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Abstract the implicit assumption here is that all component delays
We present a novel timing analysis mechanism which can simultaneously be set to their individual maximum
is based on identifying primitive path delay faults (primi- values. This may not be the case due to component delay
tive PDFs) in a circuit. We show that this approach gives correlations and signal correlations arising from fabrica-
the exact maximum delay of the circuit under the floating tion process fluctuations, signal propagation effects (gate
mode of operation assumption. Our timing analysis output transition time affects delay of not just immediate
approach provides a framework where component delay fanout gates, but also of succeeding downstream logic),
correlations and signal correlations arising from fabrica- and signal interaction effects (capacitive coupling, multi-
tion process, signal propagation, and signal interaction ple gate input transitions). The assumption that all compo-
effects can be handled very accurately. Under these nent delays can simultaneously be at their individual
effects, timing analysis using previously reported floating maximum values is a very pessimistic way of accounting
mode timing analyzers, e.g., viability, TrueD-F etc., is very for these effects, therefore these previously reported float-

pessimistic. Our timing analysis approach based on primi-
tive PDF identification is also more efficient than conven-
tional floating mode path sensitization analysis

ing mode timing analyzers are very conservative in their
delay estimates. Moreover, their sensitization mechanisms
offer no way of accounting for these effects in a more real-

mechanisms in situations where critical paths need to be istic manner.

re-identified due to component delay speedup (e.g., post-

layout delay optimization). We demonstrate the applicabil-
ity of our timing analysis approach for a variety of bench-
mark circuits, and demonstrate the pessimism of
conventional floating mode timing analysis approaches in

The floating mode timing analysis mechanism pro-
posed in this paper forms a framework that can handle
these fabrication process, signal propagation, and signal
interaction effects very accurately. Our timing analysis
mechanism is based on identifying primitive path delay

faults (primitive PDFs [12]). It can be derived from the
work in [12] that primitive PDFs are the path sets which
determine circuit stabilization time. Orimitive PDF
Identification basedliming Analysis (PITA)mechanism
can find therealizable maximum circuit delay under the

Over the past ten years, the problem of determining floating mode of operation accurately. Moreover, it finds a
the maximum delay of a combinational circuit accounting Set of paths, callegrimitive anchor pathsthe maximum
for path sensitization has been the focus of intense Of whose delays gives the maximum circuit delay. The
research. In this context, it has been proved in [6] that the Primitive anchor path set is a subset of all paths in the cir-
maximum delay of a family of circuits (i.e., a given circuit Cuit which satisfy the SENVse criterion [6], conse-
netlist whose component delays vary within specified quently there are fewer primitive anchor paths in a circuit
ranges) is bounded by the maximum delay, determined than viable paths [3].
under a floating mode of operation assumption, of that cir- The primitive PDFs in a circuit do not depend on
cuit instance whose component delay values are set tocomponent delays. So if all long’ primitive PDFs (i.e.,
their individual maximum values. Based on this, numerous those with delay greater than some lower bound value) are
floating mode timing analyzers have been reported [3][5] identified, they need not be re-identified if one or more
which assume component delays to be fixed at their indi- components are speeded up. Thus, in a delay optimization
vidual maximum values and perform the path sensitization scenario, our sensitization analysis needs to be done only
under a floating mode of operation assumption. However, once. In contrast, using previously reported floating mode
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1. Introduction
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subset of the paths at every iteration. rences of the word ‘jointly’ in this document should be
In the next section, we explain primitive PDFs and interpreted to mean ‘singly’ when the cardinality of the
introduce necessary terminology. In Section 3, we estab- path set is equal to 1. Also, we will use the terms ‘PDF’
lish the relationship between primitive PDFs and the max- and ‘path set’ interchangeably, and the terms ‘non-
imum delay of a circuit. Section 4 discusses our timing robustly testable’ and ‘statically sensitizable’ interchange-
analysis mechanism. Section 5 compares our method toably in the remainder of the text. Note that the delay of a

previously reported ones. Results for benchmark circuits

jointly statically sensitizable path s@tis determined by

are presented in Section 6. We present our conclusions inthe shortest pathl . This can be easily inferred from the

