, by applying the algorithm
shown in [12].

Test Controller

£

PI (Data path)
TPR]

TP —
© eload signal

Reset
(Controllery

A y

Control signals (Data path)
Figure 2. Test controller with reload function

Table 3. Two PCTPT

PCTPT, PCTPT,
Time| Py | ci|cy]cs]cy Time| Py | ci| ey cs]cy
0 |by[bs]O] 1]X 0 [bsfO]O]1]by
1 |bfo]1]X]X 1 || X|X]|X]|X
2 | b [ X[X]|b | X 2 | X[X]|b| X]O
3 IX|X[X]0]X

Table 4. Drive control signal table

DC, DC,
Ci|C]C]¢C Ci|C]C]¢C
1{fofj1foO oOf1jo]1
DG, DC,
ci|ca|es|cy ci|cfcs|cs
1{f1]1]0 1]1]1]1
Decoder y
TMR
va »
GL, GNC, >
t] —>] FSM »| Decoder-G, > —>c,
—>] » H
Reset
GL; N GNC‘ MUX
Decoder-G; >
_ L e,
GL,| GNC,,
f Decoder-G,, >
TPR 4

Figure 3. Architecture of TPG

(Definition 2: Density degree)
The density degree DDr; 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.
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DDy, = i {(cOk + clk +cbr) X O}
k=1

where u is the number of control signals, c0; is the number of
0’s of the control signal ¢, in T}, c1; is the number of 1’s of the
control signal ¢, in T;, cby is the number of b’s of the control
signal ¢, in T;, and & is the 0-1 variable.
If one of the following conditions is at least satisfied, & is 0.
Otherwise, & is 1.

(C1) 0y and cby, are 0.

(C2) ¢l and cby are 0.

(C3) 0y and cl; are 0, and cby is 1.

Example 5: The density degrees DDy, DDr,, DDrs, and DDy
are 2, 0, 4, and 0, respectively.

(Definition 3: Drive control signal table)

The drive control signal table DC; for a combinational module
i shows the control signals where a test plan 7 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; represents flags to show whether T; is supplied to
control signals or not. The value of a flag for ¢, in DC; is
denoted by DC(c;). Thus, when there exists 0, 1, or b at any
time for a control signal ¢, in 7;, DC{c;) is 1. Otherwise,
DCi(cy) is 0.

Example 6: Table 4 shows the drive control signal tables DC;,
DC,, DC;, and DC, for the test plans Ty, T,, T3, and T4, shown
in Table 1, respectively.

3.2 PCTPT Generation and Architecture of TPG

A test generation method using several PCTPTs is proposed
to shorten test length. A test plan set is partitioned into m
groups Gj (j = 1, 2, ..., m, and m is the number of groups). A
CTPT for each group is generated. If 7; and T}, belong to G;j, N;
is maximum, and (; — N, ) is small, the test length is
drastically improved, where T}, T}, N;, and N, are the test plan
for module i, the test plan for module /, the number of test
patterns for module i, and the number of module #,
respectively.

The architecture of the TPG in a test controller is proposed
to synthesize the TPG in a reasonable time. Figure 3 shows the
architecture. The TPG consists of the FSM, the Decoder, and
MUX. When the number of states in the FSM is large and the
number of control signals is large, the area of the Decoder
drastically increases. Therefore, it is very difficult to
synthesize the TPG. In Figure 3, the Decoder is divided into m
decoders for each PCTPT. Let GL; be the length of PCTPT;,
Decoder-G; be a decoder for PCTPT; and GNC; be the number
of control signals where the values in PCTPT; are supplied.
The MUX is an array of multiplexers. The Decoder consists of
mis the 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;. iGNC/ affects the area of

=1

the MUX. Thus, the test controller area and test length for data
paths can be reduced by considering the test plan grouping.
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3.3 Test Plan Grouping Method

In this subsection, the optimization problem for test plan
grouping is formulated using ILP as follows.

(1) Input

(a) n test plans 7; and the number of test patterns N;
(1<i<n, n is the number of test plans)

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

(c) Constraint ¢

g means max (GNC)). (max ( Y DC(cr))<q<u, u is the
J i k=1

number of control signals in a data path)
GNC,; is given by the following equation.

