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Abstract Contrary to above methods, a second set of approaches uses a
In this paper we present new methods for fast justification andeooIt(_ean ls.f‘t'sfc'ab”.'ty (.tSA-.I;?]‘.”‘SEd _molde'l3tha|1t de?C”bef tr;e EISO%C
propagation in the implication graph (IG) which is the core data 8””5 'i’ga' %.Oh"?‘ C'rcu'lw'. In a singie ofo@ean ormu aN[ ' ‘I '
structure of our SAT based implication engine. As the IG model rep-"' ] which is mostly given in terms of @njunctive Norma
Form (CNF) The SAT model allows a compact problem formula-

resents all information on the implemented logic function as well as o . : .
P g tion which is easily adapted to various logics and can be solved by

the topology of a circuit, the proposed techniques inherit all advan- . .
tages of both general SAT based and structure based approaches E)solver for general SAT prok_)lc_ams. Th's. abstraction, howev_er, often
impedes development of efficient algorithms as structural informa-

justification, propagation, and implication. These three fundamen-_. AL -
J propag b tion on the circuit is lost. For example, the efficierd®Em based

tal Boolean problems are the main tasks to be performed during.™ =" -
Automatic Test Pattern Generation (ATPG) such that the proposedustlflcatlon cannot be transferred adequately to this model as the

algorithms are incorporated into our ATPG todlp which is built notion of a primary input does not exist in an arbitrary SAT prob_—
on top of the implication engine lem. Larrabee suggests to solve the task of propagation by extracting
Working exclusively in the IG. the complex functional operations a SAT formula from the split circuit model [11] that corresponds to

of justification, propagation, and implication reduce to significantly a formula generated by the Boolean difference method [5]. In order

simpler graph algorithms. They are easily extended to exploit bit-.to reduce the complexity of solving the resulting formula, structural

parallel techniques. As the IG is automatically generated for ar- information on possible propagation paths needs to be added in form

bitrary logics the algorithms remain applicable independent of the of additional clauseactive clauses)very recently, the SAT based

- - . . . algorithm of [8] has been specialized for solving problems originat-
required logic. This allows processing of various fault models us- ing from combinational circuits [9]. This is achieved by adaptin
ing the same engine. That is, the presented IG based methods offtd . ) : oy pting

: . Some of the ideas proposed in [12] such that an additional layer is
a complete and versatile framework for rapid development of new

ATPG tools that target emerging fault models such as cross-talkadded to the SAT solver which models the topology of the circuit.

. 'As this structural information is only used for justification, the ben-
delay or bridging faults.Tip currently handles stuck-at as wellas . S .

. eficial effects remain limited. In general, this group of approaches
various delay fault models. Furthermore, the proposed methods A€ | ess efficient than structure based methods
used within tools for Boolean equivalence checking, optimization of Bi Decision Di BDD | ' b dt
netlists, timing analysis or retiming (reset state computation). inary Decision Diagrams ( have also been proposed to

In order to demonstrate the performance of IG based ATPG, i.e.tf"‘ckle justification an_d propagation [13]. Besides thelr exponen-
AR - . - tial memory complexity, here, BDDs suffer from their exhaustive
justification and propagation in the 1G, we provide experimental re-

sults for stuck-at and path delay fault models. They showTmat nature. That is, when trying to justify a signal assignment, BDD

. ased techniques always compute the complete set of justifications
'c(_)\l;_tg(esrforms the state-of-the-art in SAT based and structure bas’e@ven if a single justification is sufficient. BDD based propagation

relies on the split circuit model and the Boolean difference method.
1 Introduction In order to constrai_n the excessi_ve memory r(_aquirements, Stani_or} et
al. suggest to consider the possible propagation paths when building
Automatic Test Pattern Generation (ATP@)marily has to solve  the BDDs [13]. In the worst case, however, all propagation paths
three fundamental Boolean problemaistification propagation have to be modeled in a single BDD which is very likely to cause a
andimplication In the past, various data structures have been usednemory blowup.
to tackle these problems with none of them being specifically opti- So, despite the high importance of justification, propagation, and
mized for all these tasks. implication, the data structures used so far have proven to be subop-
The first set of approaches relies on a structural descriptiontimal and inflexible in several respects. That is why we propose fast
(netlisf) of the circuit to be analyzed [1, 2, 3, 4]. In this model the and optimized algorithms for justification, propagation, and impli-
functionality of the circuit is jointly represented by the netlist and a cation that are built around a versatile and efficient SAT based
module library. While the netlist describes the topology of the cir- plication enging12] as shown in Fig. 1. It inherits the advantages
cuit and the type of each module, the library provides information of structure based as well as SAT based techniques as it includes all
on the logic function implemented by a given module type. This topological and functional information into a single graph model of
separation in description complicates algorithms, especially wherthe CNF, calledimplication graph (IG)[12]. Thus, IG based algo-
working with multi-valued logics (e.g. for path delay ATPG). rithms combine both the flexibility and elegance of SAT based tech-
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literalscx andc; can be denoted bg; andcy, respectively.