Section 7.
2. Background
2.1. Primitive path delay faults

Under thepath delay fault modgB], apath is said to
have a delay faulif its delay is greater than a given timing
constraint. A single path delay fault (SPDF) corresponds
to a delay fault on a single path. A non-robust SPDF corre-
sponds to a path that is singly non-robustly testable
[9][10]. The side-input conditions along the gates of such

argument presented above in the context of Figure 1. More
precisely, under a non-robust test Fgralong each of the
paths[] I, any side-input with a controlling final value has
to belong to another path I (becausdl is jointly stati-
cally sensitized), and so the shortest pati will present

the earliest controlling value at each such gate.

Primitive PDFshave been formally defined in [12].
Informally, singly statically sensitizable paths belong to
the set of primitive PDFs. Also, sets of pafhswvhich are
jointly statically sensitizable anahinimal (i.e., no subset
of N is jointly statically sensitizable), belong to the set of
primitive PDFs. Also note that since the single/joint static

a path are the same as that for a statically sensitizable patrf€nsitization criterion (gate side-inputs must eventually

[2], so such a path may also be calledirgly statically
sensitizable pathA multi path delay fault (MPDF) corre-

settle to non-controlling values) is delay independent, the
set of primitive PDFs in a circuit remains the same even if

sponds to the simultaneous presence of delay faults oncOmponent delays change (i.e., the set of primitive PDFs is
more than one path. A non-robust MPDF corresponds to a delay invariant).

jointly non-robustly testable (jointly statically sensitiz-
able) path set. For a path skt {ry, 10, ...} to be jointly
statically sensitizable, only those gate side-inputs along
each pathg which do not lie on any other pathll need
to satisfy the static sensitization conditions.

In the example shown in Figure 1 [11], the path set
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Figure 1. lllustration of an MPDF.
{1 b-g1-g3-y | b-g2-g3-¥} is jointly statically sensitizable.
Moreover, for the test shown, the circuit outpus faulty
only if the delays of both pathd-g1-g3-yand! b-g2-g3-
y are greater than the timing constraint T, since they both
present final controlling values to gaj& In other words,
the delay of the jointly statically sensitized path sigb-{
gl-g3-y 1 b-g2-g3-¥ is determined by the shorter of the
two paths.

In general, given a set of patfig(ln = {1y, 0, ...}), @
path delay fault (PDH)I corresponds to the simultaneous
presence of delay faults on all the pathg1. A jointly
non-robust PDF corresponds to a jointly non-robustly test-
able (ointly statically sensitizabjepath set. All occur-

Furthermore, the authors of [12] have stated and
proved a theorem which we restate as follows:

Theorem 1: The circuit will exhibit fault free timing
behavior for all input vectors and for all timing con-
straints larger than some given value (say, T) if and only if
it can be guaranteed that all the primitive path sets are
free of delay faults for T.

Note that a primitive path set is delay fault free if even
one of its constituent paths has delay less or equal to the
given timing constraint. This follows directly from the fact
that the delay of a jointly statically sensitizable path set is
determined by the shortest path belonging to the path set.

2.2. Terminology

A family of circuitscorresponds to a given logic-level
circuit netlist with associated component delay models.
The delay of a component depends on many factors: input
transition time, output loading, signal activity on neigh-
boring components, internal component state (i.e., floating
node voltage in MOS gates), fabrication process fluctua-
tions, supply voltage and operating temperature. A circuit
instance is normally defined as a circuit obtained by set-
ting the fabrication process parameters to fixed values. For
our purposes however, we defineiuit instanceto be a
circuit obtained by setting its component delays to fixed
values within their respective component delay models. In
the remainder of the text, we will use the tesimcuit to



imply a family of circuits, unless noted otherwise. sets (i.e., the maximum of all anchor path delays). The set
p p

