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Abstract

Recent work has identified the notion of safe replacement for se-
guential synchronousdesignsthat may not have reset hardware or
even explicitly knowninitial states. Safe replacement requiresthat
a replacement design be indistinguishable from the original from
the very first clock cycle after power-up. However, in almost any
realistic application, the design is allowed to stabilize for many
clock cycles before it is used. In this paper, we investigate the
safety of a replacement if the replacement design is allowed to be
clocked some cycles (that is, delayed) with arbitrary inputs before
the design is reset. Having argued the safety of “ delay” replace-
ments, we investigate a new method of sequential optimization
based upon the notion. We present experimental resultsto demon-
strate that significant area optimizations can be gained by using
this new notion of delay replaceability, and that thereis a trade-off
between the allowed number of clock cycles after power-up and
the amount of optimization that can be obtained.

1 Introduction

The problem of design replacement for gate-level synchronous,
seguential circuits is to replace a given design with another (op-
timized in some respect) making only minimal and reasonable
assumptions about the interactions of the designs with its environ-
ment. The sequential nature of the design comes from the use of
memory elements (such as latches and flip-flops). In synchronous
designs all memory elements are triggered by a common clock
signal. In some designs, all memory elements can be initialized
by asserting an input that is hardwired to a specific port of each
memory element.

In theory, designswith universal reset lines are easy to deal with
because one design can safely replace another functionally if both
designs have the same reset state and any sequence of identical
inputsto the two designsin their respective reset states elicitsiden-
tical sequencesof outputs. However, the price for the ubiquitous
reset lineis the cost of routing wires to each memory element and
the circuitry within each memory element to accomplish the ini-
tialization. Therefore, many real, industrial circuits contain at least
some memory elements with no reset lines. This, however, raises
a harder question about what it means for one sequential design
without hardware reset to safely replace another. Furthermore,
initializing such a design is a consequence of the interaction of a
design with its environment.

Reflection [1] and experience show that, in the absence of know!-
edge about the intended use of a design and information about its
environment, a necessary condition for safe replacement is that
the State Transition Graphs (STGs) of a design and its replace-
ment have equivalent Terminal Strongly Connected Components
(TSCCs). However, sinceit is generally conceded that one cannot
control the state in which a design is powered up, some condition
concerning the way a design and its replacement are initialized is
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required. In [1], it was suggested that a necessary (but not suf-
ficient) condition is that, in addition to having identical TSCCs,
a design and its replacement have at least one synchronizing se-
guencein common. More recently a“ safe replacement” condition
was presented [2] which implies that every synchronization se-
guence for the original design also synchronizes the replacement
design (thisis equivalent to the redundant condition for fault detec-
tionin [3]). It was argued that that this notion of safe replacement
wasthe weakest possible without knowledge or assumptions about
the design’s environment.

Based upon the notion of “ safe replacement,” a sequential syn-
thesis approach was developed [4] that guaranteed that the new,
optimized design would be a safe replacement. However, it was
noticed that several effective optimization techniques, such as re-
timing, did not alwaysresult in safe replacements. To understand
why, consider the state transition graph again. In every design,
thereisasubset of statesinto which the design must eventually fall
no matter what sequenceof inputsis given to the design. For exam-
ple, supposethere is a state s1 to which no state (including itself)
transitions under any input. This state represents an ephemeral
state of the machine which cannot be visited beyond one clock cy-
cle. Given that the machine can power up in any state, s; might be
theinitial state of the machine. Any such 1-cycle ephemeral state
isirrelevant to the steady state operation of the design and so, by
letting the design just “coast” for one cycle, it can be eliminated.
To get to the “core” behavior of a design, delete all such 1-cycle
ephemeral states. However, notice that a new ephemeral may ap-
pear, that isastate, say s», to which only a1-cycle ephemeral states
can transition. States such as s, cannot re-appear after two clock
cycles, no matter what inputs are given during the two cycles. The
n-cycle ephemeral state setsform an “onion ring” structure in the
STG [5]. The 1-cycle ephemeral states constitute onion ring 1,
2-cycle ephemeral states constitute onion ring 2, and so on. Since
designs are finite state machines, for any design, there is a bound
on the number of onion rings.