In order to provide all structural information within the 1G the set
of edgesE, which represent implications, is partitioned into three
disjoint subsets. The set &rward edges E comprises implica-
tions from an input to an output signal of a module whereas the
set ofbackward edges g=models the opposite direction. All other
implications (e.g. indirect implications) are contained in the set of

)
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optimization

application specific
methods

@
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A heation . other edges E. In the IG these sets are modeled by edge fads
Implication graph ando (tags denoting other edges are omitted in the figures). Fig. 2
) ) S ] shows a a simple circuit, it€NF representation as well as its I1G
Figure 1: Basic structure of the implication engine model with respect td.3. A detailed discussion on how the IG is

nigues and the efficiency of structure based methods. The multitude

of heuristics developed for structure based techniques can directly ® Structural:
be transfered to the 1G. Its memory complexity is only linear in the

number of modules in the circuit. As the complex functional opera-

tions of justification, propagation, and implication reduce to simple ¢ CNFfor L3:

graph algorithms they are easily extended to make use of bit-parallel (negVver)A(ncgVer) A(-cgVceVer) A | f=AND(d,e)
techniques resulting in a high efficiency. This paper introduces new (mCaVeg) A (= Veg) A(mcy Ve vVey) A | d=OR(,b)
methods for fast IG based justification and propagation that are in- (7CbV Ce) A(CcVECe) A(mCyVaCVEs) A | e=OR(b,c)
cluded into the implication engine of [12]. Using these algorithms =1

our tool Tip outperforms the state-of-the-art in structure based and e Implication graphG = (V,E) for L3 = {0,1,X}:
SAT based ATPG. Since the IG is automatically generated for an
arbitrary logic and the presented algorithms for justification and im-
plication remain applicable independent of the chosen logic, ATPG
for various fault models can easily be built on top of the same en-
gine. Tools for path delay, gate delay and stuck-at fault models have
already been developed. Additionally, the implication engine has
successfully been applied in tools for Boolean equivalence check-
ing [12], netlist optimization [14], and timing analysis [15].

This paper is organized as follows. In Sections 2 and 3, we briefly
review the basics introduced in [12]. Sections 4 and 5 discuss justi-
fication and propagation in the IG. In order to demonstrate the high
efficiency of our IG based ATPG approach, experimental results for

concludes the paper.

2 Implication graph (IG)

An IG is a directed grapls = (V,E). x€ L3 | encoding
The set of node¥ divides intosignal | C
nodes ¥ and A-nodes . In this pa- 0 01 1 . o - L
per, signal nodes are indicated ly 1 1 0 Figure 2: Circuit descriptions: structural — implication graph
(ck) wherex corresponds to the affili- X 0| 0 automatically compiled for an arbitrary combinational circuit and a
ated signak in the circuit. A-nodes are | conflict || 1 1 chosen logic may be found in [12].

denoted by Greek letters using the same ] ) . .
letter for the three\-nodes of a temary 1able 1: Encodingots 3 Implication

clause; they are depicted byor a shaded triangle in the figures. |G based implicatioronly requires a partial traversal of the IG. It
While signal nodes represent an encoding bit of a signal (see Table js performed by an algorithm obeying the following rule.
for the encoding ot.3 = {0,1,X}), A-nodesdenote the conjunction g, - 1 (direct implication [12])

operation needed to model ternary_cla&seEvery ternary clause  guaing from an initial sed; C Vs of set nodes, all successor nodes
has three associatednodes that uniquely represent the clause in vj are set -

thelG. e . . o if nodevj is aA-node andill its predecessors are set.

Inconsistent or conflicting signal assignments are easily detected, if nodev is a signal node anat least onepredecessor is set
as the_y are rgpr_esented by=1Ac =1 which is expressed in the This rule is Japplied until no additional node can be set.
following definition:

DEFINITION 1 (non-conflicting assignmeny All signal nodescy € Vsthat have been set by Rule 1 represent signal
An assignment is called non-conflicting @ A c; <= 0 holds for ~ values that can be implied from the initial assignment giveliby
all signal variables. Let us use the circuit of Fig. 2 for the sake of explanation. As-

igning logical value 0 to signa corresponds to setting nodg in
he IG. After running the implication procedure, the following nodes
are set:ci, ¢, andcj. To finally obtain the implied signal values

1As shown in [16] any clause system of a higher order can be decom-
posed into a system of binary and ternary clauses.

