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Abstract

A non-scan design for testability method is pre-
sented for synchronous sequential circuits. A testabil-
ity measure called conflict based on conflict analysis
in the process of synchronous sequential circuit test
generation is introduced. Reconvergent fanouts with
nonuniform inversion parity is still one of the main
causes of redundancy and backtracking in the process
of sequential circuit test generation. A new concept
called sequential depth for testability is introduced to
calculate the conflict-analysis-based testability mea-
sure. Potential conflicts between fault effect activa-
tion and fault effect propagation are also checked be-
cause they are closely related. The testability mea-
sure implies the number of potential conflicts to oc-
cur or the number of clock cycles required to detect
a fault. The non-scan design for testability method
based on the conflict measure can reduce many po-
tential backtracks, make many hard-to-detect faults
easy-to-detect and many redundant faults testable,
therefore, can enhance fault coverage of the circuit
greatly. It is believed that non-scan design for testabil-
ity using the conflict measure can improve the actual
testability of a circuit. Extensive experimental results
are presented to demonstrate the effectiveness of the
method.

1 Introduction

Test generation for highly sequential circuits is
quite complex. Design for testability for sequential
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circuits is very essential. Full scan design arranges all
flip-flops in a chain when the circuit is being tested,
and values of state lines are scanned in before each
test and scanned out after each test. Values of the
state lines can be controlled and observed completely
by using full scan. Therefore, full scan reduces the
test generation problem to the combinational circuit
test generation problem. An attractive alternative to
full scan design is partial scan design, in which only a
subset of the flip-flops is placed in a scan chain. De-
lay, area overheads and test application time can be
reduced. Test application time is higher than that in
a non-scan design due to shifting tests and responses
through scan chains. However, test application can be
reduced by using parallel scan chains with the cost of
more extra pins. Scan design can only insert control
and observation points into state lines and outputs of
flip-flops. Greater testability improvement can be ob-
tained when test points are inserted into other internal
lines.

Non-scan design can provide at-speed test, low test
application cost, and effectively enhance testability.
Test point insertion have been extensively used in var-
ious issues of design for testability. Hayes and Fried-
man [12] and Saluja and Reddy [19] proposed insertion
of test points in a combinational circuit as means to
make the circuit fully testable by a test set of small car-
dinality. Fujiwara et al. [8] and Pradhan [16] proposed
the use of extra inputs to simplify testing by aug-
menting a machine so that it contains the synchroniz-
ing sequence and the distinguishing sequence, through
which an easily testable sequential machine can be de-
signed. Recently, papers [6,14] presented techniques
to achieve complete fault efficiency by modifying the
state transition table of a sequential machine, which
can make all hard-to-reach states easily reachable.

Recent liturature [4,5,10,17,18,21,24] tend to place
test points based on testability analysers. Chicker-



mane, Rudnick, Banerjee and Patel [18] presented a
greedy procedure to load flip-flops at data inputs of
flip-flops and place observation points at any inter-
nal nodes using SCOAP [11]. Control points at data
inputs of flip-flops can make the loaded flip-flops to
be combinational elements like scan design. Rudnick,
Chickermane and Patel proposed a hard-fault-oriented
observation point insertion method to enhance testa-
bility and provide at-speed test by combining an alias-
ing minimization technique [17]. Tamarapalli and Ra-
jski [21] presented a multi-phase test point insertion
method in a scan-based environment using a proba-
bilistic estimation of testability gain of the remaining
hard fault set of the previous phase, which can ob-
tain complete or near-complete fault coverage. Cheng
and Lin [4] proposed a timing-driven test point place-
ment method based on the COP measure and a special
testability gain estimation method called gradient ap-
proach.

Most of the above methods used the classic testa-
bility measures just like SCOAP [11] or COP [3]. The
measures did not cope with the influences of recon-
vergent fanouts well. However, reconvergent fanouts
have great effects on testability. Additionally, the
COP measure [3] is unable to handle sequential cir-
cuits. It is essential to present a good testability mea-
sure which can reflect the actual testability of a circuit
in the process of test generation. Dey and Potkon-
jak [7] introduced a new testability measure called
k—level controllability /observability to break cycles of
the EXU s—graph for RTL circuits. Test multiplex-
ers were inserted to avoid equal weight reconvergent
fanouts. Ghosh, Raghunathan, and Jha [10] proposed
a non-scan design for testability of RTL circuits us-
ing a testability measure independent of data path
widths. Xiang [23] proposed a testability measure
called SCTM for combinational circuits by intensively
checking potential conflicts of justification and fault
effect propagation. SCOAP was replaced by SCTM to
guide test pattern generation in the FAN algorithm [9].
Experimental results showed that SCTM outperforms
SCOAP for most of the iscas85 circuits.