The maximum circuit instance delaynder a given of all anchor paths in a circuit are exactly those paths in
mode of operation assumption is the maximum delay of the circuit that satisfy the SEN)se Criterion. This fol-
the circuit instance over all possible inputs under this Jows directly from the gate side-input conditions along a
mode of operation, accounting for path sensitization. The path that satisfies the SENVse criterion (at each gate
maximum circuit delayinder a given mode of operation  giong the path, the on-path input is the earliest arriving
assumption and a given component delay model is the ¢onirolling value, otherwise all inputs to the gate settle to
maximum delay of the circuit over all possible inputs non_controlling values). Therefore, the PITA maximum
under the given mode of operation and over all circuit cireyit instance delay is exactly equal to the maximum
instances possible under the given component delay ge|ay of the circuit instance found using the SENM
model, again accounting for path sensitization. The circuit criterion, which is equal to the maximum circuit instance

Instance at \.Nh'?h. this maximum oceurs 1S te”“‘?d the delay under the floating mode of operation assumption.
worst-case circuit instancelhe maximum path delais .

the maximum delay a path can attain for a given compo- In proving Theorem 2, we notice that the set of all

nent delay model. anchor paths in a circuit are exactly those paths in the cir-
cuit that satisfy the SENY,<e cCriterion. We also know
that the set of all primitive anchor paths is a subset of the
set of all anchor paths. We therefore infer the following:
Corollary 2: The number of primitive anchor paths in a
circuit is less than the number of paths in the circuit that
satisfy the SENY,se Criterion, and consequently also less

than the number of viable paths in the circuit.

3. Relating primitive PDFs to timing analysis
3.1. Maximum circuit instance delay

Say a given circuit has a set of primitive path Bets
{Mpy, Mpo, .., Mg} Let us denote the circuit instance by
the variablex, which represents all the parameters that
determine the delay of each component in the circuit.
From Theorem 1, we can bound the maximum delay of the
circuit instance as the maximum of the primitive path set
delays at that instance, i.e.:
maxdelay(ckt) = max{ delay (M), ..., delay (M)} (EQ1)

3.2. Maximum circuit delay

The maximum circuit delay is given as the maximum
of the maximum circuit instance delay (Equation EQ1)
over all possible circuit instances:

We call this thPITA maximum circuit instance delay maxdelay ckf=max maxdelay(ckt)

Recall that the delay of a primitive path set (for that mat- L )

ter, any jointly statically sensitizable path daty1 = {m, =max [max{ delay (M), ..., delay (M,\)}]
o, ..., T}, is determined by the shortest patlf], i.e., Hx . .
delayx(l'l) = min{dela&(nl), delayx(rrn)} (EQ2) =maxgrr&|§xdela&(l'lpl), n&ixdela&(ﬂp,\l)%

The shortest patt,; ;, which determines the delay of
the primitive path seffl; at circuit instance, is called the
primitive anchor pathof M. Correspondingly, given an (EQ3)
arbitrary jointly statically sensitizable path §et {1, 10, We call this thePITA maximum circuit delayThe

... Ty}, the shortest pathy, which determines the delay of ~ maximum delay of a primitive path set (in fact, any jointly

M at circuit instance, is called theinchor pathof 1. statically sensitizable path s€)IT = {1, T, ..., T}, can

Theorem 2:The PITA maximum circuit instance delay is e derived from Equation EQ2:

exactly equal to the maximum circuit instance delay under maxdelaymn) = max delay, ()

the floating mode of operation. N
Proof: Since every non-primitive path set (i.e., a

jointly statically sensitizable path set that is not minimal) (EQ4)

in the circuit is a superset of some primitive path set, every ~ When the component delays are completely uncorre-

non-primitive path set’s delay is upper bounded by some lated, the above expression can be rewritten as:

primitive path set's delay. Therefore, the PITA maximum

circuit instance delay, which is the maximum of all the

pr?m?t@ve path set delays (i.e.,_the maximum of all thg (EQ5)

primitive anchor path delays), is also equal to the maxi- ie.