Since we require non-conflicting assignments and apply a propert
based encoding as defined in [16], the complemenjsand—c;, of




with respect to the given logic, the set nodes are decoded, i.e. wéhe two A-nodesaj and ay that have only one predecessa)(
determineb =0, c=0, andf = 0. As can be seen from this ex- set. Here, the ternary clause can be justified by settirgy ¢, to
ample, implication terminates atnodes that have only one of their 1. Let us reconsider that the subgraph denoting the ternary clause
predecessors set, here nodgsay, By, B2, Y2, andys. These nodes ¢k V ¢y V ¢; is a straightforward graphical representation of the for-
represent so-called unjustified ternary clauses that are discussed mulae:cxV ¢y V ¢z <= Cy Ay — Cz <= Cx AC; — Oy <= CyAC; —
the next section. cx [12]. Then, it becomes apparent that both possible justifications
i ; in J; are found in the consequents of those implications which have
4 Justification the literal making the clause unjustified, iag, in their antecedent.

value assignment at the primary inputs that forces an internal signab(1 andas.

to a required value.

Structure basedools start justification at output signals of gates
which are assigned a signal value that is not controlled by its inputs
These signals are referred to @gustified lines The D-algorithm
solves the problem of justification by driving a so-call®ftontier our search towards the primary inputs we
towards the primary inputs [1]. In order to reduce the size of theonly work on a subgrapBg = (V, Eg) of
search space,DEM constrains value assignments to the primary "\ g — (V,E). Thereby, wé extract
inputs exploiting the fact that in a circuit every internal signal can be adirected acy7clic graph (DAGIyom the
controlled by the primary inputs [2]. In®dDbEM the set of primary originally cyclic IG. Please observe, that
inputs, which has to be assigned a value, is found liaektracing in our implementatiorGg = (V,Eg) 'is
step. During backtracing objectives are driven towards the primary,, represented by an additi(;nal grapﬁemary clause

inputs. Then, it is decided by implication if the requirements are p ; is implicitly modeled inG = (V,E) by means of the backward

met. : i
tags. This also holds for gra needed for propagation in Sec-
Clause basegustification is implicitly solved when computing a tio% 5 g propag

satisfying assignment for the SAT problem. Since a general SAT For the circuit of Fig. 2, we obtain the DAGg shown in Fig. 4.

solver does not differentiate between internal signals and primary, . . S . . .
: . . o . . Starting from an initial objective (requiremerd), i.e. an internal
inputs it cannot benefit from constraining optional assignments to

the primary inputs. Consequently, a SAT solver has to examine a
significantly larger search space. While most SAT based algorithms
use a static order for variable assignments during their search for
a satisfying assignment [5, 6],EGUS tries to mimic DEM by
ordering the clauses in a manner such that optional assignments are
first made to primary input signals [7]. GRASPR, a version of the
state-of-the-art SAT solver AsP that is specialized for solving
SAT instances from combinational circuits, adds an additional layer
for modeling the topology of a circuit [9]. This topological layer
allows the concept of &-frontier to be used during justification.

Our IG basedjustification adds the advantages abBEM to a
SAT based approach since all structural information is provided bysignals and its associated signal nodethat is to be forced to a

In order to realize BDEM based jus-
tification in the IG we adopt the concept
of unjustified ternary clauses to guide
the backtracing process. So as to lead

Figure 3: Unjustified

Figure 4: Backtracing itg

edge tags. Here, the notion of unjustified lines is replacedrys- certain logic value, backtracing traversgs in a depth first manner
tified clausesas formulated in Definitions 2 and 3. towards the primary inputs obeying the following set of rules:
DEFINITION 2 (unjustified clause[12]) RULE 2 (backtracing)

A clauseC = c1V ¢V ...V ¢y is called unjustified iff all literals | et the objectiveo; be driven to nodey, € V. sugs(Vi) C Vs and
C1,C2,...,Cn do not evaluate to 1 and at least one complerogoif suc\ (Vi) C V,, denote the succeeding signal anahodes inGg, re-

aliteralc is 1. spectively. Then the objectiw is driven to the following nodes:
DerINITION 3 (justification [12]) o all signal nodes; € sugs(V;).