GNG;= kZi)I«XU X DC(cy))
=t

The following 0-1 variable Xj; is defined as an ILP variable.
X; =1 (Ti belongs in G;j), X;; = 0 (Otherwise)
(d) Constraint p

pmeans max ( i}j(ng xL)). (max (L) <p< YL
Jj i= i i=1

(e) Constraint »
All test plans in Gj are concatenated, the resultant one is
referred to as a concatenated test plan of Gj, and it is
denoted by CT;. 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
CTa”.
rmeans max (DDCT/) ( max (DDTI) <r< DDCTuI[)
J i
(2) Output
m test plan sets G; (1 <j <m)
(3) Optimization: minimize the following cost function F
F= Y Y ((MAXTP;— Ni)x Lix Xj)
Jj=li=1
MAXTPj=max (X; X N))

Constraints
(cl) max(GNC)<gq

(¢2) max ( é(X" xL))<p
(¢3) max (DDcp) <r
(c4) $x=1

(c5) X >1

i=1

The cost function F is the total sum of the length of
unnecessary test sequence for each combinational module and
it is expected that the test length is reduced by minimizing F.
(c1) means that the maximum output number of Decoder-G; in
the TPG is less than or equal to ¢. The area of the MUX in the
TPG is reduced by adjusting g. (c2) means that the maximum
value of the total sum of each test plan length in Gj is less than
or equal to p. The area of the FSM in the TPG is reduced by
adjusting p. (c3) means that the maximum value of the density
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degree of G; is less than or equal to r. The area of the Decoder
in the TPG is reduced by adjusting r. (c4) means that a test
plan T; belongs to only one group. (c5) means that G; is not
empty.

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 combinational module
jG=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 combinational module j. The test length for a
data path circuit with strong testability is given by

L= i}MA_XTP/XLPCTPT/ , 3

J=1

where  MAXTP= max (Xj X N;), Lecrer, 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 circuit.

Example 7: In the PCTPTs shown in Table 3, the bit width of

the TPR is 2. The values of control signals are loaded into the

TPR at time —1. The number of states in the FSM is 4 because

the length of max (Lecrer; ) is 4. The test length for the data
1

path is, according to equation (3), 8 X (4+1)+3 X (3+1)=52.
4. Experimental Results

In this section, the experimental results of the test
generation 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 [, Frequency: 1GHz,
and Memory: 512Mbyte.

The characteristics of the practical RTL data paths with
strong testability are shown in Table 5. Circuit, #PI, #PO, #CS,
#ST, #R, #M, and |bit| denote the circuit name, the number of
primary inputs, the number of primary outputs, the number of
control signals, the number of status signals, the number of
registers, the number of combinational modules, and the bit
widths of data path signals, respectively. The logic synthesis
was performed using the Design Compiler® of Synopsys and
the test generation for each combinational module was
performed using the TetraMax® ATPG of Synopsys.

The proposed method was compared with three
conventional methods: the test generation method using test
plans [5], and the test generation method using a CTPT [12].
In the test generation method using a CTPT, the test controller
area could not be synthesized for three data paths. 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 6, Circuit denotes circuit name, “PCTPT” shows
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the experimental results of the test generation method using
several PCTPTs, “PCTPT-TA10” shows the experimental
results of the test generation method using several PCTPTs
with less than 10 % additional test controller area,
“PCTPT-TA30” shows the experimental results of the test
generation method using several PCTPTs with less than 30 %
additional test controller area, “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 using a CTPT [12]. In Table 6, m denotes the number
of groups, TL denotes the test length for data paths, and TA
denotes the area of a test controller. Rty and Ry of “PCTPT”
are defined as follows. Ry, and Rqa of “PCTPT-TA10”
(“PCTPT-TA30”) are also defined in the same way as those of
“PCTPT”. p, g, and r are parameters.

Rr=(TL of “TP” — TL of “PCTPT”) / TL of “TP”
Ra=(TA of “PCTPT” — TA of “TP”) / TA of “TP”

In “PCTPT”, p, ¢q, 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 “TP”. However, 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.

In “PCTPT-TA10” (“PCTPT-TA30”), p, ¢, and r were set to
optimum values to shorten test length with less than 10 %
(30 %) additional test controller area compared with “TP”.
The values of these parameters were determined taking the
following (1), (2), and (3) into account.

(1) p affects the area of the FSM in the TPG.
(2) gq 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 % compared with “TP”. As
for MPEG, “PCTPT-TA10” reduced the test controller area by
9 % compared with “TP”.

Table 5. Characteristics of RTL data paths

Circuit #P1L #PO #CS #ST #R #M bit|
RISC 32 96 177 5 47 115 32
DCT 96 224 112 2 22 312 32
IDCT 96 224 135 6 27 349 32

MPEG 56 128 589 0 241 368 8

Table 7 shows the detailed area of the test controllers. In
Table 7, “TG” 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
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“TPR”, “FSM”, and “Decoder” were increased compared with
“TP”. As for “PCTPT-TA10” and “PCTPT-TA30”, by setting
the value of p to the optimum value, the maximum value of
the lengths of PCTPTs was shortened, and “FSM” was
reduced compared with “PCTPT”. By setting the value of r to
the optimum value, the maximum value of the density degree
of PCTPTs was reduced, and “Decoder” was reduced
compared with “PCTPT”. By setting the value of g to the
optimum value, the maximum number of control signals
where the values in PCTPTs were supplied was reduced,
“MUX” was reduced 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 path. The optimization problem for test
plan grouping 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. Future work
includes proposing an effective algorithm for finding the
optimum values of the parameters.
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