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Abstract — In this paper we present a new and efficient method for II. BASIC IDEA

path classification, i.e. for determining the set of functional unsensitizable  Before giving the details of the proposed approach, we first explain

or robust dependent paths. In a pre-processing step, the new method comits hasic idea and the resulting advantages with help of some simple
putes a minimal set of reconvergence regions that need to be consideregyamples.

for path classification. Functional sensitization is only performed for path . .

segments contained in these regions. Thus, the complexity for path classié- Review of Path Classification

fication can be reduced from the total number of paths in the circuittothe ~ When determining the sets 8#J andRD paths, we try to classify

number of paths contained in the minimal set of reconvergence regions. the set of all paths into two disjoint sets. One set that does not have
|. INTRODUCTION to be considered for path delay testing and one that has to be further

The increasing complexity of digital logic systems and the cdr<@mined by an atpg tool.

Ui i ; ; ; The method of [5] for computin§U paths is based on the idea of
et the imporance of dynamic festing. Tw Major ault rodbéndatory (or necessary) assignments for path sensitization [§]. That
: i %’;1" necessary signal assignments for propagating a desired signal

have been prolposed: the gate delay fault model [1] and the path%! sition on a given path from a primary input to a primary output are

lay fault model [2]. In this paper we concentrate on the path de % =l c ; :
; ; cted. Thisinjection of necessary signal assignments is also referred
fault model. A major disadvantage of the path delay fault model |s% Ppossible implications fro

; : e ; ; as functional sensitization.Next, al
huge size of its fault dictionary. Therefore, in many practical case se assignments are carried out. If a conflicting signal requirement

is extremely difficult or even impossible to enumerate all path del SHISLIES - ! !
faults [3] for test pattern generation. Recently, it has been shown U.{‘hd byflrg lication, tnlle %onstlﬁeredtpatfh |stdetetr1r_n|rl:‘1ﬁti The
many paths in a circuit cannot influence its performance. Hence, r ”_m Of.[ lreqlwres alon-pa hlnpu S ? 9% es which have a TIQ”'
paths need not be considered for delay testing [4, 5, 6, 7]. J{ggltr\?allgg alsnev e‘f‘ ue at its on-path signal to have a non-controlling
In [4] robust dependent (RMaths are introduced. It is shown th : : . e . .
RD paths need not be pons(ldered for path delay testing since they cal hedalg%ogthnpl_o;: (6] for |dengf3/_mg?Dlpattgjs_ IS anfextensmn of theh
not influence the circuit performance unless some testable path dglgi’0d of [5] which imposes additional conditions for propagating the
fault also occurs. The presented algorithm for com utin? a maxi %:g{ocg}- tﬁed?)ll;[fl%r;iatuyinr};?]?s-cgtnj[[;:l%lgggg\é?éléevsvl‘ﬁ{)% rﬁg&g: cgafr?)mr?
set of RD paths, however, is computationally feasible only for sm N > h v ¢ )
circuits. Ir?[s the concept oﬂunctignal Unsensitizable (FLgaths is final value at their on-path input signal. This subset is determine
roposed. This set of paths cannot cause a delay fault under allfye given order in the input signals. That is, all input signals that
ay assignments. An approximative procedure for findingelipaths are smaller with respect to the given order than the on-path signal are
based on the idea of mandatory (or necessary) assignments [8] is g ﬂned a r]on-conf%rolh?]g Vam‘l? wf;e_reast,) no reqﬁlrenp]ents ar']'ed'SfSUEd
The approach tries to avoid enumeration of all paths by using fuff-the remaining o ‘Eat signals. It is obvious that the method for
tional unsensitizable prime segments. In [6] a common framework ffntification ofRD paths also finds afU paths as it injects a superset
FU andRD paths is established. It is shown that the clasBlofpaths OF the nﬁcesr?ary a(sﬂsll:?nmﬁntfs for detectlorFUfrf)art]hs. {%}6] |th|s
forms a subset of the maximum robust dependent set as computeBf @il that e set RDpains forms a Superset o fne serh paihs.
the method of [4]. An algorithm for identifying near maximum robust Both methods can only compute a good lower bound on the com-
dependent sets is proposed based on the algorithm suggested in [Blete sets oFU andRD paths since conflicts are only discovered by
In this paper we will address the problem of efficiently determiniigg implication phase following the injection of necessary assignments
the setsU andRD, respectively. We will refer to the task of partitionald no justification of the signal requirements is performed.
ing the set of all paths into one of the above mentioned categoriegagow Reconvergence Analysis Can Help

path cla.ssifi(%atg]on . d methods for i ing the effi.Even though the methods for determiniiy and RD paths have

