ATPG for Heat Dissipation Minimization
for Scan Testing

Seongmoon Wang and Sandeep K. Gupta

CENG 96-22

Department of Electrical Engineering - Systems
University of Southern California
Los Angeles, California 90089-2562
(213) 740-2251

October 1996



ATPG for Heat Dissipation Minimization for Scan
Testing

Seongmoon Wang and Sandeep K. Gupta

University of Southern California Electrical Engineering—Systems Los Angeles
CA90089-2562

Abstract

An ATPG technique is proposed that reduces heat dissipation during testing sequen-
tial circuits that have full-scan. The objective is to permit safe and inexpensive testing
of low power circuits and bare dies that would otherwise require expensive heat removal
equipment for testing at high speeds. The proposed ATPG exploits all possible don’t cares
that occur during scan shifting, test application, and response capture to minimize switch-
ing activity in the CUT. Furthermore, an ATPG that minimizes the number of state inputs
that are assigned specific binary values, has been developed. In order to guide the ATPG to
generate test vectors that have maximum number of don’t cares at state inputs, new cost:
controllability and observability cost functions have been defined. These cost functions are
used to guide backtrace and to select objectives from D-frontier. Don’t cares at primary
inputs during scan shifting and capture are used to block gates that may cause transition
during scan shifting and don’t cares at state inputs are assigned binary values that cause

the minimum number of transitions.

The proposed algorithm has been implemented and the generated tests are compared
with those generated by a simple PODEM implementation for full scan versions of ISCAS 89
benchmark circuits. Tests generated by the proposed ATPG decreased the average number
of transitions during test from 22% to 89% with higher reductions occuring in circuits that
have more primary and state inputs. These reductions in circuit transitions were achieved

with a reasonable increase in the time complexity of the ATPG (factor of 2 to 3).



1 Introduction

The main objective of traditional test development has been the attainment of high fault
coverage. As the techniques have matured and this objective has been attained, other ob-
jectives have become important. We believe that reducing the heat dissipation during test
application is rapidly becoming another objective of the test development process. In this
paper, we present a new automatic test pattern generator (ATPG@) algorithm that generates
tests for full scan circuits that minimize heat dissipation in the circuit during their applica-

tion via the scan chain. Of course, the tests generated by the proposed ATPG achieve high
fault coverage.

The importance of heat dissipation consideration during test development is already
influencing the design of practical test methodologies. For example, it is reported in [Zor93]
that one of the major considerations in test scheduling has been the fact that the heat
dissipated during test application can be significantly higher than that during the circuit’s

normal operation (sometimes 100-200% higher).

There are two main reasons for excessive heat dissipation during test application.
Firstly, the correlation between consecutive test vectors is often significantly lower than
that between consecutive vectors applied to a circuit during its normal operation. The fact
that a significant correlation exists between consecutive vectors during the normal operation
of a circuit is what has motivated several architectural concepts, such as cache memories,
and is central to their effectiveness. This is even more true for the high speed systems
for processing of digital audio and video signals, where the inputs to most modules change
relatively slowly. In contrast, the correlation between consecutive test vectors generated by
an automatic test pattern generator (ATPG) is very low, since a test is generated for a given

target fault without any consideration of the previous vector in the test sequence.

The use of design-for-testability (DFT) techniques can further decrease the correla-
tion between successive test vectors. Consider a finite state machine that is implemented
as a sequential circuit by using techniques for state assignment and logic design that min-
imize power dissipation [TPCD94]. One of the characteristics of the circuit that reduces
power dissipation is the high correlation between the vectors representing successive states.
However, the use of a scan based DFT technique can significantly decrease the correlation
between consecutive vectors, since the values applied at the state inputs of the circuit rep-
resent shifted values of test vectors and circuit responses and have no particular temporal
correlation. Hence, in such circuits, the application of ATPG generated vectors via scan
can cause heat dissipation that is significantly higher than that during the circuit’s normal
operation. This is even more true for built-in self-test (BIST) techniques which typically
employ random pattern generators (RPGs), such as linear feedback shift registers (LFSRs),



to generate test sequences where the correlation between consecutive vectors is provably

small [Gol82].