We shall propose a conflict-analysis-based measure
for synchronous sequential circuits. Test points ac-
cording to the conflict-analysis-based measures are
placed in order to reduce as many as possible poten-
tial conflicts, or make as many as possible redundant
faults testable. A couple of techniques are utilized to
estimate the testability measure in order to emulate
the actual testability of a sequential circuit during test
generation: inversion parity and sequential depth for
testability are used to analyse potential conflicts dur-

ing test generation of a synchronous sequential circuit;
potential conflicts between fault effect activation and
fault effect propagation signal assignments are checked
because fault effect activation and fault effect propa-
gation are closely related [20].

2 Preliminaries

We introduce some definitions and notation of the
paper first. A signal requirement is a 2-tuple (A4,v),
which means a node A is required to be assigned a
value v, where v € {1,0, x}. The non-controlling
value v of inputs of a gate with an output y is that the
value of y can be determined only when all inputs are
set v; the output y of the gate can be determined if
only one of its inputs is set the controlling value. We
define the selecting-all-value of the output of a gate
as the value which needs to set all inputs of the gate
as the non-controlling value; the selecting-one-value of
the output of a gate is the value which needs to set
only one of the inputs of the gate as the controlling
value.

Definition 1 A conflict is defined as follows: A linel
is assigned value v, in the previous process of test gen-
eration, | needs to be assigned value v'. If intersection
of v and v' produces a new covered value, the line [ is
assigned v N v'; otherwise, a conflict occurs on .

When all assignments are necessary, a conflict indi-
cates the fault under consideration is redundant; oth-
erwise, it can be resolved by backtracking. The main
cause of conflicts is still reconvergent fanouts with
nonuniform inversion parities.

Definition 2 Inversion parity of a path is defined as
the number of inversions in the path modula 2. Inver-
sion parity inv, (B, A) (v € {0,1}) from node A to B
is defined as a two binary bit number: (1) 00, (2) 01,
(3) 10, (4) 11, which means: (1) there is no path from
A to B or no signal requirement on node A in order to
meet signal requirement (B,v), (2) the easiest way to
Justify (B,v) passes only a path of odd inversion par-
ity from A to B, (3) the easiest way to justify (B,v)
passes only a path of even inversion parity from A to
B, (4) the easiest way to justify (B,v) passes at least
one path of even inversion parity and one path of odd
inversion parity from A to B, respectively.

Definition 3 Sequential depth for testability seq,(l,s)
(v € {0,1}) from a fanout stem s to a linel is defined
as the number of clock cycles required to justify a signal
requirement (I,v) at the line | to the fanout stem s in
the easiest way.



When seq,(l, s) = 0, it indicates the easiest way to
justify the signal requirement (I,v) has no signal re-
quirement on the fanout stem s or the easiest way to
justify the signal requirement passing no flip-flop. It
should be noted that sequential depth for testability
is quite different from sequential depth that consid-
ers only the circuit structure. i-controllability C(i)
of node [ should reflect the potential number of con-
flicts (or possibility to cause conflicts) and the num-
ber of clock cycles required in order to justify a signal
requirement (,i), where i € {x,0,1}. The easiest
fault effect propagation (EFEP) path for the conflict-
analysis-based measure is the easiest path to propa-
gate a fault effect D or D on a node to a primary
output. We define different observabilities for differ-
ent fault effects D and D. Lines outside of the EFEP
path that feed the gates in the EFEP path are called
sensitization lines. The EFEP path can be partitioned
into stem segments, where a stem segment is the path
segment between two fanout stems. v— Observability
O4(v) (v € {D, D}) reflects the number of conflicts
(or possibility to cause conflicts) or the number of
clock cycles required to propagate a fault effect v along
the EFEP path. We would like to calculate sequential
depth for testability and inversion parity from fanout
stems which can reach the line under consideration.
Calculation of inversion parity includes testability con-
sideration. Therefore, we define inwv,(l, s) as the inver-
sion parity between [ and s in the easiest way in order
to set value v on [. Assume “— " is the bitwise
NOT operator in Procedure 1.

Procedure 1 (inversion parity)

1. If line [ is a fanout branch steming from s (or s’),

e e
im}v(l,s)Z{ 10 if ' is s;

inv,(s',s) otherwise

2. If line [ is the output of an inverter with input i,
let v € {0,1}

invy(l,s) = W if inv,(i,s) =10 or 01
ST inwy iy ) if dnwy (i, s) = 00 or 11

3. If line [ is the output of a D flip-flop with input ¢,
for v € {0,1}

invy(l, s) = inv, (i, s)

4. Let line [ be the output of an AND or OR gate
with inputs i1,%s,...,%,, where v and v; are the
selecting-all-value and the selecting-one-value of
the gate, respectively.

invy(l,8) = invy (i1, s) V... Vinvy(in, s)

where “V” is the bitwise OR operator of the bi-
nary numbers.