mum of the delays of all jointly statically sensitizable path

=max{ maxdela{[l'lpl), maxdela;(I‘IpN)}

= nﬁix min{ dela&(nl), dela&(nn)}

O O
maxdelay) = ming maxdelay,(m,), ..., max delay (1,)Q
Q) ) max delay (1), ... max delay, (1,0



maxdelayM) = min{ maxdelaym), ..., maxdelaym,)} (EQG)
This implies that under the assumption that the delay
of each component varies independently of the others
within the given bounds, the maximum delay of a jointly
statically sensitizable path set is given by the minimum of
the maximum delay of each path belonging to this set.
Note that since the component delays vary mutually inde-
pendently, the maximum delay of each pgtm Equation
EQ6 can be found by adding up the maximum possible
delay values of the components alaggUnder indepen-

dently varying component delays, the PITA maximum cir-
cuit delay is given by Equation EQ3 and Equation EQ6.
Theorem 3:When the component delays are assumed to
vary independently of each other, the PITA maximum cir-
cuit delay is exactly equal to the maximum circuit delay
under the floating mode of operation.

Proof: It has been proved in [6] that assuming inde-
pendently varying component delays and under the float-
ing mode of operation assumption, the maximum circuit
delay is equal to the maximum circuit instance delay of

that circuit instance whose component delay values are set

to their individual maximum values. For this worst-case
circuit instance, we can infer from Theorem 2 that the
PITA maximum circuit instance delay is exactly equal to
the maximum circuit instance delay under the floating
mode of operation. Hence proved.

|

If component delays are correlated (to a large or a
small extent), it may not be possible to set the delay of all
components simultaneously to their individual maximum
values (i.e., the circuit instance corresponding to all com-
ponent delays set simultaneously to their individual maxi-
mum values may be unrealizable). Therefore, previously
reported floating mode timing analyzers which perform
the sensitization analysis under a floating mode of opera-
tion with all component delays set to their individual max-
imum values will yield a pessimistic estimate of the
realizable maximum circuit delay. By using Equation EQ3
and Equation EQ4 to find the maximum circuit delay
under a general component delay model, the PITA maxi-
mum circuit delay will not be pessimistic in this regard.
Theorem 4:For any component delay model, the PITA
maximum circuit delay is exactly equal to the realizable
maximum circuit delay under the floating mode of opera-
tion.

Proof: We can infer from Theorem 2 that the PITA
maximum circuit instance delay is exactly equal to the
maximum circuit instance delay under the floating mode
of operation, i.e, equations Equation EQ1 and Equation
EQ2 determine exactly the maximum delay of a circuit
instance. Maximizing these equations over all possible
(i.e., realizable) circuit instances give equations Equation

EQ3 and Equation EQ4, which is precisely the PITA max-
imum circuit delay for any given component delay model.
Hence proved.

|

4. Primitive PDF identification based timing
analysis - PITA

The PITA approach is shown in Figure 2. It takes as
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Figure 2. The PITA approach.

input the gate-level netlist, a lower bound value T on the
circuit delay, the component delay models and their
respective upper bound (maximum) delay values. PITA
operates in two modes. In the ‘critical path’ mode, it out-
puts the maximum circuit delay and the associated critical
primitive path set (i.e., the primitive path set whose primi-
tive anchor path determines this delay). In the ‘all paths’
mode, it identifies all ‘long’ primitive path sets, i.e., those
primitive path sets whose maximum delays are greater
than the input lower bound threshold value T.

The core of the PITA methodology is based on the
iterative-SSTA(terative Sgnal Sabilization Time Analy-
sis) algorithm, which is used to identify primitive path sets
whose delay upper bounds are greater than some lower
bound threshold value. The iterative-SSTA procedure uses
only the upper bounds on the component delays to identify
these primitive path sets. Every time such a primitive path
set is identified, th@rimitive path set delay evaluatis
invoked which computes the maximum delay of the primi-
tive path set using the user-input component delay models.