_ Despite of the various proposed methods for improving the efflsan optimized for efficiency, they still have a worst case complexity
menc_g of ga}h t(;]lassmc?tlon, sml huge rllur_r:be([silof paths tr;]ave LOFEumber of all paths in the circuit.

considered. In the worst case, the complexity still remains the num ; it ati i i
of paths in the circuit. So as to reduce this worst-case complexity, I!i{ ugﬂ{gﬂgsg?zlrt]'é?:%%?iﬁﬁggrg\zgrtgs[?ﬁg ] ﬁﬁ?al?;,a iﬁt&%ﬁg grthtige pr

propose the use of reconvergence analysis. As shown in section P ' : .
almost allRD or FU paths pass through at least one reconverge hown in figure 1la. Let's consider one of the dashed paths ending

region in the circuit. Thus, the number of paths that need to be gon-
sidered can be reduced without significant loss of accuracy by don-
straining our algorithm to reconvergence regions, i.e. the worst-cas
complexity is reduced to the number of paths found in a reconvergepg
region.

gReconvergence analysis is a well-known technique in CAD. It has
been used to speed up fault simulation of stuck-at faults in [9] as wel
as for corolla based partitioning [10]. In [11] it is applied to detecting
seven different types of reconvergent structures in order to find robust - . . .
untestable paths in a circuit. We propose a method for reconvergence  Figure 1: Benefits of confinement to reconvergence regions
analysis that is based on the fundamental techniques of [9] but has bhéaPO. During the traversal of the path, every gate on it is first func-
extended significantly to fit the specific needs of our problem. Tenally sensitized. Then, an implication phase is performed based on
presented procedure computes a minimal set of reconvergence redibasequired signal values for functional sensitization. If these neces-
which are not fully covered by any other reconvergence region. Osdyy assi?nments cause a conflict in the signal assignment of the given
these regions need to be considered for identiffgiyor FU paths in circuit, all paths containing the currently considered path segment are
a circuit. markedRD or FU. This is indicated by the grey shaded cone in fig-

The paper is organized as follows. Section Il starts with a revieve la. Let's assume that the conflicting signal assignment is caused by
of the algorithms presented in [5] and [6], respectively. Next, the benﬁ«ing to sensitize a path through the gate marked with a flash. Obvi-
efits as well as the validity of our approach are shown. In sectiondisly, this conflict originates in the fact that the considered path passes
we give an overview of the basic notation used throughout this pagierough the reconvergence region consisting of the white gates, i.e. we
Section IV describes the applied methods of reconvergence analysigld already discover the conflict if only the E:)ath segments in the re-
and its advantages. The new approach for compu@Bgas well as convergence region were sensitized. Since all paths leading fR@n a
FU paths by considering only a minimal set of reconvergence regitmshe reconvergence region (marked by dashed lines) are processed
is discussed in section V. Experimental results are given in sectioniktlependently, the same reconvergence region is processed multiple
Section VII concludes the paper. times without need.
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Therefore, we propose to limit functional sensitization to path s¢gy,Xz) € E. The set of all possible paths is denotedRi. The
ments contained in reconvergence regions. Thus, every path contajgegs structural pathBS comprises those pathse PM that start at

in the reconvergence region found in figure 1b is processed only oncg,; ; ; A
If a conflict is found when trying to sensitize the gate marked w ﬁrlmary input and end at a primary output, ifrst(p) € Pl and