Elimination of all such ephemera states for all clock cycles
leaves a set of states, called the outer-envelope (OE) [1] or D
(see Section 4 of this paper). Many well-crafted designs have
ephemeral states due to the fact that binary encoding often leaves
some states of the implementation without a corresponding statein
the specified design. These states should be ephemeral. Also one-
hot encodings of machines with n states resultsin 2" — n states
which may also be ephemeral. In addition, a forward retiming
move acrossafanout junction will also create ephemeral states|[6].
However, all retiming moves preserve the outer-envel ope.

The sequential method employed in [4] usesan “aliasing” tech-
nique. A coreset of statesisidentified (all statesexcept the 1-cycle
ephemeral states). Then any 1-cycle ephemera state, say s, is
allowed to act like an alias. That is, for any input «, the state s is
allowedto aliasto any state so whichtransitionsto astateinsidethe
coreon input a, i.e. oninput « state s is allowed to have the same
next state and output asits alias so. One degree of flexibility comes
from the fact that the s can alias one state so for one input ao and
to another state s1 for another input «;. However, this technique



doesnot seem to yield dramatic improvement in the design.

The method presented here is more flexible. We use the onion
ring structure more exactly so that any ephemeral state, say s in
onion ring ¢, can alias to a state which, for input «, transitions
to a state inside an onion ring 57 where 57 > : or to the OE. But
this replacement is only delay-safe (i.e. we have assume that the
environment of the design does not care about the behavior of the
designtill the :-th clock cycle after power-up).

The notion presented in the current work relies on the assump-
tion that any realistic design will be used only after some cycles
have elapsed after power-up; these cycles are necessary for the
voltages and current to settle immediately after power-up. This
initialization slack, often at least a few thousand clock cycles (usu-
ally milliseconds), is known in advance and is part of the design
specification. Sequential optimization can use this initialization
slack, say NV cycles, in the following two ways. First, the design
can be partitioned into non-overlapping, manageable sized pieces.
Then each piece can be optimized using the N initialization slack
cycles. Proposition 4.3 will show that this strategy will produce an
entire design that is NV -cycle delay-safe replacement. Second, de-
signscan beoptimized using piecesthat do overlap. Proposition 4.4
will show that in the worst case, the delay needed accumulatesfor
overlapping pieces. So the designer must take care not to exceed
atotal allotment of NV cycles. Of course hybrids of the two ap-
proaches can be used. It is important to note that for any of the
approaches, only the transient behavior of the designsis modified.
Specifically, the outer-envel ope is unchanged.

Previous efforts have been made to tackle the sequential design
replacement problem!. A notion of design equivalence was de-
fined in [1]; however, they did not present any approach to use
that notion for logic optimization. Another notion of equivalence
was suggested in [7] which was used for sequential resynthesis by
redundancy removal in [8]. Their notion of redundancy results in
replacementswhich are not 0-cycle delay-safe replacements[9]; it
hasnot been shownthat if their replacementsarer.-cycle delay-safe
replacements, neither what this » might be. A sequential resyn-
thesis technique relevant to our model is retiming and resynthesis
[10]. Retiming and resynthesis results in delay-safe replacements
as shown in [11, 6]. However, this approach has not given much
optimization for arbitrary control logic, and also the benchmark
circuits; it seemsto work best for pipelined data paths [10]. An-
other method for sequential optimization isthe use of synchronous
recurrence equations as described in [12]. While we suspect that
synchronous recurrence equations [12] might lead to valid delay-
safereplacements, our procedurereturnsgreater areaoptimizations
and consume less CPU time (see Section 6). Moreover, it is not
clear how the initialization slack . can be used by the method de-
scribed in [12] so that it is guaranteed that the replacement is an
n-cycle safe-replacement.

To summarize, our optimization techniques for delay replace-
ments allow us to achieve significant logic optimizations while
allowing the designer to specify the flexibility in the power-up
delay, N.

2 Terminology and Background
We now make precise the notion of afinite state machine and our
model for sequential hardware.

Definition 1 A deterministic Finite State Machine (DFSM) M is
aquintuple, (@, I, O, X, §), where isthe set of states, I isthe set

1n this paper, we will not discuss other sequential resynthesis techniques which
use the information of a designated start state of the circuit to extract flexibility and
usethisfor optimization. These methodscannot be applied to the case wherememory
elementsdo not havereset lines.
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Figure 1: Original design P.

of input values, O is the set of output values. The output function
A1 (@ x I) — O and the next state functioné : (@ x [) — @
are completely-specified functions.