In the ‘all paths’ mode, the lower bound T value
remains constant at the input value, so primitive path sets
whose delay upper bounds are greater than the input T
value are identified and reported as ‘long’ primitive path
sets. In the ‘critical path’ mode however, as primitive path
sets with delay upper bounds greater than T are identified,
T is updated to the maximum of the maximum primitive
path set delay found so far. The updated T value is then
used as the new lower bound threshold for further identify-
ing primitive path sets, and this process continues until no
further primitive path sets are found. The resulting T value



is the PITA maximum circuit delay. steg>Tx O
UOO(SL,IUL) O (stggrlafxf > T,)

4.1. lIterative-SSTA 0 (SUL)UO, O  (SygHAbfxf > T,)
O U00U0, O (stagrlafxf > T,) O(Styg+Abixf > T,)
We have previously reported our primitive path set s1>T, O
identification procedure [13] which is based on the itera- ULOSHLUL) O (styp+Aarxr > T)
tive-SSTA algorithm. We only give a brief overview of the 0 (SLWUL)IUL O  (shyy+Abrxr > Ty

procedure here.
Consider a 4-valued logic system {S0O, S1, U0, U1},
which represents the possible signal values under a 2-ve

Note here that (10 Ul,) and (S} O U1, in the
c.product terms can be interpreted as the appropriate side-

tor delay test = <vy, v,>. The symbols SO, S1, U0, and input settling to a final non-controlling logic value under
’ ) ~ ., the floating mode of operation, while ,J@Q,, U1, and
Ul represent the stable logic 0 value, the stable logic 1

value, possible transitions for the test but eventually set- U1oin the product terms can be interpreted as the on-path

tling to a logic 0 value, and possible transitions but eventu- input settling to a final 0/1 logic value under the floating
ally settling to a logic 1 value, respectively. mode of operation.

Under this logic system, for a 2-input AND gate (with Starting from the primary inputs, we busthbilizing
inputsa andb, and outpuk), there are 16 stabilization sce- time expressiongST-expressiofsat each node in a level-
narios since each gate input can be one of SO, S1, U0, orized fashion by combining the ST-expressions at the gate
Ul. Each stabilization scenario can be derived from the inputs according to the ST-expression propagation rule at
excitation table of the AND gate enhanced with the new that gate. For a primary inpafthe ST-expression is:
logic system and delay constraints, shown in Figure 3. We Sa0>Ta 0 a(0)0a(0+), sg1>Ta O a(0-)0a(0+)

where a(0-) is the value affor the first vector of the

a max(shyrAarxr, shy+Abrxr) test and a(0+) is the value afor the second vector of the
b test vector pair. The general form for the ST-expression at
sq, Ly Styp+Abrxr a noden is:
Sthyo>T, O Beondhgt O {Cexprpg!> Tyt
UL o .. O {.}
b NO NO
styrHAarxr Ly stygAafxf . Bcondnol - {CeXprnOl >
Slb Sth1>Th ad Bcond, 1 O {Cexprn > Ty}
X >h] o .. 0 {.}
uo, O BeonthM O {CexprpNt> T
where Bcongg® (1< k < NO), Bcongi{ (1 < k < N1)
) represent the Boolean conditions in terms of the primary
StygtAbfxf min(sipg+Aafxf, sh+Abfxf) input variables a(0-), a(0+), ..., such that nodeay have
Figure 3. Stabilization table for an AND gate. transitions but stabilizes ultimately to a logic 0 and a logic

call this thestabilization tablefor the AND gate. Here, 1 value respectively. {Cexp > T} (1 < k < NO),
U0, means (a = U0), gf represents the time at which node  {Cexpr,,;X > T,} (1 < k< N1) are and-expressions of sym-