The second reason is tied to trends such as circuit miniaturization for portability and
high performance (smaller chips can be placed closer, decreasing interconnect delays). This
is achieved by using circuit designs that decrease power dissipation and also by reducing
the package size to aggressively match the average heat dissipation during a circuit’s normal
operation [Zor]. Hence, to ensure non-destructive testing of such a circuit, it is necessary

to generate tests that will cause heat dissipation that is comparable to the heat dissipated
during the circuit’s normal operation.

Why then has the heat dissipation problem during testing not been considered in the
past? There are two recent developments that are only beginning to bring this issue to light.
In the past, the tests were typically applied at rates much lower than a circuit’s normal clock
rate (since only the coverage of stuck-at faults was deemed to be important and slow testers
provided an inexpensive way of testing). However, in recent years, aggressive timing has
made it essential for the tests to identify slow chips via delay testing. This is especially
important for the growing number of circuits that are being manufactured for use in MCMs
and must be tested and sold as bare die. For such circuits delay testing is not only highly
desired but almost imperative — a fact reflected in the extensive demand for performance
certified dies [Kee92, Par92]. Consequently, circuits are now tested at higher clock rates —
if possible, at the circuit’s normal clock rate (called at-speed testing). Consequently, the
heat dissipation during test application is on the rise and is fast becoming a problem that

requires close attention.

This paper describes an ATPG algorithm that generates tests that minimize heat
dissipation during test application via scan chain. Heat dissipation can be reduced by
decreasing the number of transitions in the circuit during test application. In combinational
circuits, transitions can be reduced by reducing transitions between each pair of successive
vectors [WG94]. However, in scan circuits, a large number of transitions occur in the circuit
when test data is scanned into, and test response is scanned out of, the flip-flops between the
application of successive vectors. Therefore, techniques to reduce transitions during scan in
and scan out are required to reduce heat dissipation in a sequential circuit equipped with
scan. The proposed ATPG reduces transitions by generating suitable tests and utilizing the

large number of don’t cares that exist during scan testing.

The tests generated by this ATPG can be used for at-speed testing of chips and bare
die without running the risk of damaging the device under test by excessive heat dissipation.
In case of bare die testing for MCMs, the use of tests generated by the proposed ATPG can
obviate the need for expensive heat removal equipment that may be required otherwise.
(It should be noted that the objective of the proposed ATPG is to ensure that the heat
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Figure 1: Application of Tests via Scan

dissipation during test application is low enough to ensure safe and non-destructive at-speed
testing of the device under test without the need for expensive heat removal equipment
during test application. The reduced power consumption during testing itself is of little
consequence since test time is an insignificant part of a circuit’s operational life.) Finally,
to test a bare dice, power must be supplied during the period of test through probes. The
proposed tests will reduce the power and ground noise, caused due to the high inductance of
probes, by reducing the number of transitions in the circuit. This will prevent unnecessary

loss of yield caused entirely due to the limitations of probing.

2 Scan Based Testing

In this paper, we assume that the sequential circuit under test (CUT) has full-scan that
employs a single scan chain for test application. We also use the single-stuck-at fault model.
In a such scenario, traditionally, an ATPG for combinational circuits is used to generate
combinational test vectors by considering only the combinational part of the scan circuit
under test. The resulting combinational test vectors are subsequently edited to obtain scan
tests that are applied using the scan chain as described in the following. However, the above
two step process can not be used for generating tests for scan circuits if the heat dissipation
during test application is to be minimized. This is due to the fact that the heat dissipation
is a function of both the combinational test vectors as well as how they are applied using the
scan chain. The objective of the following is to develop an ATPG algorithm that minimizes

heat dissipation during the test application, while still obtaining high fault coverage, by



considering both these steps together.

Figure 1 describes the test application via scan for a CUT that has m primary in-
puts and n state inputs. The combinational ATPG generates a set of combinational test
vectors, each of which is a binary m + n tuple and must be applied to the m primary inputs
(p1,P2y----, Pm) and the n state inputs (sq,ss,...,s,) during test application. The bits of a
test vector that are applied to the primary and state inputs will be referred to as its primary
input and state input parts, respectively. Assume that a test vector, V' = D!, Di | ..,

t UL, U_,,..., Ui, is applied to the CUT through primary inputs and state inputs at time
t — 1, and the state part of the CUT response to V?, say C¢, C?