the flash, all paths containing the currently considered path segmigisP) € PO. The functl_onflrst%% (last(p)) returns the flrst_(last?
are markedRD or FU. This is indicated by two grey shaded cones #@te on the path. A functional pagh € PFis defined by choosing all
figure 1b. So, the complexity of path classification is reduced to thnsitions at all signafson a structural patips € PS
number of paths in a reconvergence region. We will later show that inwe will further need the following definitions. A reconvergence
many practical cases this reduction is substantial. o . r.'rse(}g);ionrr (fo,rn), which is uniquely determined by its fanout stéore
Next, the validity of our approach is discussed. Intuitively, signag and its corresponding reconvergence noté RN, is defined as
reconvergencies form a prerequisite for the existende@and FU he set of all disjoint paths starting fatand ending atn. The set of
paths, since circuits without reconvergencies (tree structures) are %Q odesn ¢ V contained in reconvergence regioifo, m) is given

testable for robust (and nonrobust) delay faults. This dependency |
to the following the(orem: ) y P y y se{rr (fo,rn)) = L(Jf )se( p), wherese{ p) returns the set of all
perr(fo,m

Theorem 1 In an arbitrary combinational circuit a FU (RD) path, ashodes contained in the respective patiThe set of all reconvergence
determined by functional sensitization, is either caused by existengg gns found in the circuit is given BRR

a reconvergence regi_on through which the path passes or by existen e seRN(fo) contains all reconvergence nodes belonging to a spe-

of a redundant stuck-at fault. o ; )
Proof: Let's assume a given path does not pass through a reco{@ygf_fanout stenfo and is defined aBN(fo) = {rn € RN|3rr (fo,rn)}.

ence region but i&U or RD. Then justification of at least one of*R10) = {Ir € RR3rr (fo,m)} denotes all reconvergence regions hav-
the required off-path signals causes a conflict. Since the considégdo as their fanout stem.
path does not pass throuPh a reconvergence region none of the othBe setFO(rn) represents all fanout sterfis that have noden
necessary assignments along the path can be the origin of this cordiisbng their corresponding reconvergence nodes-Ogérn) = {fo e
Thus, this conflict has to be caused by a redundant stuck-at fault gt @nsrr (fo, rn)1. RRrn) = {rr ¢ RR3rr (fo,r)} denotes all reconver-
off-path input. Due to this redundant stuck-at fault the required siggahce regions having as their reconvergence node.

value cannot be justified. In the remaining sections of the paper, we only con-
As redundant stuck-at faults can easily be detected by stuck-at ajjpigr Combination% circuits consistirl?gp of basicy gates

it is no deficiency of the proposed method that these paths remainNioT, AND,OR,NAND,NOR,XOR,XNOR,BUF). The presented
detected. methods for reconvergence analysis, however, remain applicable to
_ The proposed approach d circuits composed from arbitrary gates as well as the combinational
first computes a minimal part of sequential circuits.

aiec}nsm( rgrchoenr:/ergr?lr;cia{ﬁ_ IV. RECONVERGENCEANALYSIS

segments contained in this As has been pointed out in section |l B, functional sensitization is
set are functionally sensi- applied onf%wnhln reconvergence regions. In order to minimize the

tized according to the rules b required effort we propose a reconvergence analysis method that com-
for identification of FU = o putes a minimal set of reconvergence regions. Since all reconvergence
andRD paths, respectively. Figure 2: Example circuit regions contained in this set are not fully covered by any other recon-

Let's assume that the reconvergence region determined by fanout ¥RSBENCe region, we refer to these regionsnasimal reconvergence
a and reconvergent signglin figure 2, which shows six gates thaf€9!ons Nmax

L2 L . ; Our method for determining a minimal set of maximal reconver-
may be part of a larger combinational circyils contained in such agence regions consists of two subsequent steps. Both steps can be
minimal set. We will now consider the path segmégtt, g2, g4,95) firther divided into a forward as well as a backward phase.
with rising transitions at signaks c and f for functiona sensmzatlong(b