x stabilizes to a logic 0 valudafxf represents tha-to-x bolic constraints on partial paths upto nagend are of
gate delay for a falling input (and consequently a falling the form {(delaypath] > T,;) O (delaypath] > T,) O...}.
output), and so on. For instance, the bottom rightmost sce- |t can be inferred that each Cexpr corresponds to a PDF
nario is interpreted as follows: if bothandb can have (SPDF/MPDF) consisting of partial paths from the pri-
transitions but eventually settle to a logic 0 value, then the mary inputs to node, and the corresponding Bcond repre-
gate outpuk stabilizes with possible hazards to a logic 0 sents its single/joint non-robust testability conditions
value, and it is guaranteed to stabilize to its final logic (single/joint static sensitizability conditions).
value within the time min(gg+Aafxf, sto+Abfxf). While combining the ST-expressions at the gate
From the stabilization table for a gate type, we can inputs according to the ST-expression propagation rule at
write out the SOP (Sum of Products) expression corre- that gate, the terms corresponding to those symbolic par-
sponding to all the stabilization scenarios. We call this the tial path delay constraints which cannot be satisfied for the
stabilizing time expression propagation rul@r, ST- given component delay upper bound values are pruned
expression propagation rylgor the gate type. The ST-  away. Thus, the ST-expression at a node represents in SOP
expression propagation rule for the 2-input AND gate is:  form the ‘long’ non-robust partial PDFs and their respec-



tive non-robust tests. put using a timed D-calculus that is derived from the
By propagating the ST-expressions through the levels SENV criterion. To find the maximum circuit instance
of logic in a circuit, we can obtain all non-robust PDFs delay, the algorithm may need to be run multiple times for
(i.e., jointly statically sensitizable path sets) at each circuit different T values. In PITA, only gate functionality is used
output. However, given a path set of cardinality m, there to identify primitive paths sets. The component delay
may be many path sets of cardinality n (> m) which are upper bounds are used only to prune jointly statically sen-
supersets of this path set, and hence are not primitive. sitized partial path sets whose delay upper bounds are less
Computation of these non-primitive path sets adds to the than some threshold value, and are not used to determine
memory overhead, and therefore is not computationally which gate input signal dominates the gate output at each
efficient. To overcome this problem, we do not compute gate. In other words, instead of performing a delay-depen-
the complete ST-expression at each node in one shot.dent resolution at each gate, the partial path delay con-
Instead, we do this iteratively, where in each iteration i, we straints are stored symbolically in the ST-expression at the
compute the ST-expression at each node only for a rangegate. The component delay model itself is used only by the

[I;, u] of path set cardinalities. At the end of tHeitera- delay evaluator to compute the maximum delay of the

tion, we identify the primitive path sets in the range of car- pri_rr_litive path sets. '_I'he_ advantage of doing So Is in the
dinalities [}, u]. This information is then stored on the ability to handle fabrication process effects, signal propa-

edges of the circuit, and is used for pruning path sets of gation effects, and signal interaction effects.
higher cardinalities during the ST-expression propagation

) o : 5.1. General component delays
in succeeding iterations.

The significance of the PITA approach is underscored
in dealing with fabrication process, signal propagation,
and signal interaction effects. Under these effects, not all
components along a path may exhibit their maximum
delay values simultaneously, so adding up component
delay maxima (or upper bounds) along paths will result in
a very pessimistic upper bound of the realizable maximum
path delay. It may be argued that using a conventional
floating mode timing analyzer, the maximum circuit delay
accounting for these effects may be found as a two step
process: firstly, determine the critical path using the float-
ing mode timing analyzer with the component delays set at
their individual upper bounds, and then find the maximum
delay of the critical path accounting for these effects. This
analysis is incorrect since, for the component delay value
combination where the delay of the critical path is maxi-