i 1y, Ci, is captured in the

scan register at time ¢. Subsequently, the state input part (U1, UL ..., Ujt") of the next

combinational vector Vi*1 is shifted in during the next n cycles (¢+1, t+2, ..., t + n) while
the test response (C%, Ci_, ..., C}) is shifted out. This process of shifting in the state part
of a test vector by using the scan chain will be referred to as scan shifting. Note that no
specific values need to be applied to the primary inputs at times ¢,2 4+ 1,7+ 2,...,t +n — 1.
This is depicted by the vector X7, 1 , X{ that is applied to primary inputs at time

m—17""
t 4+ 4, where j = 0,1,2,..,n — 1. Finally, the primary input part of V¢! D1 D
Di*! is applied at ¢ +n, and the response of the CUT to the combinational test vector Vit

is captured into the flip-flops at ¢ +n + 1. This is repeated until all test vectors are applied.

The above discussion shows that the switching activity in a CUT during the appli-
cation of a scan based test depends not only on correlation between the two consecutive
combinational test vectors V¢ and Vi*!, but also on how the tests are applied. Even though
the vectors V* and Vi*! may cause a minimum number of transitions in the CUT when
applied in two consecutive clock cycles to the combinational part of the circuit, a signif-
icant number of transitions may occur in the circuit if they are applied to a sequential
circuit via its scan chain. Hence, the sequence of test vectors that minimize heat dissipation
in a combinational circuit may not be suitable for minimizing heat dissipation in testing

the corresponding sequential circuit via scan. The test generation process must generate a

combinational test vector (V! = Ditl DIl Dt pitl il L Ut!) to minimize
transitions in the circuit during its application. While the primary input part of the com-
binational test vector is only applied during one clock cycle, any value assigned to a state

input by the ATPG is applied successively at several state inputs.

Also, a combinational test vector generated by a fault oriented ATPG (e.g., V') is
not fully specified. The target fault can hence be detected independent of the binary value
assigned to these unspecified inputs. In addition to the don’t cares in combinational vector

Vi+l the n m-tuples depicted as X7, X7 .., X! (j=tt+1,..t+n—1)in Figure



1, that are applied to the primary inputs during scan shifting, are not specified by the test

vector V**1. This implies that all primary inputs during scan shifting can be treated as
don’t cares as well.

Don’t cares in the state input part have different characteristics from those at primary
inputs during scan shifting. Primary input don’t cares are fully controllable, ¢.e. completely
independent binary m tuples can be assigned to these don’t cares during each scan shift
cycle. On the other hand, only one binary n tuple is shifted into the scan register for each
test vector. Consequently, a single binary value must be assigned to each don’t care in the
state input part of the combinational test vector. Furthermore, each bit of the state input
part of the combinational vector is applied at several state inputs of the circuit during the
scan shifting. The order in which each value is applied to the inputs is determined by the
order of the flip-flops in the scan chain.

In summary, the value assigned to a primary input by the ATPG only affects the
number of transitions during the test clock cycle when the test is applied. On the other hand,
the value assigned at any state input can cause transitions during the entire scan shifting
as well as during the test clock. Finally, all the primary inputs can be assigned arbitrary
values during the entire scan shifting to minimize the number of transitions. Based on
these considerations, the proposed ATPG algorithm first generates test vectors where only a
minimum number of state inputs are assigned binary values. This enables a greater reduction
in heat dissipation by allowing careful assignment of the state input don’t cares — via the
analysis of the transitions during all scan clocks.

The primary inputs are used to minimize the number of gates that can possibly have
transitions due to scan shifting. This is achieved by assigning each primary input don’t care
a value that implies the controlling value at the inputs of the gates that are fed by that
primary input as well as state input(s) to block the transitions caused by shifting of the scan
chain contents. (The controlling value of a gate is the binary value which, when applied
to any input of a gate, determines the output value of that gate independent of the values
applied at the other inputs of the gate.) In the following, the considerations and a procedure
for the assignment of don’t cares to the primary inputs will be discussed first. Subsequently,
the ATPG procedure that generates tests with minimum number of specified state inputs
will be described, followed by the discussion of the overall test generation strategy.