Letcy,cy,...,cm be some unspecified literals in a cla®e- c; vV e oneA-nodev; € suc(v;) which is selected according to a pre-
C2V...Vcn thatis unjustified and 1&f1,V5, ..., Vm denote assigned computed controllability measure. Nodgswhich are succeeded
values. Then, the set of non-conflicting assignmehnts {c; = by a signal nodey whose associated complement natlés set,
V1,62 = Vo,...,cm = Vm} is called a justification of clause, if are not selected.

the value assignments JnmakeC evaluate to 1. This rule is applied until no further propagation of objectives is pos-

Unjustified ternary clausésare found in the IG without effort. ~ Sible, that is all objectives have reached a primary input.
They are represented bynodes that have only one of their two pre-
decessors set. A complete set of justificatidn$or an unjustified
clauseC is easily given byl = {{c1 = 1}, {c; = 1},...,{cm=1}}.

As soon as a signal node belonging to a primary input is reached
by backtracing, it is set and the implication procedure of Section 3
e is invoked. If the unjustified clause becomes justified by implying
As only ternary clauses can be unjustified in our appro&aiiways o the injected assignment we have found a justification. If a con-
consists of exactly two justifications. = _flictis caused during implication this assignment has to be reversed
_ We will now explain how these two justifications can be derived (5 c1iracking by setting its complement node and restarting impli-

n _the_ IG with Fig. 3. T_he given ternary clgus_w_v Gy Ve IS cation. On the one hand, if all assignments at the Pls cause a conflict
unjustified due to an assignment gf = 1. This is indicated by  gyen after being reversed it can be deduced that the examined signal

2f a binary clause is unjustified it reduces to a unary clause. Unary
clauses represent necessary assignments (implied signal values).



cannot be forced to the demanded logic value. On the other hand, ipropagation is simply obtained by duplicating the respective graph
the computed non-conflicting assignment does not justify the unjusfor the 3-valued logid_3. That is, we obtain two disjoint isomor-
tified clause, backtracing from this clause starts again. Thereby, thghic graphsG% = (V9,E9) andG' = (VT Ef). While GI mod-
search space is implicitly worked off by making assignments onlyels the good (fault-free) circuitG’ represents the faulty circuit.
at the primary inputs. Both graphsG9 and G' are merged such that the composite I1G
Let us explain backtracing according to Rule 2 with help of graph G = (V9 UVT E9UET) is obtained. This graph represents the cir-
Gg found in Fig. 4. We assume that signal noagsandc; are cuit with respect to the 9-valued lodig which requires four signal
set andc; should be justified. Backtracing starts at n@jewhich ~ nodes for its enconding (see Table 2).
makes claus€q = cj V cg V ¢f unjustified. We drive the objective @
along the dashed path vianodeas to nodecy. The alternative @
path viaA-nodea; is not chosen as the complement nadef its J3
successotg is set. Front the objective is further driven to primary @ @ @ @
input nodesc; andc;. As can be seen frorG = (V,E) in Fig. 2, 5
implication from these nodes sef$ and thereby justifies signat Y1 !
and claus€y, respectively. @ @ @ @ \@5{
Our approach to justification takes advantage of bit-parallelism Ge = (V,Ef)
in two different ways. First, several justification problems can be
solved simultaneously by processing a different justification prob-
lem in each bit-slice gnd-parallelism). This is exploited during
fault parallel ATPG for easy-to-detect faults. Second, alternative  The pairc, ¢ V9 andc;; € V9 encodes the 3-valued logic value of
decisions can be examined simultaneously in different bit-sliwes (3 signalx in the good circuit and the paiy = Vf andc;, € V| the
parallelism. This method is advantageous when dealing with hard- corresponding one in the faulty circuit. Again a conflict is indicated
to-detect or redundant faults. It can also be exploited for derivationpy an assignment that sets complementary nodesyie1Ac; = 1
of indirect implications[12]. or é& = 1A & = 1, simultaneously. Similarly to justification, a
. DAG GE = (V9,E2), which is obtained by removing all edges ex-
S PrOpagatlon cept for the forward edges frof9, is extracted in order to guide
Propagationdenotes the task of making a signal change at anpropagation. Thus, addition of active clauses becomes unneces-
internal signal observable at at least one of the primary outputs. Thisary which increases the efficiency of our approach. Fig. 5 shows
is achieved by sensitizing a propagation path and finally justifying Gg = (V9,E2) for the circuit of Fig. 2.
the injected sensitizing assignments. Propagation starts by injecting the logic vaDgD) at an initial
Structure basetbols solve the problem of propagation by driving signals; that should be observed. In the &= (V¢ uvf E9U Ef)
a so-calledD-frontier towards the primary output®¢drive) [1]. A this is done by setting the nodesandc] (¢ andc)) corresponding
first group explicitly considersnultiple-path propagatiorand em-  to s . Then, the propagation procedure travel@%s'n a depth first
ploys a 5-valued logic [1, 2, 3, 4]. Another group relies asiragle- manner obeying the following set of rules:
path propagationstrategy that implicitly considers multiple-path
propagation [11, 17, 18]. This group applies the 9-valued logic [17]
and thesplit-circuit model[11].