A hardware design D consistsof a set of interconnected latches
and gates. A design with n input wires, m output wires and ¢
latchesis naturally associated with aDFSM D). We will use D to
also denote the set of states in the state space {0, 1}* (it will be
clear from the context if D refersto the design or the set of states).
The input space Ip = {0, 1}, and output space Op = {0,1}™,
the next state functionisép : D x Ip — D and output function
Ap D x Ip — Op aredefined by the corresponding logic. We
are not assuming explicit set or reset pin to any latch; thuswhenthe
design powers up, it can non-deterministically power up in any one
of the 2" states. If some of the latchesin the hardware design being
optimized have set or reset pins, they can easily be modeled by
using latches without such pins and adding some additional logic.

We will also use Ap and é» to denote the output and next state
functionson sequencesof inputs. So, if # = a1-a2-az---aq € I}
is a sequence of g inputs, these functions are recursively defined
as Ap(s,7) = Ap(s,a1) - Ap(Sp(s,a1),#') and ép(s,7) =
5p(8p(s,a1), "), wherer’ = az-as-- - ap.

Since distinct netlists of gates can compute the same combina-
tional function, distinct hardware designs can correspond to the
same DFSM. Given a DFSM, we use the term “design” to denote
any gate level implementation of the DFSM.

3 Safe Replacements

The safe replacement condition requires that if the original design
is replaced with the new design, there is no way the environment
can detect the replacement by looking at the input-output behavior
of the design. The precise condition for safe replacement was
presented in [2]:

Definition 2 Design D1 is a safe replacement for design Do (de-
noted by 11 < Do) if given any state s; € D4 and any finite input
sequence = € [*, there exists some state so € Do such that the
output behavior Ap, (s1, @) = Apy(so, 7).

As an example of safe replacement, consider designs P and Q@
in Figures 1 and 2, respectively. It can easily beseenthat @ < P
(see[2] for details).

It was shown in [2] that Definition 2 is the weakest condition
which guaranteesthat no environment can detect the replacement.
Thereplacement isindistinguishablefrom the original design even
for environments which can observe and control the design from
the very first clock cycle after power-up.

We fregquently use the following two observations from [2]:



Figure 2: Design @) (a safe replacement for design P)

o |f each state of design C' isequivalent to a state in design D,
then C' < D, but C < D does not imply that every state of
design C' is equivalent to astatein design D.

e Therelation < istransitive.

Unfortunately, the requirement for one design to be a safe re-
placement of another was shown to be very strong. Not much flex-
ibility exists in choosing replacements that are safe; in particular
this means that little scope exists for significant design optimiza-
tion. This motivated our current work, where based on the number
of clock cyclesbetweenthe power-up and when adesignis actually
is used, substantial flexibility can be extracted from a design.

4 Delay Replacements

Definition 3 Given a design D, the n-cycle delayed design (de-
noted by D™) is the restriction of D to the set of states {s|3= €
I",s' € D:ép(s',7) = s}, i.e astate s belongsto D™ if and
only if there exist a power-up state s’ in 2 and an input sequence
of length » which drives s’ to s. Define D*° to be the set of states
{s|¥n :3Ixr € I",s' € D : ép(s’,7) = s}, i.e adtates be
longsto D if and only if for each natural number . there exist
a power-up state s’ in D and an input sequence of length . which
drivess’ to s.

D™ is the set of states into which any state must fall when
clocked n times with any sequenceof inputs. It is easy to seethat
the set of statesin D™ is closed under al inputs; also that the set of
statesin D™ is asubset of the statesin D™ if m > n. Thedesign
D*° can be obtained by a fixed-point operation starting from D,
because D*° = D™, where n is the smallest number such that
D=1 = D", Using the terminology in [5], this number n is the
number of onion rings of the design D. D*° is aso the same as
the outer-envelope (OE) of [1].

Werefer to statesin D™ asthe stable states of 12, and the states
in D\ D* asthetransient statesof D. After poweringup adesign,
if a sufficiently long sequence of arbitrary inputs is applied to the
design, it will enter the stable set.