3 Assignment of Primary Input during Scan Shifting

Consider a primary input p; of a circuit. Associated with the input p; are the don’t care

values, X;’, X},..., X;‘_l, during scan shifting (i.e. at times ¢, t+1,...,t+n—1). One possible



strategy is to assign a single binary value to all the don’t cares associated with each primary
input p; that is fized for all vectors. There are two main advantages of such a strategy.
Firstly, an appropriate binary assignment can be determined once for a given circuit and
used for each combinational vector (Vi, V*1, .. .), thereby reducing the run time complexity
of the overall ATPG. More importantly, such binary values can be implicitly stored in an
intelligent automatic test equipment, thereby drastically decreasing the test data volume.
However, in some cases, it may be possible to decrease the number of transitions by assigning
different values to a primary input during different scan clocks. The appropriate assignment
for such input don’t cares will then be determined by taking into account the specific test
vector being applied, i.e. the content of the flip-flops. In the following, it will first be
shown that a fixed value can be assigned to a large number of primary inputs in a manner
that guarantees the minimization of the number of transitions, independent of the specific
sequence of combinational vectors generated by ATPG. Techniques to identify such inputs
and an appropriate binary assignment are presented. Finally, a technique, that takes into
account the specific test vector being applied, to assign binary values to the remaining

primary inputs is presented.

3.1 Notations and Definitions
3.1.1 Basic Circuit Definitions

If a line [ of a circuit C is driven by a gate g, then [ is said to be a fanout of g. The
transitive fanout of a line [ includes all lines reachable from [ via a sequence of fanouts. A
path is a sequence of consecutive circuit lines. The inversion parity of a path is the number
of inverting gates along the path, modulo-2. That is, if the inversion parity of a path is 1,
then the path is said to have odd inversion parity, otherwise the path is said to have even
inversion parity [ABF90]. The forward cone of line [ is the set of gates and circuit lines in
the transitive fanout of /. During test generation, each line [ in a circuit is assigned one of
three values (0, 1, X). (Initially, all lines are assigned X.) A path along which all lines have
unknown values (X) is called an z-path. The assignment of a binary value at {; can imply

a desired value at [, only if there exists at least one x-path from the line /; to the line /5.

Primary inputs that are not assigned any binary value (1 or 0) are used to block
transitions at the outputs of gates that may have transitions due to shifting of the state

input part of the vector into (and the test response out of) the scan chain.

Definition 1 C = combinational part of a sequential CUT with binary values assigned to
some or none of its lines

PI = {p; | p;i is a primary input of C that is not assigned a binary value}



Figure 2: Example Circuit C

SI = {s; | s; ts a state input of C}
TPI = {pl | pl is a line in the transitive fanout of any p € PI}

TPIC = {pl| plis a line not in the transitive fanout of any primary input}
TPI' ={pl| pl € TPI and 3 an z-path from any p € PI to pl}

3.1.2 Blocking Objectives

If none of the inputs of a gate are assigned the controlling value of the gate, then the gate
is called unblocked gates. If a transition propagates to the output of a gate g, then new
transitions are caused at each fanout of g. Furthermore, transitions at the fanouts may
cause more transitions at the output of the gates driven by the fanouts, and so on. The
transition caused by a state input should hence be blocked as early (close to the state input)
as possible, to prevent it from propagating into the forward cone of the state input. In this
paper, we try to block all gates that are driven by a state input directly and a transitive
fanout of a primary input. Such gates, that have at least one input in TPI’ and at least
one input in TPI®, are called blocking objectives and are members of the set G. Set Gp;
contains the blocking objectives g € G that are in the forward cone of primary input ps;
gates in Gp; are called blocking objectives with respect to p;.

Definition 2 C = combinational part of a sequential CUT with binary values assigned to
some or none of its lines

UB = {ub | ub is a gate with none of its inputs assigned the gate’s controlling value}

G ={g | g € UB with at least one input in TPI' and at least one in TPI}



Gp; ={g | g € G and 3 an z-path from p; to at least one input of g}, Vp; € PI

Example 1 Figure 2 shows the combinational part of a sequential circuit that has primary
inputs pi,ps,p3, and ps and state inputs sy, sy, 53, and s4. All state inputs belong to ST,
hence ST = {s1, s3,53,54}. Suppose that primary input p; is assigned a 1 to block gate g;.
Circled 1 or X at a line denotes the current value assigned to the line. With p; assigned a 1,
P1I contains only ps, ps and ps. The lines that are contained in T'P1, ps, ps, p4, pls, pls, pls, pl7,
are denoted by thick lines and the lines that are in TPIC, sy, s, s3, s4, are denoted by dotted
lines. All elements of T'PI, except ply, which is assigned a binary value (no x-path can exist

from any primary input to ply), are also members of TPI’. O

3.1.3 Independent Inputs

If a primary input p; can not be used to block transitions caused by a scan inputs during
scan shifting (i.e. if G'p; = ¢) and any transition caused by a scan input does not propagate
to any gates in the forward cone of p;, then the primary input p; is called independent.
Independent primary inputs are assigned binary values that minimize transitions based on
the binary value assigned to the inputs in the preceding time frame. Appropriate values for
such inputs are determined during each test clock (clock ¢t —1 in Figure 1) by using the don’
care assignment algorithm described in [WG94]. The determined values are maintained

until the application of next test.