Ny, (1, 8) = invy, (i, s)

where i, is the easiest input of gate [ to be con-
trolled to value vy.

5. Let line [ be the output of a NAND or NOR
gate with inputs i1,49,...,0n, v € {0,1} is the
selecting-all-value of the gate, and v; is the
selecting-one-value, we have

tem = invg(iy, s) V...V invg(iy, s)

inve(l, s) = tem if tem =01 or 10
v tem if tem = 00 or 11

invy, (1, 8) = invg(ig, s)

where i; is the easiest input to be controlled to
the controlling value.

We use the following procedure to calculate the se-
quential depth for testability from a fanout stem for a
line [ which is a predecessor of [. We have seq,(l,s) =0
if [ is unreachable from fanout stem s.

Procedure 2 (sequential depth for testability)

1. If a line [ is a fanout branch, for v € {0,1},

0 ifs'is s
seqy(l,s') otherwise

entt~

2. If line [ is the output of an inverter with input 4,
seqy(l,s) = seqy(i, s)
3. If line [ is the output of a D flip-flop with input 1,
seqy(l,s) = seqy,(i,s) + 1

4. Let line [ be the output of an AND,OR,NAND, or
NOR gate with inputs i1,42,...,%,, v1 and vs be
the selecting-all-value and the selecting-one-value
of the line [, and wvs, vs be the non-controlling
and controlling values of the gate, respectively.
Let input ¢ be the easiest input to be controlled
as the controlling value,

maz(seqy, (i1,8), . . ., $€qu, (in, S))

seqy, (i, 5)

seqy, (1, 3)
seqy, (1, 5)



Sequential depth for testability is different from the
sequential depth only according to structural analysis.
It should be noted that seqo(l, s) and seqy (I, s) are not
always the same, and seqq(l, s) and seq; (I, s) are both
set as 0 when [ is unreachable from s. When a cycle
is met, iterative calculation of the sequential depth for
testability may be necessary. Assume iy,1is, ..., i, are
inputs of an AND gate with output [. Let i be the
easiest input to be controlled as the controlling value,

seqi(l,s) = max(seqi (i1, s),...,seq(in,s))

seqo(l,s) = seqo(i,s)

3 The Conflict-Analysis-Based Measure
conflict

Influences of inversion parity, and sequential depth
for testability on testability are illustrated in this sec-
tion. Calculation of conflict is also introduced.

3.1 Controllability of the conflict Measure

The conflict measure penalizes controllability at the
reconvergent points of fanouts with nonuniform inver-
sion parity and equal sequential depth for testability.
In order to get a more accurate analysis, we need to
calculate inversion parity from a fanout stem s to lines
which are reachable from s before its final reconvergent
point as introduced in the above section. In sequen-
tial circuits, sequential depth for testability of different
paths should be considered.

Let us consider the example in Fig. 1(a). We
have seqo(i,a) = seqo(j,a) = 1. The inversion par-
ities of the above two paths are nonuniform, that is,
invg(i,a) = 01 while invg(j,a) = 10. The signal re-
quirement (k,0) at node k needs to assign both ¢ and
j as value 0. The signal requirement (i,0) needs to
meet signal requirements (g, 1) and (e, 1). The signal
requirement (e,1) needs to meet the signal require-
ments (¢, 1), which must assign value 1 on both a and
b. Simultaneously, the signal requirement (j,0) equals
to (f,1) and (h,1). The signal requirement (f, 1) needs
to assign value 0 at line a or b. A conflict should oc-
cur at a or b. Therefore, 0—controllability C(0) of
line k should be penalized. Let us consider the circuit
presented in Fig. 1(b). Line k can be assigned value 0
without any conflict. We can do that by the following
steps: lines a and b are assigned value 1 in the first
clock cycle; line a is assigned 0 while lines g and h are
assigned 1 in the second clock cycle.

When there is an easy-to-control node in one of
the reconvergent fanout paths, that path seems to be

Figure 1: Conflict analysis by signal requirement justifi-
cation

cut. The selecting-all-value signal requirement will not
cause any conflict at the fanout stem. As for the circuit
presented in Fig. 1(c), there is an easy-to-control input
in feeding the gate d. It looks like the path a—d— f—j
being cut. We have invg(j,b) = invg(j,a) = 00. The
signal requirement (k,0) at line k can be justified with-
out any conflict. However, we do not need to check
whether there exists one or more easy-to-control node
in a path, which has been included in calculation of
inversion parity and sequential depth for testability.