Figure 5: Propagation i3

RULE 3 (propagation)
Let the initial signak be observable at signgl i.e.(s =D)V (s =
D) and(ci AE)V (cf AG) <= 1, respectively. Lesuas(vi) C Vg

relCIause based approaches encoding andsuc,(vi) C V? denote all succeeding signal ananodes of a
y on the split circuit model. | xeLg good Taulty RNU g ) ‘ -

They translate the D-drive by S &G nodev; in Gg = (V ,EF){ res_pect:vely. Then, signa| is made
adding additional clauseagtive 0 011 011 observable at a succeeding sigsaby:

clause} to the CNF which 1 1{0|1|0 o selectingone nodev; € suas(ci) Usuc (c) according to a pre-
represent structural knowledge )S (1) 8 8 2 computed observability measure.

about possible  propagation 5 ol1l1lo0 Nodesvj = ¢ € sug(ci) whose associated complement natj‘le
paths. This topological infor- GO ol1lo0l o is set and nodes; € suc (ci), which are succeeded by a signal
mation accelerates the solution| Gi1 1({0|0]0O0 nodecy whose associated complement neilés set, are not se-
of the SAT problem but adds FO 00|01 lected.

complexity to formula extrac- F1 cjoj1jo0 if vj € sugs(ci) , i.e.vj denotes a signal nodsg, then set its asso-
tion. As a different set of active  Tapje 2: Encoding ok ciated complement nodg in G

clauses has to be added for every if vj € suc\(c) then set its succeeding signal nagleas well as

processed fault during ATPG, often the time for extracting the

formula surpasses the one needed to solve it [7, 10]. Moreover,, jmpiving from all set nodes i and thereby injecting the sen-
due to the lack of topological information available in tG&F sitizing assignments. If implication results in a conflict, all as-
the heuristics known for structure based approaches are hard to signments are reverted and another nege sug(G;) Usuc, ()
incorporate.

o o is selected. If all nodes; yield a conflict, backtrack to previous
IG basedpropagation is as efficient as structure based approaches ggcision.

since the IG contains the complete topological information of a cir-
cuit. Itis also much simpler because of the uniformity of the graph
consisting of only two different node types instead of a multitude
of gate types. As it relies on the split circuit model, the IG for Propagation according to Rule 3 is related to the method for single-

its associated complement natjein GF.

This rule is applied until a primary output is reached or all selections
of vj € sugs(c ) Usuc\(c) result in a conflict.
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Figure 6: Propagation over an XOR-gate

path propagation proposed in [18] as it implicitly generates the pre-for propagation allows effective exploitation of bit-parallelism in
sented necessary and sufficient sensitizing conditions for the gatevo ways. First, different possible propagation paths for a fault ef-
model. In the IG model, the sensitization of gates corresponds tdect can be simultaneously investigated in different bit-slices (
justification of unjustified ternary clause and subsequent implica-parallelism). Second, several independent propagation problems
tion. That is, if we propagate via akrnode we thereby justify the may be solved at the same tima(l-parallelisn). These techniques
corresponding unjustified clause. Implication from this justification can also be exploited for derivation of so-cal@dmplications[19].
yields the value assignment necessary to “sensitize”Ath®de. .
Please observe, that fanout nodesﬁ% may be caused either by 6 Expe”mental results
fanout signals in the circuit or by the logic function of a gate such Fast justification and propagation in the IG have been included
as the XOR-gate discussed next. into the implication engine of [12]. So as to validate the ef-
Let us now explain how a signal change is propagated accordingectiveness of the proposed methods, they are incorporated into
to Rule 3 with help of Fig. 6 showing the IG = (V9 uvf ESU our ATPG tool Tip [20, 21] that is capable of handling various
Ef) for an XOR-gate with respect fog. (The logic function of an  fault models. All experiments were run on a Digital Alpha 4100
XOR-gate with respect ths is represented by four ternary clauses 5/533 (SPECint95base 15.0) using ISCAS85/89 benchmark circuits.
and no binary clause.) Nodes (C5) are drawn twice in Fig. 6 in ~ There were no aborted faults unless explicitly stated and no random
order to provide a clearer representatiorGofTo the human reader  patterns were used.
the IG of Fig. 6 may appear more complicated than the gate level TEGUg7 tme N [s] Tirtime in[s]
representation of an XOR-gate. Yet, the IG model is optimal fqigircuit ol [toal -ESIM] SAT] CNE| ESIM I ol [ATPG] 16

being worked on efficiently by a computer. c432 0.61 052 0.14] 038 0.08] 0.02| 0.02/0.00