3.2 Single Input Conflict Free Assignment

If the assignment of a binary value at a particular primary input, say p;, can not imply the
non-controlling value at any input of the gates in Gp; (which are fed by state input(s) as
well as p;) for any combination of values assigned to other inputs, then the assignment is
always helpful to block a maximum number of gates independent of the test vector and the
values assigned to other inputs. Such an assignment is said to be a conflict free assignment.
Whether the don’t care at a primary input p; can be assigned a binary value in a conflict

free manner is identified during conflict free analysis defined precisely in the following.

A primary input p; is conflict free if a binary assignment at p; can be made such that
it helps block all gates in Gp;. Let g, be any gate that is fed by a transitive fanout of p;
and belongs to Gp;. Let {&p;,zps,...,zpr} be the set of x-paths from p; to the inputs of
go € Gp;. Let {IIy,10,,..., 11} be the parity of the x-path ap; (i = 1,2,..,h). Finally let c,

be the controlling value of g,.
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Lemma 1 The assignment of primary input p; is conflict free if and only if all II; & ¢,
(:=1,2,...,n) are identical for all g, € Gp;. O

Example 2 In the circuit C'l shown in Figure 3, lines s; and s, are state inputs and py, ps, p3
and py are primary inputs. Assume that all lines in the circuit are currently assigned X.
Gates in dashed boxes (g; and gs) currently belong to G. The NAND gate g; is fed by
a primary input p; and a state inputs s;. The OR gate g5 is fed by a internal line pls
and a state inputs s;. Both ¢; and g5 are also members of Gp;. The assignment at p; is
conflict free if it helps block all gates in Gpy, i.e. g1 and gs. All x-paths (p1, 91, g2, g4, pls and
P1, 91,93, g4, pls) from p; to pls have odd parity and the controlling value of gs is 1. Hence,
p; needs to be set to 0 to block the transition at the output of gs. Also p; needs to be
set to 0 to block the transitions at the output of g;. Since both these requirements can be
simultaneously satisfied, assigning 0 to p; is always good in terms of blocking all gates in
Gp;. The assignment of 0 to p; is hence conflict free.

Assume that we replace the NAND gate g, in C'1 with an AND gate. The parity of
the path ¢1, g2, and g4 then becomes even. Additionally, assume that ps has already been
assigned a 1 to block the transition at the output of g3. Thus, there exists only one x-path
(p1, 91, g2, 94, pls) from pls to p;. Since the path parity is even, a 1 must be assigned pls to
block gs and, finally, a 1 is required at p; when backtraced along the above x-path. This
would result in a conflict with the value 0 that is required to block g;. Hence, p; can not be

assigned in a conflict free manner in the modified circuit. i

The above definition of conflict free assignment can be expanded in three ways.
Firstly, assigning a binary value to a primary input may set lines on one or more x-paths

to binary values, consequently removing some lines from T'PI’. This may also remove some
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gates from the list of blocking objectives. Consequently, primary inputs that were previously
not conflict free can be assigned in a conflict free manner after some primary input assign-
ments. Furthermore, additional primary inputs may become independent of scan inputs
after conflict free assignments are made.