We would like to use the circuit as shown in Fig. 2
to illustrate how inversion parity and sequential depth
for testability have great effects on controllability. We
would like to show there still exists no conflict even
though inversion parities of two reconvergent fanout
branches are different if the sequential depths for testa-
bility of them are different. Let us consider activation
of the fault 15/0. Lines 14 and 5 must be assigned
value 0 in order to activate the fault. The easier way
to set 14 as value 0 is to set 13 as value 0. The easier
way to set 10 as value 0 is to set value 0 on line 8. It is
necessary to set value 0 on line 17 in order to set value
0 on line 5, to meet which line 8 must be assigned
value 1. It seems a conflict on line 8 occurs because
invg(14,8) # invy(5,8). Actually, there is no conflict
on fanout stem 8 because seqo(5,8) # seqo(14,8). We
can easily set value 1 on line 15 in the following way:
set value 0 on primary input 1 in the first clock cycle;
set value 1 on primary input 1, and value 0 on primary
input 2 in the second clock cycle. The fault 15/0 can
be activated successfully after two clock cycles.

We can calculate the conflict measure as follows.
Consider a 2—input AND gate with inputs A, B, and
an output y,

Cy(0) = min(Ca(0),Cp(0)) (1)
Ca(1) +Cp(1) +p (2)
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Figure 2: Different delays cause no conflict

where p = 10 - n, n is the number of fanouts s with
invi (A, s) # invi(B,s) and none of them is 00, also
seqi (A, s) = seqi(B, s). Let y be the output of an OR
gate with inputs A and B, we have,

Cy(0) = Ca(0)+Cp(0) +p (3)
Cy(1) = min(Ca(1),Cp(1)) (4)

where p can be obtained like that of an AND gate. Let
i be the input of an inverter with output y,

Cy(v) = Ci(v) (5)

where T = 0, 0 = 1, and v € {0,1}. Consider a D
flip-flop with an input 7 and an output y,

Cy(v) =Ci(v) +10 (v e {0,1}) (6)

Calculations of other types of gates are similar. It
should be noted that conflict penalizes the selecting-
all-value controllability. = When a sequential loop
is met, iterative calculation should be invoked like

SCOAP [11].
3.2 Observability of the Conflict Measure

Observabilities are calculated assume a fault effect
is propagated along the easiest fault effect propaga-
tion path. We shall still use inversion parity to calcu-
late observability. conflict considers interdependences
among signal requirements on the sensitization lines
between two fanout stems along the EFEP path. In-
version parity and sequential depth for testability are
two important factors of potential conflicts.

Consider the circuit shown in Fig. 3(a), there exists
no conflict at b in order to propagate the fault effect of
the fault a/0 because the sequential depths for testa-
bility of the paths b — by, b— ¢ and by — d are 0, 1 and
0, respectively. If we want to propagate the fault ef-
fect of the fault d/0 in Fig. 3(b) to h, ¢; and f should

a/0
© (d)

Figure 3: Conflict analysis for fault effect propagation

be assigned value 1 and 0 respectively. The sequen-
tial depths for testability of the paths ¢ —e, e — h, and
c— fare0, 1, and 1, respectively. Therefore, a conflict
should occur at ¢ in order to propagate the fault ef-
fect from d to h. When there exists an easy-to-control
node in the path from one of the sensitization lines to
a fanout stem, a conflict can be avoided. As shown
in Fig. 3(c), e and f should be assigned 1 and 0, re-
spectively in order to propagate the fault effect from
a to h. The signal requirement (f,0) can be met by
controlling line ¢ as value 0. Therefore, there should
be no conflict at b when propagating the fault effect
from node a to node h. The circuit shown in Fig. 3(d)
is another conflict example. The sequential depths for
testability of the paths b—e, e —g and b —d — f are
1, 0, and 1, respectively. invi(e,b) # invo(f,b), and
a conflict must occur at b when propagating the fault
effect from a to h.

Let us consider fault effect propagation of the fault
2/0 along the EFEP path 2 — 13 — 14 — 15 — 16 in
the circuit as shown in Fig. 2 again. Line 10 must
be assigned value 0 in order to propagate the fault ef-
fect from node 2 to 13. The easier way to set value
0 on line 10 is to set value 0 on line 8. Line 12 must
be assigned value 1 in order to propagate the fault
effect from line 13 to 14, which can be met by as-
signing value 1 on primary input 3. Line 5 must be
controlled to value 0 in order to propagate the fault
effect from line 14 to 15, which can be satisfied by as-
signing value 1 to the fanout stem 8. Line 8 must be
controlled to value 0 and value 1 in order to propa-
gate the fault effect of the fault 2/0 to the primary
output. It seems there should be a conflict at line
8 because invy(10,8) # invg(5,8). Actually, there is



no conflict on line 8 because seqy(10,8) # seqo(13,5).
We can propagate the fault effect of the single stuck-at
fault 2/0 to the primary output by using the follow-
ing scheme: primary input 1 is set as value 0 at the
first clock cycle; primary inputs 1 and 3 are both con-
trolled to value 1 at the second clock cycle. Therefore,
the fault effect of the fault 2/0 can be propagated to
the primary output successfully without any conflict.