For example, consider the design shown in Fig-
ure 1. For this design P, the various n-delayed designs
ae. P = {111,100,001,110,010,000,101,011}, P' =
{110, 010,000, 101,011}, P> = {010,000, 101,011}, P® =
P*=... = P> = {000,101, 011}.

We now present our condition for delay replacement. Aswe
noted in Section 1, as part of the system specification, aninitializa-
tion slack of n clock cyclesis available. We can use the flexibility
afforded by this slack by requiring a design to be an acceptable
replacement if it is allowed to clock n extra cycles with arbitrary
inputs beforeit is used:

Definition 4 Given a design D, a new design C' is an n-delay
replacement for D, if C" < D.

Figure 3: Exampledesign R

We should note here that Leiserson and Saxe [11] had a similar
notion for valid replacementswhich they usedto justify thevalidity
of retimed designs (see also [6]). They considered a replacement
design C' avalid replacement of design D if each state in C™ is
equivalent to a state in ). It should be clear that their notion
is strictly stronger than ours, and thus allows less flexibility for
replacement. The following two properties of delay replacements
follow (we refer the reader to [13] for the proofs of all the results
that are presented in this paper):

Proposition 4.1 If C™ < D,andm > n,thenC™ < D.
Proposition 4.2 If C™ < D and B™ < C, then B™" < D.

Thus, for example, a2-delay replacement followed by a3-delay
replacement on the same design results in a n-delay replacement
foranyn > 5.

Asan example of delay replacement, consider designs P and R
in Figures 1 and 3. It can be seen that R < P; however, R AP
(the state 100 € R producesout sequence0- 0- 0on input sequence
0- 1. 0; this input-output behavior cannot be seen from any state
in P).

Compositionality of Delay Replacements

For the optimization of any design, we can select arbitrary sub-
pieces of the design and perform delay replacements on these. In
this subsection, we examine the effect of making a delay replace-
ment on the larger design. We will show that making n-delay
replacements on non-overlapping sub-pieces of a design will pro-
duce an entire design which is n-delay safe. On the other hand,
if two consecutive rn-delay optimizations are made on sub-pieces
which are overlapping, we get an entire design which is 2n-delay
safe (notice that, as a special case of this, if the two sub-pieces
areidentical, we already know from Proposition 4.2 that the entire
designin 2rn-delay safe).

Informally, two given hardware designscan be“wired” together
by driving someof theinputs of one by outputsof the other andvice
versa. Theremaining inputsand outputswill be primary inputs and
primary outputs of the composed design. Given designs A and B,
wewill use A ® B to denotetheir composition. A formal definition
of design composition is given in [14]. We obtain the following
result which shows that composing two delay replacements adds
up the delays.

Proposition4.3 If Q™ < Rand C" < D, then (Q @ C)? =<
(R® D), wherep = max(m,n).



This means that delay replacements can be made in different
parts of the design, and the resulting overall designis as safe asthg

weakest individual replacement (the replacement with the greatH

slack).

However, if consecutive delay replacements are made on over-
lapping sub-pieces on a large design, the delays add up. This can
be seen as a consequenceof Propositions 4.2 and 4.3.

Proposition 4.4 Letdesign D = P ® Q. Let R™ < P, and let
design C = R® @ also beequal to S & T' (another partition of
thesamedesign C), andlet U™ < S. Then,if B=U ® T, itis
truethat B™*" < D.

Delay-Preserving Replacements

This subsection discusses another interesting replacement notion
relating power-up delaysto replacements. However, the reader can
chooseto ignore this section without sacrificing any understanding
of this paper.

We had originally formulated the following conditions for al-
lowing areplacement in the presence of the power-up slack:

Definition 5 Given a design D, a new design C' is an n-delay-
preserving replacement for D, if C™ < D™.

Asexamplesof delay-preserving replacements consider designs
P and R in Figures 1 and 3. We already know that R is a 1-delay
replacement of P (i.e. R' < P). However, R is not a 1-delay-
preserving replacement of P; instead R is a 2-delay-preserving
replacement of P.