b,

according to the rules given in [5]. Consequently, we have to as tep 1 L .
non-cont?olling values {0 the o -p]ath signals of gyagesandgs. We he forward phase of step 1 is similar to the method proposed in [9].
assign logical value 1 to signatsanda. Performing an implication Starting at a fanout stem all immediate successors are given different
step detects a conflicting assignment at signdlhus, we have found markers. Then, in a levelized breadth first traversal of the correspond-
that every path containing gatgs, g2, g4 andPS with rising transi- iNg output cone all markers are driven towards the primary outputs.
tions at signals, c and f is FU. This may be a large number and it ha{§odes that have been marked with at least two different markers are
been identified by local analysis of gatgisg2, g3, g4 andgs only. ound to be reconvergence nodes. Thus, a set of reconvergence nodes
The potential reduction in com- RN(fo) can be determined for every fanout sting FO. In a similar
plexity is best illustrated with hel ‘ manner, a levelized breadth first traversal of the input cone belonging
of the circuit found in figure to a reconvergence noaa yleIQS the set of all reconvergent fanout
which has been taken from[3]. Iti stemsFO(Srn?1 for this node. This procedure is carried out during the
the third member of a class of ci : : backward phase.
cuits which are generated by con- T During the forward phase, for every fanout stéare FO the set
catenating the circuit part marked Figure 3: Circuit according to [3] Of corresponding maximal reconvergence notgax € RNmax(fo),
by the shaded box times. The = * which is contained irRN(fo), is determined. A maximal reconver-
number of structural paths in the circuit equal23— 2 (for n > 2) gence nodenmax With respect to a fanout stefo is a node whose

whereas the number of reconvergence regions is pnlgince ev- : p :
ery reconvergence region contains two structural path segmentsWH@sPondmg reconvergence regio(fo, Mmay) is not fully covered

proposed method only has to consider @ath segments for func-bY any other reconvergence regionc RRfo). We can easily com-
tional sensitization whereas the approaches of [5, 6] have to cope pitle these nodes if we interpret the grapk- (V, E) as representing
3-2"—2 paths. That is, exponential complexity could be reducedai9order relatioh We start by determining all maximal elements with
linear complexity for this extreme example. respect to the séfl, which is given by all nodes contained in the union
I1l. BASIC DEFINITIONS of all reconvergence regions belonging to fanout stenit is deter-

The combinational part of a given circuit is modelled by a directeflined byM = U sefrr(fo,rn)). The set of maximal elements
acyclic graphG = (}\]/, E). The edge seE denotes the set of all signals m e RN(fo)
in the circuit and the node sétcomprises all internal ?ates as well asmax(M) is obtained by evaluating méM) = M N[ [ pre(x)] where
the primary inputs and primary outputs. The set of all primary inputs is . xcM .
given byPI and the set of all primary outputs BO. Fanout stems arePre(x) denotes all predecessors of nodi G. The max-operation,
modelled at the corresponding gate, i.e. the set of all fanout stengiswe”_ as the min-operation used during the backward phase, can
given byFO C V. RN C V denotes the set of all reconvergence nod® carried out very efficiently on the gragh In the following, su-

i.e. the set of all gates that can be reached by at least two disjoint padiiscript ¥ indicates that the marked sets are computed in step 1.
starting at the same fanout stem.

A path pin G is defined as a tuplp = (Xi yer s Xa Xgs - ,x]-) with 2For circuits containing only simple logic gates it is sufficient to define the signal tran-

. sitipn at thePO and at the output of all XOR-gates (XNOR-gates) found on path
nodesx;, ... Xj € V on the path being the components of the tuple ancﬁAs a matter of fact, the transitive closure of gra@h= (V,E) represents the corre-
sponding order relation.

LAs a matter of fact, the circuit of figure 2, which has been selected for its simplicity, is
redundant. More complicated examples without such redundancies could easily be given.




Thus, we get the set of maximal reconvergence nadgsfor fanout {(a, j),(a,k)}.
stemfo asRN%m(fo) = maxM) and the set of alinmay, as computed B. Step 2

by step 1, aRNpqy = foyFORN%ax(fO)‘ respectively. The computed  step 2 removes all reconvergence regions fRigh,, that are fully

rn?ggjl]xe RNL ., correspond to closing reconvergence gates as defié%\‘frle_d-lpﬁ’u2n?ﬁgef'irn';elcsogfvgﬁgggﬁvreer%'ggcgurte%ai?nﬁnaoix%%l';,j%gtr'}f_'ed by
in [9]. \ g