We must check the potential conflicts between the
fault effect activation signal requirements and the fault
effect propagation signal requirements. According to
the conventional testability measures, fault effect ac-
tivation and fault effect propagation are considered as
two separate events. Savir pointed out good controlla-
bility and good observability do not always guarantee
good testability [20] using previous measures. How-
ever, the fault effect activation problem and the fault
effect propagation problem are closely related. Ob-
servability is calculated in conflict consider the fault
effect is propagated along the EFEP path. Conflicts
between the signal requirements of fault activation and
signal requirements of sensitization lines should also be
included. As shown in Fig. 4, lines a and b should be
assigned 1 in order to activate the single stuck-at fault
¢/0. Lines d, f, and h should be assigned 1, 0, and
1, respectively in order to propagate the fault effect
from ¢ to i. Concurrent justification of the signal re-
quirement (a, 1) and one or more of the signal require-
ments (d, 1), (f,0), and (h, 1) may cause conflicts at a
fanout stem s. It should be noted that observability
estimation based on the above scheme does not in-
clude potential conflicts between signal requirements
(a,1) and (b, 1). Controllability estimation as stated in
the above subsection only considers potential conflicts
between signal requirements (a,1) and (b,1). When
invi(a,s) # invy(h,s), or invi(a,s) # invi(f,s), or
invy(a, s) # inve(d, s), and sequential depths for testa-
bility of the corresponding paths are equal, a conflict
occurs. We consider potential conflicts between fault
effect activation and the sensitization signal require-
ments corresponding to the first stem segment in the
EFEP path of the fault.

The observability measure of the conflict measure
is calculated as follows. Let [ be a primary output
of the circuit, O;(v) = 0, v € {D,D}. Consider the
fault effect is propagated along the EFEP path. Po-
tential conflicts are checked between two neighboring
fanouts in the EFEP path. It should be noted that
the EFEP path with respect to conflict is available
because observability of conflict is calculated from pri-
mary outputs to inputs step by step. As shown in
Fig. 4, consider the fault effect of ¢ is propagated along

Figure 4: Conflict between fault effect activation and
propagation

c—e—g— sy, justification of signal requirements (a, 1),
(d,1), (f,0) and (h,1) may cause a conflict at a fanout
stem s. We can get the number of potential conflicts
of fault effect propagation as follows. Firstly, we check
whether the signal requirement (a,1) and (d, 1) cause
conflicts according to inversion parities of the sensi-
tization lines. If so, the observability measure is pe-
nalized. We then check whether the justification of
the signal requirement (f,0) and (h,1) cause conflicts
with the previous processed signal requirements.

O,(v) = 04, (v) + C4(1) + Cr(0) + CL(1) +p  (7)

where p = n- 10, n is the number of potential conflicts
when propagating the fault effect from ¢ to sy, Ap =
ny - 10, and n; is the number of potential conflicts
between two of d, f and h, and conflicts between a
and one of d, f, and h. Let [ be the output of a D
flip-flop with an input 1,

Oi(v) = Oi(v) + 10 (8)

4 Test Point Insertion

We have presented the conflict-analysis-based mea-
sure conflict in the above sections. Calculation of the
conflict measure can be finished in O(F' - N) time (F
and N represent the number of lines and the num-
ber of fanouts, respectively). The proposed non-scan
design for testability method utilizes only the conflict
measure, which is independent of any test pattern gen-
erator and fault simulator. Test point insertion based
on the conflict measure tries to reduce as many as
possible potential conflicts in the process of test gen-
eration, which can make many hard-to-detect or re-
dundant faults easily testable. Therefore, we can say
the proposed test point insertion scheme can enhance
fault coverage directly. A circuit-state-information-
based testability measure was also introduced to select
scan flip-flops effectively [23], in which information of



Figure 5: Mux-based DFT circuit

potential conflicts is included in the circuit states ob-
tained by logic simulation. Scan flip-flop selection tries
to reduce as many as possible potential conflicts and
make as many as possible hard-to-reach states easy-
to-reach.

Three separate classes of test points: 1—control (an
OR gate with an extra input), O—control (an AND
gate with an extra input), and observation points are
inserted into the circuit based on the conflict measure.
Conlflicts can be avoided by inserting test points. Test
points are selected based on the conflict measure and
the following testability gain function

TG =) (ACI(Q) + LO0i(v)) (9)

l/i€F

where i = 0ifi = 1,7 =1ifi =0; v =D ifi =1,
v =Difi =0 AC() and AO,(v) represent re-
duction of i—controllability and v—observability, re-
spectively. Potential conflict reduction between fault
effect activation and fault effect propagation has been
included in AO;(v).