Secondly, a gate ¢ € G is blocked by assigning appropriate value to the primary
inputs such that the assignment can imply the controlling value of g at one or more inputs
of g. All scan inputs s; € SI are assumed to be uncontrollable during the assignment
of primary input don’t cares, since the values of the scan inputs are not known during
this analysis, which is performed before the tests are generated. Under these conditions,
there may exist gates none of whose inputs can be set to the gates’ controlling value by
assigning any combination of binary values to the primary input. If all inputs of a gate
g that belongs to T'PI" are uncontrollable to the controlling value of g, then the gate ¢ is
unblockable. Transitions at the output of unblockable gates can not be blocked by assigning
any combination of binary values to primary inputs. Uncontrollable gates are identified by
performing uncontrollability analysis [AKR91]. The analysis starts by assigning all scan
inputs to 1, 0 where the assignment of 1 (0) assigned to a line [ denotes that the line [ is
uncontrollable for 1 (0) [AKR91]. Next these values are propagated to all internal lines
according to the propagation rules defined in [AKR91]. Unblockable gates can not be
blocked by any combination of primary inputs. More inputs may be assigned conflict free

values when G’ is used instead of G during the conflict free assignment analysis.

Finally, if an x-path exists from primary input p; to internal line pl; (pl; is a tran-
sitive fanout of p;) and pl; is controllable to the non-controlling value of the gate that is
driven directly by pl;, then the x-path is called an influence z-path with respect to p; and
pl;. Influence x-paths are subset of x-paths and identified by performing uncontrollability
analysis [AKR91]. When only influence x-paths (instead of all x-paths) are considered for
the conflict free assignment analysis, more primary inputs can be assigned in conflict free

manner by removing unnecessary requirements imposed on the conflict free primary inputs.

Example 3 A T or/and 0 below the circuit lines in Figure 2 denotes the result of the
uncontrollability analysis. Scan inputs are assigned 1, 0 and these values are propagated
to internal lines. p; in the circuit C is assigned 1 and other primary inputs are currently
unknown. p, can not be assigned a binary value in a conflict free manner because the gates
in Gpy = {92, g7} have different controlling values. However, since ply is uncontrollable to 1
(since it has been assigned 1 by uncontrollability analysis), no input of gr can be assigned 1
(the controlling value of gs). Therefore, g7 is unblockable. When the unblockable gate g7 1s

removed from the set Gp,, p; can be assigned a 0 to block g;, in a conflict free manner. O

10
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Figure 4: Example Circuit C2

3.3 Multiple Input Conflict Free Assignment

Even when no more conflict free primary input assignments can be found by considering
each primary input individually, additional conflict free primary input assignments can be
found by considering multiple primary inputs. Let B(g;) denote the necessary and sufficient
condition to block g; € G (j = 1,2,3,..., k) in terms of the suitable values of primary inputs.
Thus each B(g;) is the function of primary inputs p; (i = 1,2,...,m). Additionally, let BG
be the set of all B(g;) (j = 1,2,3,...,h). If a combination of primary input assignments
satisfies all B(g;), then the combination is said to be a conflict free multiple input assignment.
Typically, each B(g;) is a function of a subset of PI. The set of conditions BG can hence
be partitioned into groups (BG) C BG), where all gates in each group BGi depend on a
subset of primary inputs PI; and can be blocked independently of the primary inputs in
other groups PI; (5 # k).

Assume that currently none of the primary inputs of the circuit in Figure 4 is assigned
a binary value. Thus gates g1, g2, g6, go, and gio belong to G and are denoted by dashed boxes.
The conditions for blocking all gates g; € G are given by:

11



B(g1) = p1 + P2

B(g2) = p2

B(go) = p1 + p2(p1 + p2) = p1 + p1p2 (1)
B(gs) = ps + pspa

B(g10) = pa + psps + p3

The above expressions are obtained by identifying the necessary and sufficient con-
ditions for blocking each gate g; (g; € G). In the above expressions, each primary input
appears in its inverted (p;) as well as non-inverted (p;) form. This implies that any single
input can not be assigned in a conflict free manner. The expressions B(g1), B(g2), and B(go)
are dependent on only p; and p; while B(gs) and B(g10) are functions of only p3 and ps. Thus
the five expressions can be partitioned into two groups, BG; = {B(¢1), B(g2), B(g9)} and
BGy = {B(gs), B(g10)}. Corresponding to the sets BG; and BG, are partitions of primary
inputs PI; = {p1,p2} and Pl = {ps,psa}. If a combination of primary input values satisfies
all conditions in a group (e.g. BG; evaluates to 1) the combination is said to be a conflict
free multiple primary input assignment. When p; = 0 and p, = 1, then all expressions in
BG (B(¢1), B(g2), and B(go)) become 1. Hence, the assignment p; = 0 and p; = 1 is a
conflict free multiple input assignment. B(gs) and B(gr) can be also set to 1 by assigning
p3 = 1 and py = 1. This assignment is also conflict free multiple input assignment. All gates
in G are hence blocked by assigning p; =0, p, =1, p3 =1, and py = 1.