It is easily seen that every n-delay-preserving replacement is
also ann-delay replacement (of Definition 4). Delay-preserving re-
placement isauseful notion because successive r.-delay-preserving
replacements on the same design still result in an rn-delay-
preserving replacement (unlike r-delay replacements, which add
up, as shown in Proposition 4.2). However, we found an example
which illustrated that delay-preserving replacements do not have
nice compositionality properties which allow us to make substi-
tutions on sub-pieces of designs. Thus, the iterative optimization
strategy that we proposed in the previous sub-sectionwill not work.

The reader is referred to [13] for the above-mentioned example
and other properties of delay-preserving replacements. That paper
also relates delay-preserving replacements to delay replacements
(called delay-accumulating replacementsin [13]) and includes an
interesting result which shows that in the limit, as n approaches
00, these two notions converge.

5 Resynthesisfor Delay Replaceability

Typically, the synthesis process has two stages: first, the set of
all possible implementations is characterized using the flexibility
givenby thereplacement condition. Following this, oneimplemen-
tation is chosen according to some optimality criteria. In this sec-
tion we describe how to extract the flexibility for delay-preserving
replaceability, and then describe how it is used to minimize the
area of the combinational logic associated with a hardware design.

Lettheoriginal design D have (k + 1) different delayed designs,
DO DY ... D¥foranyj > k: D’ = DF = D, These(k+1)
delayed designs form an “onion ring” structure [5]. Clearly any
state reachable from itself under some input sequence belongs to
each D' and to D°°. We will not alter the behavior of any such
state (a “stable” state). All the flexibility for resynthesis comes
from the set of “transient” states, i.e. D \ D*°.

Recall that an n-delay replacement allows the new design to
have some flexibility over the first n clock cycles after the power-
up, and after these clock cycles it is indistinguishable from the
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Figure 4: Multi-level Sequential Network = Combinational Part +
Latches

original design. Aswe said before, often it is known in advance
that the design will be allowed to settle for at least a fixed num-
ber of clock cycles before it is used. We use this slack n for
resynthesis— the higher r is, the greater the flexibility allowed for
resynthesis; however, the environment of the design cannot rely on
the input/output behavior of the design for the first n cycles.

For an n-delay replacement, we will express the flexibility to
obtain a new design C such that C™ is exactly the same as D".
Note, that this is a conservative strategy since only C™ < D is
needed.

A sequential gate-level design can be viewed as a connection
between a purely combinational part and memory elements. The
combinational part can be represented by adirected acyclic graph,
individual vertices of which compute combinational functions. The
primary inputs and outputs to the design are denoted by # and ¥,
respectively (Figure 4). The outputs of the combinational part
which feed the memory elements are denotes by ¢, and the lines
whichfeedthe output of the memory elementsto the combinational
part are denoted by #. To do resynthesisfor delay replaceability,
we obtain a Boolean relation Q(i, #,3,#) which describes the
flexibility for replacement. We WI|| then use this relation to do
multi-level resynthesison our design.

First, weinformally describe the flexibility which will be speci-
fied later using aBoolean relation Q. We note here that techniques
for using aBoolean relation to do multi-level synthesis[15] require
therelation to be such that the starting design satisfiesthe relation.
The Boolean relation is such that the behavior of the statesin D™
(the “stable” states) is preserved. For 0 < i < n, on any input, the
relation allows astate in (D*~\ D) to transition to any state in
D', Clearly, the original design satisfies this flexibility relation. It
can also be seen that for any design C that satisfies the relation it
istruethat C" = D", i.e. after thefirst n clock cycles we every
reachablestatein C' isequivalentto onein D™. Also notethat since
we do not care about the outputs during thefirst » clock cycles, the
outputs of the statesin 0\ D™ can be arbitrarily chosen.

Formally, the Booleanrelation Q(?’, #, 8, §) which characterizes
this flexibility is:

©
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s1488 | 8/19/6
s1494 | 8/19/6