. tains maximal reconvergence regiangax which are not covered by
Next, the backward phase is performed. For every reconvergeiiyeothenr € RR Therefore,RRnax is truly minimal and onléthese
nodernmax € RNL ., the set of corresponding minimal fanout stemeconVﬁrgence regions have to be considered for identiffibgnd

fomin € FOX. (Mmay), Which is contained ifFO(rMmay), i rmined. FU paths. . . o

:n;ru]r} r?imglmflg(rlomaé)t’enfofmnsw ?toh trzspegct tg(re(r:ngﬁ)\}efgciaentge na?dg Similarly to basic reconvergence aneilyss, atthe beginning of step 2
is a node whose corresponding reconvergence regidey,,, ) is for each minimal fanout sterfo; € FOp,, markers are driven to-
not fully covered by any other reconvergence regiore RR(). wards thle primary out.puts . Next, for each reconvergence npde
The set of minimal fanout stenfe,, belonging to a givemnmaxis Mj € RNya(fo;) a levelized backward traversal of the corresponding
computed by finding the minimal elements with respect to a subisebnvergence regiam(fo;,rn;) is carried out. During the traversal,

N= U sefrr(fo,rmax). SetN contains all nodes which areve check if other maximal reconvergence nodagax are encoun-
fo € FO(Mmax) ) _ tered and store such nodes in the unique-tabldiash . If a minimal
contained in the union of all reconvergence regions RRMmax). fanout stentfa),,;, is encountered during the same traversal we check

The set of minimal elements nfiN) is determined by evaluating;¢ any maximal reconvergence Nog,, & RNk f0i) has already

min(N) =Nn[ () sudx)] wheresugx) denotes all successors of nodgeen stored imn _hash . If this holds true, regionr (fol ., Miay) is
X in G. Thus, we get the set of minimal fanout stefmyg;,, for recon- fully covered and can therefore be eliminated. For the example circuit

1 —mi _of figure 4, after completion of step 2 reconvergence regiot, i) is
vergence NodBmax asFOpy (Mmax) = min(N) and the set of afbn - 2,87 fromRRnax Such that the circuit is found to have only two

1 1 -
as computed by step 1 BOpjn= U FOpjn(m), respectively.  mayimal reconvergence regionsa, j) andrr (a,k). The set of mini-
Let us now illustrate step 1 with help of the simple networkal fanout stems is determinedfe@pmin = {a} and the set of maximal

found in figure 4 which can be seen as describing a part of tbeonvergence nodes B8nax= {j,k}.
structure of a large circuit. The set of fanout stems is given byExperimental results for both steps are given in section VI.

le ><$kG:(v_E) -A kG:(V,E) V. A RECONVERGENCEANALYSIS BASED APPROACH TO
I

o G=(V.E)
T><?h IDENTIFYING FU AND RD PATHS

g °

i g " A B i In section |1 B we have shown that almost U andRD paths can
/ / be identified by executing functional sensitization only within recon-
& of e of f| vergence regions. If we restrict the set of reconvergence regions to
b

X the set of maximal reconvergence regidtBnax, however, a single
c Yd b c Yd b Y phase of functional sensitization can only compute a lower bound on

\\/' W S the number oFU andRD paths as determined by the methods of [5]
< a) 2 b) % ¢) and [6], respectively.

_ _This observation is now explained with help of figure 5 and we
Figure 4: Step 1: a) forward phase, b) backward phase c) overlappgd  will show how a two-phased approach for functional sensitization can

FO = {a,b,c,d,g,h} and the set of reconvergence nodes is fouhglp. In figure 5 you find a part of the gra@hdescribing the struc-
to be RN = ﬂ ,h,i, j,k}. Basic reconvergence analysis determings