Procedure 3 (Test Point Selection)

1. Calculate the conflict-analysis-based measure conflict
of the circuit as stated in section 3;

2. choose the lines with the hard faults and their imme-
diate successors and predecessors as test point candi-
dates (TPC) on the basis of conflict,

3. using the selective tracing scheme to recalculate testa-
bility gains when inserting three separate classes of
test points into all nodes in the TPC set;

4. select the best place and the best type of test point
according to the results obtained in step 3; insert the
corresponding test point into the selected node; up-
date testability of the circuit using the selective trac-
ing scheme;

5. if all test points have been inserted, generate tests
of the DFT circuit, end the procedure. Otherwise,
update TPC set, go to step 3.

The selective tracing scheme adopted in steps 3 and
4 can be illustrated as follows: when controllability of

Figure 6: Test circuit with conflict-analysis-based DFT

a line changes, controllability of the immediate succes-
sor(s) of the line should be updated; when observabil-
ity of a line changes, observability of the immediate
predecessor(s) of the line should be updated; when
controllability of an input of a gate changes, observ-
ability for other inputs of the gate should be updated.

Test multiplexers are not inserted into the test
point directly, which are connected with the control
input of the conventional test point. One input of the
multiplexer is connected with a PI, another input of
the multiplexer is connected with a constant (1 for
0—control test point, 0 for 1—control test point) as
shown in Fig. 5. The reason is that signals of the sub-
circuit connected with the test points in the original
circuit cannot be blocked during ATPG and testing.
The control input of all test multiplexers can also be
thought of as a regular PI, which may cause a lot of
conflicts at that line because all test multiplexers are
controlled by the same test input. New reconvergent
fanouts may be generated by the control points in-
serted.

Dey and Potkonjak [7] proposed a non-scan de-
sign for testability based on k—level controllabil-
ity /observability for RTL circuits, in which a scheme
to avoid generating equal weight reconvergent fanout
regions when inserting test multiplexers and connect-
ing them with the same PI port. It is more possible for
different control points to share the same PI for gate-
level circuits. We have shown that conflicts can still be
avoided even though a reconvergent fanout is an equal
weight one in Section 3. When the number of control
points is greater than the number of PIs, more than
one control point can be connected with the same PI.
To avoid conflicts generated by the newly introduced
reconvergent fanouts, a couple of effective techniques
are utilized to connect the extra input of a control test
point with a PI, and make a PI shared by more than
one control test points if necessary.

A control test point can also be connected with an
easy-to-control node in the circuit as stated in [5,18].
As shown in Fig. 5, C}.3 are three subcircuits. Three
test points are inserted into A, B, and E, respectively.



An 1—control test point inserted into E is connected
with node GG, which can be easily controlled to 1.

Each PI can be shared by test points inserted into
A and B, which generates a new reconvergent fanout.
Signal requirement (I, 0) does not cause any conflict at
PI because seq; (G, PI) # seqi(A, PI). The extra in-
put of the 1—control point at node FE is connected with
node GG, which generates a new reconvergent region
at node G. However, signal requirement (L,0) does
not cause any conflict at node F' because seqy(J, F') #
seqo(K, F) although invg(J, F') # invo(K, F).

Consider a signal requirement (I, 0). Both of A and
G should be assigned value 1 in order to meet (I,0).
(A, 1) can be satisfied by (PI,0), while (G, 1) can be
met by assigning value 0 on PI. Therefore, no conflict
occurs on PI because of the newly generated recon-
vergent fanout. Consider another signal requirement
(L,0). Lines J and K should be assigned 0. Line G
should be assigned 0 in order to meet (J,0). Line G
should be assigned 1 in order to meet (K,0). Line
G can be assigned 1 and 0 in two sequential clocks,
respectively. Therefore, no conflict occurs at G.

The exclusive-or chain scheme is adopted in all ex-
periments of this paper. There may exist some aliasing
when the number of observation points is large and a
single exclusive-or chain is utilized [17]. It is found
one or two exclusive-or chains are sufficient to avoid
aliasing.

5 Experimental Results

A system called nscan has been completed to im-
plement the non-scan design for testability method on
E3000 server using C language. Table 1 shows the
HITEC [13] ATPG results on the DFT method for al-
most all iscas89 and iscas93 circuits. In table 1, tp
and op represent the number of test points inserted
and the number of introduced extra pins. FC and TE
represent fault coverage and test efficiency of a cir-
cuit, respectively. cpu and wvec represent ATPG time
(seconds) and the number of test vectors generated by
HITEC, respectively.

The system nscan obtains 100% or near 100% test
efficiency for almost all ISCAS and the synthesized
circuits except s38417 by inserting reasonable number
of test points. More than 90% fault coverage has been
obtained for all circuits except s38417.