] o ] o mized under these effects, the path may be false. More-

The basis for our primitive path set identification pro-  gyer 4 path whose delay upper bound is less than that of
cedure is the stablhzatmn tables for_ !nd|y|dual gate types ihis critical path may in fact have a larger maximum delay.
(e.g., refer to Figure 3 for the stabilization table of a 2- gqgengially, without creating symbolic partial path delay
input AND gate). These stabilization tables correspond 10 gypressions during the path sensitization analysis, the best
the SENV sensitization criterion, which is the set of neces- {he previously reported floating mode timing analyzers can
sary and sufficient conditions for a path to be sensitizable yq s to report as maximum circuit delay, the delay found
under the floating mode of operation assumption. The sen-p,, herforming path sensitization analysis with all compo-
sitization criterion proposed in [4] also corresponds to the pant delays simultaneously set to their maximum values.
SENV criterion. However, the manner in which the sensi- In PITA, the iterative-SSTA algorithm uses the com-
tization criterion is applied for timing analysis is different ponent delay upper bounds (i.e., component delay max-
between the two. In [5] (which is a companion paper of jma) 1o identify primitive path sets whose delay upper
[4]), an approach has been presented to answer the quespgnds exceed the current lower bound threshold value,
tion “Is there a true path of delayT?". This is based on 5 the delay evaluator uses Equation EQ4 to determine
simultaneously determining the sensitizability of aII. paths  the maximum primitive path set delay using component
whose delays are greater than or equal to T, and it works gejay models that account for these fabrication process,
by finding a test for a single stuck-fault at the circuit out- signal propagation, and signal interaction effects. This

4.2. Primitive path set delay evaluation

The delay evaluator is invoked every time the itera-
tive-SSTA algorithm finds a primitive path set whose
delay upper bound (i.e., maximum delay using component
delay upper bounds) is greater than T. The delay evaluator
finds the maximum delay of the primitive path set for the
given component delay model. The delay evaluator is spe-
cific to the component delay model. For component delay
models that are mutually independent (fixed, monotone
speedup [3], and bounded delay models [7]), Equation
EQ6 is used to evaluate this delay. If component delays are
correlated, then Equation EQ4 must be used.

5. Comparisons



procedure will result in the realizable maximum circuit Table 1: PITA results.
delay. Note that the maximum primitive path set delay No. T No.

Unit delay K-factor delays
evaluation may not be a trivial task: a non-linear numerical | Circuit | gates| paths [PERT] PITA| PERT _ PITA | PITA
optimization may need to be performed if the component (no correl) (correl)
delays are expressed as functions of fabrication process|c880 407 1728f 10 100 104 100 93.08
fluctuations, and a signal hazard analysis may need to be|c432 251 583652 19 100 104 97.6] 94.19*
performed to determine the worst-case scenario in the case49? 504 795776 19 100] 109 108 99.47]
of signal interaction effects. c1355 598 8.34¢6 10 100) 100 ] -

1908 664 1.46¢d6 1093.100 100 97.1{ 95.32

Lo 3540 1366 5.74d7 1 -] 100 95.6] 94.69

5.2. Post-layout delay optimization c5315 | 2326 26846 1(98.10] 104 983 9651
dalu 2061 12163 14 100 100 94.4] 81.02*

In the post-layout delay optimization scenario, given a |2 2744 20808 10/ 100] 104 10 76.871
circuit layout which has sensitizable paths whose delays [i10 3194 1.38ef 1096.26 10( 93.5] 83.20%
exceed some given timing constraint, the objective is to [i8 3590 105242  10{94.29 10d 93.3] 90.06
speed up the circuit such that all sensitizable paths have|s13207.] 859 2.69¢6 1 -| 100 99.69 99.12
delay less than the timing constraint. In this scenario, it |S1423 674 89452 1Q 100) 109 9.1y  94.09
follows from Theorem 1 that it is necessary and sufficient [$15850.1 10197 3.29¢8 1] -| 100]  96.17 94.92
to speed up all the ‘long’ primitive anchor paths (i.e., those S38584.1 21308 21696 1 100 109 100 9787
primitive anchor paths whose maximum delay is greater S5378 320,3 27046 14 100} 109 100 99.3
than the given timing constraint). PITA can be executed in s713 453 43028 109243 10C 93.6] 9064
s9234.1 | 5944 489708 1( 100 10( 99.5{  95.02

‘all paths’ mode to identify all ‘long’ primitive path sets, — - : :
which can then be speeded up using transistor resizing,eXPreS§9d as empirically obtalneq functions of input tran-
wire resizing, interconnect re-routing, buffer insertion etc. Sition time and output load capacitance.
Here, the sensitization analysis to identify primitive path In the results for each circuit in the unit component
sets needs to be done only once. delay model, the PITA maximum circuit delay is shown