Since obtaining expressions for the necessary and sufficient conditions for each gate in
G is hard, conflict free multiple inputs are determined without obtaining expressions. Firstly,
the primary inputs are partitioned into independent groups. For example, the conditions
to block gates in BG; depend only on the inputs p; and p, and the conditions to block
gates (gs, and gjo) in BG, depend only on the inputs ps and ps. Therefore circuit C'3 has
two independent groups of primary inputs Group, = {g1,92, 90} Groups = {gs, g10}-
this paper, primary inputs can be partitioned into each independent group by identifying
strongly connected components [CLRI0].

Next, a virtual gate vg; is added for each gate g; (¢; € G). Inputs of vg; are connected
to inputs pl (pl € TPI') of g; if the controlling value of g; can indeed be applied to pl via
primary input assignment. The gate type of vg; is determined such that the output of vg; is
set 1 if and only if g; is blocked. This implies that vg; is a NAND gate if g; isa AND/NAND
gate. And it is an OR gate if g; is an OR/NOR gate. The expression at the output of vg;
corresponds to B(g;). In the circuit C2 (Figure 4), The AND gate g; has two inputs p; and
pa, in TPI'. Two input NAND gate vg; is then added for g, since both inputs p; and p, are
controllable to 0 (the controlling value of ¢). p1 and p, are connected to two inputs of vg;.
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B(g1) = p1 + p2

B(92) = P2

B(go) = p1 + p2(p1 + p2) = p1 + pips (1)
B(gs) = p3 + paps

B(g10) = pa + pspa + p3

The above expressions are obtained by identifying the necessary and sufficient con-
ditions for blocking each gate g; (¢; € G). In the above expressions, each primary input
appears in its inverted (p;) as well as non-inverted (p;) form. This implies that any single
input can not be assigned in a conflict free manner. The expressions B(g;), B(gz), and B(gs)
are dependent on only p; and p, while B(gs) and B(g;0) are functions of only ps3 and ps. Thus
the five expressions can be partitioned into two groups, BG1 = {B(¢1), B(g2), B(ge)} and
BGy = {B(gs), B(g10)}. Corresponding to the sets BG; and BG4 are partitions of primary
inputs PI; = {p1,p2} and PI, = {ps,ps}. If a combination of primary input values satisfies
all conditions in a group (e.g. BG; evaluates to 1) the combination is said to be a conflict
free multiple primary input assignment. When p; = 0 and p; = 1, then all expressions in
BG (B(¢1), B(¢z2), and B(g9)) become 1. Hence, the assignment p; = 0 and p, = 1 is a
conflict free multiple input assignment. B(gs) and B(g7) can be also set to 1 by assigning
ps = 1 and py = 1. This assignment is also conflict free multiple input assignment. All gates
in G are hence blocked by assigning p; =0, p, =1, p3 =1, and py = 1.

Since obtaining expressions for the necessary and sufficient conditions for each gate in
@G is hard, conflict free multiple inputs are determined without obtaining expressions. Firstly,
the primary inputs are partitioned into independent groups. For example, the conditions
to block gates in BG; depend only on the inputs p; and p, and the conditions to block
gates (gs, and gi) in BG depend only on the inputs ps and ps. Therefore circuit C3 has
two independent groups of primary inputs Group, = {g1,92,90} Group; = {ge, 910} In
this paper, primary inputs can be partitioned into each independent group by identifying
strongly connected components [CLRI0].

Next, a virtual gate vg; is added for each gate g; (g; € G). Inputs of vg; are connected
to inputs pl (pl € TPI') of g; if the controlling value of g; can indeed be applied to pl via
primary input assignment. The gate type of vg; is determined such that the output of vg; is
set 1 if and only if ¢; is blocked. This implies that vg; is a NAND gate if g; is a AND/NAND
gate. And it is an OR gate if g; is an OR/NOR gate. The expression at the output of vg;
corresponds to B(g;). In the circuit C2 (Figure 4), The AND gate g; has two inputs p and
pa, in TPI'. Two input NAND gate vg; is then added for g1, since both inputs p; and p; are

controllable to 0 (the controlling value of g;). p1 and p, are connected to two inputs of vg;.
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