The system nscan gets good fault coverage and
test efficiency for hard-to-test circuits $526, s526n,
89234, 513207, 515850, s15850.1, 38584, and $38584.1
as shown in Table 1. HITEC gets 80.5% fault cover-
age and 82.7% test efficiency after 580 test points have

been inserted into s38417 by nscan.

Papers [5,18] presented results of quite a few cir-
cuits. Therefore, a system called opus-ns has been im-
plemented according to the method proposed in Chick-
ermane, Rudnick, Banerjee and Patel [5,18]. As for
opus-ns, npi (the number of PIs) flip-flops of the cir-
cuit are loaded at the data inputs of the flip-flops, and
nitp — npi observation points are then inserted. It is
shown that nscan consistently gets better fault cov-
erage and test efficiency than opus-ns except circuits
$386, and s4863.

The system nscan reaches much better fault cover-
age and test efficiency than opus-ns for circuits s526,
$526n, s1423, $9234, 13207, s15850, s15850.1, s38417,
s1512, s3330, and s3384 as shown in Table 1. Opus-
ns and nscan get the same fault coverage for circuits
s641, 5820, s832 and s1196. The system nscan obtains
better fault coverage and test efficiency than opus-ns
for all remaining circuits.

Like other sequential test generators, HITEC needs
a long sequence of test vectors to cover a hard-to-
detect fault. Nscan makes a couple of hard faults
testable. This is the most important reason why nscan
generates more test vectors than opus-ns for a number
of benchmark circuits. Pin overhead for all DFT cir-
cuits in experiments of this paper is no more than 3 for
all circuits, which includes one extra control input for
all test multiplexers and one or two extra outputs for
outputs of the exclusive-or chains. Constants 1 and 0
related to all test multiplexers can be connected with
set or reset inside a chip or a system-on-a-chip. No
constant multiplexer is inserted in experiments of this
paper. Test points can be inserted to avoid critical
paths if necessary. However, only control test points
in this approach contribute to delay overhead. The
system nscan inserts fewer control points than obser-
vation points for the largest circuits.

6 Conclusions

A non-scan design for testability for synchronous
sequential circuits was proposed using a conflict-
analysis-based testability measure. A testability mea-
sure called conflict based on conflict analysis during
test generation was introduced. Reconvergent fanouts
with nonuniform inversion parity is still one of the
main causes of conflicts in the process of sequential
circuit test generation. The testability measure im-
plies the number of potential conflicts to occur to gen-
erate a test for a specific fault. A couple of schemes
were adopted in the above measure to emulate the
actual testability of a sequential circuit during test



generation: (1) inversion parity in sequential circuits
was used to analyse potential conflicts; (2) interde-
pendence between fault effect activation and fault ef-
fect propagation signal assignments were checked in-
tensively; (3) a new concept called sequential depth
for testability was introduced to calculate the conflict
measure. A new test point structure is introduced
to enhance testability of the circuits. Test points are
inserted on the basis of conflict in order to reduce
as many as possible potential conflicts in the process
of test generation, and therefore make many hard-to-
detect faults easy-to-detect and enhance fault cover-
age greatly. Extensive experimental results were pre-
sented to demonstrate the effectiveness of the method
by comparison with the previous method. Dong Xiang
would like to express his thanks to Prof. Janak Patel
of Univ. of Illinois at Urbana Champaign for presen-
tation of HITEC, synthesized circuits and above all
kindly encouragements.
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Table 1: Performance of nscan on the ISCAS and synthesized circuits