If a conventional floating mode timing analyzer were Normalized relative to the maximum topological delay
to be used in this scenario, the path sensitization analysis(PERT delay [1]). Fairly large circuits (~21K gates, ~14
may have to be performed multiple times. We justify this million paths) were handled by PITA for the unit delay
in the following argument. In the post-layout delay optimi- mModel. However, the program ran out of memory for
zation scenario, say all the ‘long’ sensitizable paths (i.e., ¢3540, $13207.1 and s15850.1 before giving any result,
those whose delays exceed the given timing constraint) ~ Results for the k-factor delay model are shown in the
have been identified using some floating mode timing ana- last three columns of the result table. T_he k-factor delay
lyzer. It can be shown that it is neither necessary, nor suffi- models for the gate library were obtained from SGS-
cient to speed up all these ‘long’ sensitizable paths. Thom_son. Microelectronics, Agrate,_ltaly. Since we did not
Essentially, when a ‘long’ sensitizable path is speeded up, US€ Circuit layouts, the_load capacitance at each.gate was
it may result in other ‘long’ sensitizable paths becoming assumed to be proportional to its fanout and the intercon-
false and also result in some ‘long’ false paths becoming Nect delays were assumed to be zero. Under the k-factor
sensitizable. Therefore, the path sensitizabilities would d€lay model, the upper bounds on the delay from a gate
have to be re-evaluated every time a ‘long’ sensitizable iNPUt to.the gate output were calculated by. evaluatlng_ the
path is speeded up, resulting in a situation where critical @PPropriate k-factor function under the maximum possible
paths are identified and speeded up one at a time in an iteriNPUt transition time that can be seen by that gate input.
ative manner. This is very inefficient compared to the man- 1he PERT delay shown is found by using these component

ner in which PITA needs to be used just once. delay upper bounds. Also, the transition time at a gate
input affects the delay of the gate and also the transition
6. Results time of the gate output, which in turn affects the delay of

the fanout gates. Hence, component delays are correlated

Results obtained from using PITA to determine the under the k-factor delay model due to signal propagation
maximum circuit delay of some large ISCAS'85 effects. Previously reported floating mode timing analyz-
ISCAS'89 and Logic synthesis'91 benchmark circuits a;e ers cannot account for these correlations since they use
shown in Table 1 for two component delay models: the partial path delay_upper bpunds (derived by.adqmg com-
unit component delay modethere every component p_onent delay .maX'ma) du.rmg the pgth sensitization gnaly—
(gate, wire) in the circuits is assumed to have unit delay, sis to determme Wh'.Ch S|gnal dominates a.t a gate input
and ak-factor delay mode[14] where gate delays are Results obtained by ignoring these correlations are shown



in the ‘PITA (no correl)’ column, which is the delay that determining the maximum circuit delay accurately only
would be reported by these floating mode timing analyz- for independently varying component delays, and are pes-
ers, while the PITArealizable maximum circuit delay simistic in the presence of fabrication process, signal prop-
determined by incorporating these correlations is shown in agation, and signal interaction effects. The PITA approach
the final column. Once again, the circuit delay numbers provides a framework where these effects can be taken
are shown normalized with respect to the corresponding into account very accurately since the iterative-SSTA algo-
PERT delay. It is observed for many circuits that not rithm outputs symbolic primitive path set information
accounting for component delay correlations during the rather than performing a delay-dependent resolution at
path sensitization analysis is as pessimistic as (or in someeach gate. We have demonstrated this for benchmark cir-
cases, even more pessimistic than) not accounting for pathcuits for a k-factor delay model. It is also argued that post-
sensitization. For e.g., for circuit k2, path sensitization layout delay optimization can be more efficiently per-
analysis without accounting for component delay correla- formed with PITA than with conventional floating mode
tion does not decrease the maximum circuit delay estimate timing analyzers because the set of primitive path sets is
at all, while PITA path sensitization analysis accounting invariant with respect to delay.

for component delay correlation tightens the maximum
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