Let us assume that a change from logical 1 to O at sigsalould | c499 0.72 0.58] 0.12] 0.46] 0.11]] 0.05] 0.03]0.02

be propagated. We start by setting nodgsindcj, in the IG which | €880 0.83 0.65] 0.13] 0.52] 0.14]] 0.02] 0.02]0.00

corresponds to assigning logic valDeto b. As sugs(cp) = 0, first Ciggg ggg ;g? 8‘252 i?i 82‘7‘ 8‘213 82‘; 882
_ ; ~ c . . . . . . . .

anodev € suc (cp) = {a1,01} is selected. If we select-nodea; =670 5 57 337 555 076 045 038 0.0

Wle fEHOW the pathc, — a1 - Cg '”hGF‘ Wh"l’h Is indicated by bold \-35751—56 1] —23:80/14.21] 9.59] 2.20] 1.13[ 0.85[0.28
black arrows, and set nodgg. Thereby, claus€q = €3V €,V C  [c5315 || 13.39]  10.50] 1.69] 8.90] 2.56] 0.52] 0.40[0.12
is justified. Next, we have to set the associated complement NnOU®288 || 66.45 57.00/40.62] 17.28] 8.41] 0.18] 0.17/0.02
of ¢¢ in Gf, that is nodece. Finally, nodesc; and ¢, are set by [¢7552 20.76 16.21| 3.75| 12.46] 4.23| 1.80| 1.75/0.05

implication. So, after propagation alorg — aj — c; signalcis | s1269 1.60 1.18| 0.21] 0.97| 0.38]] 0.03] 0.03]0.00
assigned (cg A€ <= 1). The required sensitizing assignment s3271 3.29 203] 0.26] 1.77] 113] 0.12] 0.10/0.02
logical 1 4 A €3 <= 1) was automatically injected at sigrmby | S4863 7.84 3.76] 0.64] 3.12] 3.96] 0.27] 0.22]0.05
calling the implication procedure. The alternative propagation along2378 || 7.15 5.16] 0.50] 4.66] 1.79] 0.43| 0.40/0.03

; : .159234 47.42 36.26| 9.87| 26.39| 10.70|| 7.65| 6.18|1.47
pathcy, — 81 — ¢ is marked by the bold grey arrows. It assigns logic 1320710 7446 37920 5590 3533 35761 5.13[ 5.05/0.08

valueD to signalc (cc A €¢ <= 1) and sensitizes the path by settin S158501 200 58 80201 801 721912842 337 325012
ato logical 0 €3 A& <= 1). $35032|[674.73]  253.92| 2.43] 251.49] 418.03|| 29.34] 29.11]0.23
This example shows how both ways to sensitize an XOR-gate di§88417]755.98]  267.16] 9.04| 258.12| 486.00|| 31.12| 30.74]0.38
modeled by selecting a different propagation path in the IG. Thuss38584|| 896.69 294.04| 3.97|290.07|599.82| 33.31] 33.02|0.28
alternative ways to propagate a signal change that originate frgigeo. avl]| 15.89] 10.20] [ | [ 0.66] | |
the logic function of a gate are dealt with in the same manner as
choosing different propagation paths at a fanout stem in a circuit.
As a consequence, our approach does not have to consider differ- Tables 3 and 4 present results for combinational stuck-at ATPG.
ent sensitization conditions for different module types as structurdn a first experiment, ATPG was run in combination with fault sim-
based methods do. The resulting uniformity of our graph algorithmulation; that is, every 64 patterns, which were generated by ATPG,

Table 3: Stuck-at ATPG running fault simulation every 64 patterns



TeEGU7]time in [s] CGRASHI[time in [S] TIPtime in [s]

circuit total| SAT| CNF total| SAT| CNF total| ATPG| IG
c432 2.05 0.53| 1.48 3.70 1.48| 2.21 0.07| 0.05({0.02
c499 5.44| 1.27| 4.08 556 2.06| 3.49 0.17|{ 0.17(0.00
c880 2.16] 0.41] 1.69]| 5.48] 2.13] 3.34|[| 0.07] 0.07]0.00

c1355 11.73] 2.49] 9.12]] 31.98] 12.90] 19.08]] 0.82] 0.82]0.00
c1908 18.75] 3.77| 14.82|| 41.79] 22.95| 18.84|] 1.67] 1.62/0.05
c2670 27.88] 8.65| 18.83|| 32.93] 23.38] 9.55|] 1.57] 1.52/0.05
c3540 94.94| 37.47] 57.06|]102.53] 57.14] 45.39|]] 6.55| 6.27|0.28
c5315 48.90] 7.94| 40.28|| 77.26] 54.85] 22.41|| 5.32| 5.29/0.03
c6288 473.61| 244.02| 228.87|| 566.82| 319.37| 247.44|| 39.44| 39.40/0.03
c7552 104.93] 20.63| 83.16|| 214.04] 169.48| 44.55|| 13.94| 13.91]0.03