circuit | tp/po orig. nscan opus-ns
PI | FFs FC/TE FC/TE | vec cpu FC/TE | vec cpu
$298 2/2 | 3 14 | 86.0/94.5 | 98.1/100 | 551 91 95.9/99.7 | 340 229
s344 /1| 3 14 | 95.3/98.5 | 98.3/100 | 115 64 | 93.9/96.8 70 314
$349 2/2 1 9 15 | 95.4/99.1 | 98.6/100 | 218 64 | 98.0/99.7 | 112 392
s382 4/1] 3 21 | 90.9/92.9 | 96.6/100 | 1720 955 | 90.8/94.5 | 552 572
$386 3/3 | 7 6 | 81.8/100 | 96.7/100 | 308 1.7 | 97.2/100 | 278 6.5
5400 3/3| 3 21 75.1/77 | 95.1/100 | 532 | 4721 | 91.0/97.0 | 482 607
s444 3/3| 3 21 | 78.7/83.1 | 93.8/100 | 958 470 | 91.3/954 | 590 551
s510 6/1 | 19 6 0.0/100 | 97.9/100 | 433 84 | 99.7/100 | 584 9
$526 6/2 | 3 21| 9.2/11.7 | 91.7/97.9 | 2013 | 5148 | 77.6/85.6 | 890 | 2678
$526n 6/2 | 3 21 | 9.95/12.3 | 92.0/97.9 | 2824 | 5525 | 79.0/84.4 | 504 | 2192
5641 1/1 | 35 19 | 86.5/100 | 99.4/100 | 283 3.45 | 99.4/100 | 282 6.47
s713 1/1 | 35 19 | 81.9/100 | 93.1/100 | 276 5.82 | 93.0/100 | 258 8.6
$820 3/3 | 18 51 95.7/100 | 100/100 | 717 10.9 | 100/100 | 631 17.3
s832 3/3 | 18 51 93.9/100 | 98.4/100 | 745 19.6 | 98.4/100 | 716 20.5
$953 3/3 | 16 29 8.3/100 | 99.4/100 | 385 9.6 | 98.1/99.9 | 539 304
s1196 1/1 | 14 18 | 99.8/100 | 99.8/100 | 450 3.25 | 99.8/100 | 448 3.3
51238 2/2 | 14 18 | 94.7/100 | 96.9/100 | 461 4.53 | 94.7/100 | 450 5.2
s1423 | 40/2 | 17 74 | 38.2/38.9 | 93.6/94.6 | 607 | 2132 | 83.5/84.9 | 161 | 5812
51488 3/3| 8 6| 97.2/100 | 100/100 | 691 103 | 99.9/100 | 626 86
51494 3/3| 8 6 | 96.5/100 | 99.2/100 | 716 63 | 98.3/100 | 517 167
s5378 | 60/3 | 35 | 179 | 68.4/72.9 | 97.3/99.5 | 1337 | 6584 | 96.9/99.3 | 1187 | 8987
$9234 | 160/3 | 36 | 211 | 9.3/13.9 | 92.8/95.7 | 3685 | 8045 | 39.7/42.4 | 611 | 9424
s13207 | 240/3 | 62 | 638 | 8.9/88.0 | 91.8/94.9 | 3927 | 13488 | 52.7/58.8 | 1816 | 11101
s15850 | 240/3 | 77 | 534 | 6.6/17.4 | 94.2/97.6 | 8583 | 8441 | 77.9/82.3 | 2484 | 5978
s15850.1 | 210/3 | 77 | 534 | 38.0/48.5 | 93.8/97.7 | 4205 | 8077 | 79.5/83.8 | 2770 | 5528
$35932 | 160/3 | 35 | 1728 | 89.2/99.4 | 90.9/100 | 318 | 1694 | 89.9/100 | 316 | 2847
$38417 | 580/3 | 28 | 1636 | 3.57/4.90 | 80.5/82.7 | 1531 | 36.5h | 9.6/10.9 | 597 | 68406
s38584 | 400/3 | 38 | 1426 | 60.9/66.4 | 91.6/94.5 | 8908 | 59757 | 87.8/93.0 | 6321 | 76172
s38584.1 | 390/3 | 38 | 1426 | 61.5/67.0 | 91.5/94.2 | 8297 | 58254 | 87.6/92.7 | 6503 | 79420
s967 3/3 | 16 29 7.1/100 | 100/100 | 415 17 | 98.4/99.7 | 637 107
s991 3/3 | 65 19 2.2/100 | 100/100 97 0.08 | 99.9/100 76 1.0
s1269 | 12/2 | 18 37 |17.9/58.4 | 97.6/99.4 | 188 | 2621 | 96.5/99.9 | 245 82
s1512 | 12/2 | 29 57 | 4.9/96.2 | 100/100 | 3375 700 | 16.5/94.5 | 112 | 1704
$3271 9/2 |26 | 116 | 98.7/98.8 | 99.2/99.4 | 692 | 6724 | 98.8/99.2 | 802 732
$3330 | 40/2 | 40 | 132 | 73.3/77.6 | 92.0/97.9 | 722 | 15538 | 81.9/84.4 | 571 | 10611
s3384 | 40/2 | 43 | 183 | 88.9/88.9 | 98.3/98.5 | 180 | 1355 | 89.6/89.7 | 236 | 8160
54863 9/2 | 49 | 104 | 95.2/95.2 | 98.5/98.5 | 391 | 1805 | 99.3/100 | 371 504
s6669 9/2 | 83| 239 | 99.0/99.0 | 99.9/99.9 | 327 | 2659 | 99.6/99.6 | 286 850
am2910 6/2 | 20 87 1 90.8/98.1 | 93.1/99.9 | 1610 | 1520 | 90.6/97.7 | 1016 | 2123
divlé | 35/2 | 33 50 | 78.3/84.7 | 92.7/98.5 | 287 102 | 89.2/96.2 | 241 | 2076
multl6 | 30/2 | 18 55 | 89.9/90.8 | 99.5/100 | 309 7.2 | 98.0/98.6 | 222 890