the set of all reconvergence regioRR in the network asRR=
{(a,9),(a,h),(ai),(a,k),(bj),(bk),(c,),(ck),(d,i)}*  During
the forward phase of step 1 the $i}.(fo) is determined for ev-
ery fo € FO. This can be seen in figure 4a for fanout stemCom-
puting the set of maximal elements with respeciite= {b,g,h, j,k}
(indicated by the shaded region) results in (hMx= {j,k}, i.e.
RN (D) = {j,k}. Atfter all fo € FO have been processed, the set
of maximal reconvergence nodes is giverRad .. = {i, j,k}. Next,
during the backward phase all minimal fanout stems are computed|b
ginning at every maximal reconvergence nodgax € RN}, This f
procedure is illustrated in figure 4b for maximal reconvergence node
Finding the set of minimal elements M= {a,b,c,g,h, j} (indicated a) First Phase b) Second Phase c) After Both Phases
by the shaded region) yields ni) = {a}, i.e. FOL, (j) = {a}. Af- Figure 5: The two-phased approach

ter all Mmax € RN}, have been processed, the set of minimal fanaute of a given circuit with two reconvergence regiongfo,,rn;) and
stems is determined 59,1“"1 ={a,d}. Thus, the complete set of maxrrz(fo? rny). Only reconvergence regian; is contained irRRyaxas

. ! o rr 5 is fully covered byrr ;.
imal reconvergence regiofR;q as computed by step 1 is given by During the first phase of functional sensitization, maximal recon-

RRhax = {(a,]),(a,k),(d,i)}; i.e. the number of reconvergence remergence regions are traversed starting from a maximal reconvergence
gions that have to be considered could be reduced from 9 containgtbife rnmay towards its corresponding minimal fanout stdap,,.
the initial seRRto 3inRR,,, In other words, the fully covered reconDuring this traversal off max(fomin, Mmax) Necessary assignments for
vergence region®R= {(a,g),(a,h), (b, j),(b,k),(c, j),(c,k)} were functional sensitization of path segmentstipaxare injected. If a con-
eliminated by step 1. flict occurs at fanout stefio, during the implication step, all functional
As can be seen in figure 4c, reconvergence regibij), which is paths containing the path segmeft, .. .,Mmax) can be marke&U
fully covered by(a k), is, however, still contained iRRL,, This @ndRD, respectively. _ _
is because neithére RN(a) nor (d € FO(k)) v (d € FO(j)). Re- _ Lets consider the maximal reconvergence regioj(foy, ;) in
gion (d,i) is eliminated by step 2 such that the final minimal set fgure Sa. If we try to sensitize the path segméo}, ...,m;) marked
maximal reconvergence regions is correctly computedRBsax = DY drey arrows, a conflict may occur at fanout st Then, all
fundcggnal paths c?nt_?_lhn.lng ;hgsegrg%fﬁz,h..dm ) are fpu]ngU c
. : . : , tively. This Is indicated by shaded cones in figure 5a.
4For reasons of brevity, we will denote the reconvergence regida,rm) determined an , respec . .
by fanout stenfo and reconvergence node by the ordered paiffo,rn) throughout this Let's assume that th?_ Conﬂ!Ct also occured if only path Se_gment
example. (fop,...,ry) were sensitized, i.err,(fop,rny) causes the conflict.




Then, all functional paths containing the segmga, ...,rm,) need Gircuit o Bl s st phase

n fins

to be marked=U andRD, respectively. Asr, ¢ RRnay it iS not pro- cI355 6776160 57 6345888 15
cessed explicitly. Thus, too few paths might be markebor RD if A Iy T | R - R
we only apply a single phase. This effect is avoided by means of a 5315 2107569 74 2103051 39
second phase. S350 || 1958783 | 4381 || 1883030 | 62
In the second phase, maximal reconvergence regions are traversed S12850 || 277212406 | 37032 || 2000a8884| 7346
starting from a minimal fanout stefo,,, towards its corresponding $35932 276137 | 348 273417 | 313
: ; - $38417 976628 | 423 975572 | 285
maximal reconvergence nodemax. Again, necessary assignments 238584 1463359 | 1639 1035087 | 512

for functional sensitization of the region’s path segments are injecteghle 2: GMPARING THE APPROACH OA 5] AND THE FIRST PHASE(FU)
during the traversal. If a conflict arises at reconvergence mogle )
all functional paths containing the path segm@oty,...,Mc) are Table 3 compares the method of [5] with the complete two-phased

markedFU and RD, respectively. In the example of figure 5b, th@Pproach. These results clearly demonstrate that the presented two-

conflict will now occur atrn, since we assumed it would happen if Circuit s Awo-phased
A > b B o Uy tins
we only considered ;. Thus, all functional paths containing the path o350 6776160 57 6775160 5