51269 || 521] 095 416 0.25[ 0.25[0.00
3271 || 955 1.34] 7.92 1,00 0.98[0.02
4863 || 63.61] 18.47| 44.68 6.60] 6.49[0.12
S5378 || 25.84] 3.08] 22.16 2.80] 2.77/0.03
59234 215.05| 134.63| 79.41 19.21| 17.84|1.37
513207] 137.01] 10.51]124.63 33.31] 33.23]0.08
S15850] 282.60] 32.62|247.63 28.33] 28.20[0.13
$35932|| 749.79] 10.05]732.84 238,55/ 238.35/ 0.20
$38417|[1035.19 42.88/984.26 175.10] 174.80/ 0.30
$38584] 920.57] 20.73892.09 341.08[340.81]0.27
[geo. av]] 5L.40] | [ 36.97] | [ 479 ]

Table 4: Stuck-at ATPG without running fault simulation

fault simulation was started. The achieved results fierare found TP (columns ATPG) corresponds to the time needed for solving the
in columns 7 to 9 of Table 3. While column 7 provides the total time extracted SAT formulae indcusand GzRASP(columns SAT). As

for both ATPG and construction of the IG, columns 8 and 9 give thecan be seen from Tables 3 and 4, the proposed IG based approach
time for each individual step. The time for IG construction includes provides significantly better performance compared to general SAT
the time required for deriving some indirect implications. So as to solvers even if the latter are specialized for combinational circuits.
prove the robustness of our approach we conducted a second expdfurthermore, the experimental data gives evidence that often the
iment. Here, ATPG was run for every fault in a circuit (after fault time needed foCNF extraction is prohibitively high in [7, 9].
collapsing) without using fault simulation. The corresponding re-  Since Tecus has been proposed as a benchmark program for
sults for Tip are given in columns 8 to 10 of Table 4. The geometric ATPG tools, an extensive comparison with ATPG tools that mark
average of total run times may be found in the last row of Tables 3the state-of-the-art is made in [7]. It is shown tha&dlusis faster

and 4. and more robust than previously published approaches. Therefore,
In order to demonstrate the quality of IG based ATPG, we com-the experimental results in Tables 3 and 4 establish thatalso
pare the obtained results with the SAT based approaches 3[7] beats these tools in terms of speed and robustness.

and GzRrRAsP[9] that mark the state-of-the-art. So as to allow a fair ~ Next in Tables 5 and 6, we provide results for ATPG targeting
comparison we compiled the version afGusthat comes with the  nonrobust and robust path delay faults. When dealing with path
synthesis tool & [22] using the same compiler settings and ma- delay faults our tool T uses the IG for fast implication and justi-
chine as for Tp. The results for GRAsPhave been taken from [9].  fication. Explicit propagation of fault effects is not required in path
They are scaled to execution times on a Digital Alpha 4100 5/533delay ATPG as it is inherent in the fault model.
using SPECint95base ratios as the experiments in [9] have been car- Columns 9 to 11 in Table 5 provide the number of detected faults,
ried out on a Pentium-11/266 machine (SPECint95base 10.8). Thethe number of faults that are proven untestable, and the required
superiority of our approach can be seen from the experimental dataun time, respectively, when runningffor nonrobust path delay
shown in Tables 3 and 4. While column 2 of Table 3 gives the to- ATPG using a 3-valued logic. The total number of faults in a circuit
tal run time for TEGUs, columns 4, 5, and 6 provide the times for is given in column 2. Again, no faults were aborted. A compar-
solving the SAT formulae, extracting ti@NF from the circuit, and  ison of the results with RAN (columns 3 to 5) and JUNAMI-D
running fault simulation, respectively. Since the time needed for(columns 6 to 9) shows thatif clearly outperforms the SAT based
fault simulation in TEGusis quite substantial, while it is negligible TrAN but is slower than the BDD basedTNAMI-D.3 TSUNAMI-
in Tip, we also give the total run time without fault simulation in D, however, cannot process the circuits having the most paths as it
column 3. As can be seen from the data our approach is one orsuffers from the excessive memory requirements of its BDDs.
der of magnitude faster thaneGus In Table 4, columns 2 to 4 In Table 6 you find the corresponding results for robust path de-
and columns 5 to 7 provide the corresponding data eeUsand  |ay ATPG. Here, the results ofi# found in columns 13 to 16 are
CGRASP, respectively, when running ATPG without fault simula- optained using an IG for a 10-valued logic. The comparison with
tion. Again, a comparison with the results forFTin columns 8 the SAT based approach of [10] (columns 3 to 5}AN (columns 6
to 10 demonstrates the high effectiveness of IG based implicationtg 9), and BunAMI-D (columns 10 to 12) show again thatrTis
justification, and propagation. the fastest approach that can process all ciréults. TRAN and TiP

In case of stuck-at ATPG the time for graph constructionin T aborted some faults they are listed in columns 8 and 15, respectively.
(columns IG) may be considered as being corresponding to the time
needed folCNF extraction in TEGusand GsRASP(columnsCNF). 3The results for [10], RAN and TSUNAMI-D are scaled to execution
The time required by justification, propagation, and implication in times on a Digital Alpha 4100 5/533 using SPECint95base ratios.




TRAN[23 TSUNAMI-D[24] TIP

circuit faults || detected untestablg time in [s] || detected untestablg time in [s]|| detected untestable time in [s]

s510 738 738 0 2.22 738 0 0.03 738 0 0.10

5382 800 734 66 0.55 704 96 0.02 734 66 0.02

s526 820 720 100 2.04 708 112 0.02 720 100 0.07

s820 984 984 0 5.04 984 0 0.05 984 0 0.27

s832 1012 996 16 5.08 996 16 0.05 996 16 0.30

51488 1924 1916 8 14.13 1916 8 0.12 1916 8 0.93

51494 1952 1927 25 13.82 1926 26 0.12 1927 25 1.02

5953 2312 2312 0 10.14 2266 0 0.13 2312 0 0.35

s641 3488 2270 1218 15.11 2096 1392 0.30 2270 1218 0.13

51196 6196 3759 2437 44.84 3708 2486 0.36 3759 2437 0.80

51238 7118 3684 3434 47.76 3663 3453 0.38 3684 3434 0.93

c880 17284 16652 632 0.82

s5378 27084 19413 7671 2.60 21928 5156 3.10

s3271 38388 19292 19096 1.75

s3384 39582 31966 7616 3.30

s713 43624 2066 41558 0.83 4922 38702 0.22

51269 79140 33382 45758 3.03

51423 89452 33981 55471 17.69 45198 44254 2.48

s$35932 394282 38372 355910 6.94 58657 335625 40.52

s9234 489708 38621 451087 16.08 59854 429854 12.65

c432 583652 15855 567797 2.20

c499 795776 367744 428032 27.07

c2670 1359920 130626 1229294 11.35

c7552 1452988 277244 1175744 570.38]

c1908 1458114 355168 1102946 27.69

s38584] 2161446 170291| 1991151 60.40[| 334927 1826519 613.29

c5315 2682610 342117 2340493 132.48

s13207] 2690738 162798 2527840 68.88|| 476145 2214593 293.54

s38417] 2783158 1138194 1644964 752.87

c1355 8346432 1110304 7236128 42.69

c3540 | 57353342 1202584 56150758 1762.70

515850 329476092 10782994 318693098 5791.82

Table 5: ATPG for nonrobust path delay faults

circuit_|| nonrobust| robust graph algorithms. It has been shown how the uniformity of graph
:;ég g'gz g'g; operations in the IG allows efficient and effective exploitation of
S938 746 891 bit-parallel techniques. Experimental results for stuck-at and path
S991 716l 1.36 delay ATPG confirm the effectiveness of our approach. The pro-
S1269 3.16| 1.76 posed techniques, which are currently integrated into a new object-
51423 4.36]| 8.41 oriented framework for logic synthesis and verification, can also
s3271 2.46|| 4.08 be applied to Boolean equivalence checking [12], optimization of
s5378 5.80]] 4.53 netlists [12], timing analysis or retiming (reset state computation).
9234 3.85|| 2.13
513207 0.43| 2.11
15850 E07 214 Acknowledgements
[average] 4.16[ 3.91] The authors are very grateful to Prof. Kurt J. Antreich for many

Table 7: SpeeduRjngle/tparalleldue to bit-parallel justification

valuable discussions and his advice. They like to thank Hannes
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In a final experiment, we investigated the speedup that can b@f the ATPG tool.

achieved by exploiting bit-parallelism in justification and propaga-
tion. Table 7 gives the obtained speedup fatighgie/tparallel
when running nonrobust and robust path delay ATPG. Hgjgyle
denotes the time required for justification when using only one bit,
whereasiyarg)je| represents the corresponding time when exploit-
ing full 64 bit words. The results show that the exploitation of
and-parallel as well as or-parallel methods i Jields an average
speedup of 4.

7 Conclusion

We have proposed fast IG based justification and propagation
Working in the IG model, the complex functional operations of jus-
tification and propagation could be reduced to significantly simpler
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