C

segmen fgl,.h.,énz are foyn]g_FU agg RD, respectively, which is cep aandih | a0 |l 3532393 o3
indicated by shaded cones in figure 5b. . 5315 2107569 74 2105947 93
Figure 5c shows the situation after completion of both phases. It can orese. 10065051 230 10004711 320
be seen that even after completion of the second phasefsdraeRD 215850 || 277312406 | 37032 || 273605500 | 11753
paths which pass througrE(foz, rnz) might remain undetected. Such 30032 groi3r| 348 Z14de7 | 493
a path has been marked by grey arrows in figure 5c. Even though this 238584 1263356 | 1639 1218899 | 1295

ﬁ)_ath passes through, it has not been considered by the two phas§gpie 3: GMPARING THE METHOD OF 5] AND THE TWO-PHASED AP

his is because the path contains neitimgror fo, . PROACH(FU)

A possible solution to this problem is storing information about thgiased approach is capable of identifying the vast majorigtgRD
conflict found in phase one at noft®. Then, if a conflict also occurspaihs in a circuit. Run time for relatively small circuits is not reduced
at nodern, during the second phase, we can retrieve this informati {)-the new approach. These circuits, however, could already be pro-
After a final check ifrr(fo,,rn;) caused the conflict, all paths concessed efficiently by the methods of [5] and [6]. Yet, speed-ups of
taining the segmenffo,,...,rny) can be markedrU or RD. Thus, up to a factor 10 are achieved for large circuits with many paths. For
after completion of both phases all paths that contain the path segumple, the time required for identifyifRD paths in the circuit con-
ment(fo,,...,my,) are marked correctly, and the non-maximal recol@ining the most gaths (s15850) could be reduced by 67.1%. Circuit
vergence regioir , has been considered implicitly. Of course, stog6288 could not be processed as our current implementation requires
ing and retrieving information about conflicts induces some considbe generation of a path array for path counting purposes. Please note
able overhead. Moreover, experimental results presented in sectidhat|this is no deflcgencY of the proposed method as both reconvergence
show that a faster approach without storing conflict information apalysis and functional sensitization can be carried out for this circuit.
ready discovers nearly &iU andRD paths. Therefore, we will from As mentioned before, good approximative results are already achieved
now on only examine the fast approach. This is particularly permiggicomparatively very short time by sole application of the first phase.
ble, as the methods of [5] and [%ﬁ)compute only a lower bound to the VIl. CONCLUSION

number ofFU andRD paths in a given circuit, too. We have presented a new and fast method for identifying Both

VI. EXPERIMENTAL RESULTS andRD patr?s in cogwbinatl;onal circuits. It CORSfISt$dOf a%tka“(ionver Ience
The proposed methods have been implemented in C-languagePQ@}S!S phase and a subsequent approach for identijungs we
all expgrin?ents have been carried out opn a DECAIpha—Stagtiong RD paths by local analysis of reconvergence regions. First, the pro-

4/266. All ISCAS-85 and the combinational part of ISCAS-89 ben )sed reconvergence analysis phase is used to compute a minimal set
mark circuits have been investigated. For reasons of brevity, we nwnaxmal reconvergence regions. Then, the new approach remains
present results for computation BU paths. Results foRD paths, Mited to path segments contained in this set. Thus, less paths have
which are very similar, may be found in [12]. to be treated explicitly anBU as well asRD paths in a circuit can be

Table 1 gives an overview on the proposed method for compulﬁ@ﬁrmmed ve%fast. For a special class of circuits the computational

T . plexity could be reduced from exponential to linear complexity.

Circuit #RR |[TRE Do R Do The presented experimental results clearly show that the new approach

2670 477 D 5T 03 is partlcularIP/ suitable for large circuits with many paths. These cir-

3540 23251 3413 | 05 456 | 6.7 cuits can only be processed with great expenses by other methods.

5315 3708 1536 | 0.4 434 | 0.9
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