813 57 | 2354 57 10259 || 116 | 22.80
819 65 | 2382 65 90.50 || 122 | 2281

Ckt. 1/0/L k Initial ODC only Safe n-delay replacements
size replacement n=1 n=2 n=>5 n = oo

r | time r [ time r | time r | time r | time r | time
s27 4/1/3 1 12 0 0.05 0 0.10 0 0.08
s208 10/1/8 0 95 7 0.66
s298 3/6/14 7 150 20 113 20 412 20 1.70 || 20 176 || 37| 198 | 43 3.02
s349 | 9/11/15 7 160 6 224 6 | 31654 6 358 || 12 576 || 12 | 1144 || 15 | 21.17
s382 3/6/21 101 176 12 1.61 12 17.59 14 | 1058 || 14 | 3377 || 14 | 5481 || 20 | 16151
s386 71716 1 204 17 1.46 31 234 77 2.04
400 3/6/21 101 184 22 157 22 18.57 24 | 1104 || 24 | 3648 || 24 | 5752 || 30 | 163.88
444 3/6/21 101 184 21 164 21 20.33 23 | 1133 || 23 | 4185 | 23| 70.13 || 28 | 188.03
s510 19/7/6 4 280 1 4.26 1 9.94 1 5.09 1 5.19 1| 551
s526 3/6/21 667 283 43 3.07 43 15.33 43 6.54 || 45 9.85 || 46 | 11.00 | 95 | 66.30
s641 | 35/23/19 1 199 5 4.13 timeout 5| 19.06
s713 | 35/23/19 1 204 9 425 timeout 9| 2037
s820 | 18/19/5 1 504 || 142 0.87 || 143 3292 || 156 | 11.07
s832 | 18/19/5 1 521 || 152 | 11.15 || 152 3249 | 163 | 1353
s953 | 16/23/29 1 489 5| 1294 5 70.27 5| 4524
s1196 | 14/14/18 2 618 18 | 7871 18 | 1556.71 18 | 187.62 || 18 | 207.11
s1238 | 14/14/18 2 690 65 | 107.12 65 | 1976.36 65 | 224.32 || 65 | 240.97

1
1

Table 1: Experimental results. 1/O/L denotes the number of inputs, outputs and latches. The number of onion rings for each design
(k+ 1). Theinitial size of the circuits and the savings r are in the number of literals. ODC only denotes optimization obtained only by
combinational resynthesis. Since we know that for any integers m > k, we would get the same results for both m-delay replacement and
k-delay replacement, the redundant experiments (denoted by blanksin the above table) were not performed.

Theintuition for theaboverelation Q isthat, given n, we choose
to preserve the behavior of all statesin the set D™, i.e. statesin
this set are forced to have the same output and next-state functions
asin the original design D. For states outside of D™, if the state
liesin D*\ D1 we allow the next state of such a state to be any
statein DT we do not care about the output from this state. All
this ensures that n. cycles after power-up, the new design would
bein astate in D™ and thus the new design would be an n-delay
replacement for the original design (in fact, sinceC"™ = D", itis
also an n-delay-preserving replacement).

Notice that for any integer m > k, the delayed design D™ is
thesameas D, i.e. the set of stable states. Thus, the flexibility
described by the relation Q for m-delay replacement is the same
asthat for k-delay replacement. If we compute the number & for
adesign in advance, we know that we will not get any additional
flexibility by allowing aslack greater than k.

Once we have the BDD for the Boolean relation Q(Z’, Z,0,9)
we can use standard BDD-based multi-level synthesis techniques
to propagate this flexibility to individual nodesin the network and
then minimize the nodes 4, 15].

6 Experiments

In this section we report experimental results using the algorithm
described in Section 5 on ISCAS85 sequential circuits. We used
BDDs to manipulate the Boolean relations and sets. We focused
on the area reduction for n-delay replacements. We report results
for various values of n.

The experimental results, obtained using a DECstation5900 are
shown in Table 1. The starting circuits were obtained from 1S
CAS89 benchmark circuits with the SIS commands ( sweep;
elimnate -1) applied[16]. Theseeliminate single-input and
constant nodes and collapse nodes which do not fan out to more
than one node. First we show the optimizations obtained by just
doing the standard multi-level combinational optimization [17] us-

ing observability don't cares (ODC) propagated to the individual
nodesin the network. We also show the optimizations obtained by
the safe replacement resynthesis method described in [4]. Then,
we show the results of the method presented in this paper for r-
delay replacementsfor n = 1,2, 5, co. The table shows that for
many examples, significant additional optimizations are obtained
by allowing power-up delay. Even for n = 1, we see good results
for someexamples, e.g. s386, s1488, s1494. Also, in most
casesthe CPU times for n-delay replacements are within an order
of magnitude of the CPU time for combinational resynthesis. The
much larger CPU timesfor pure safe replaceability can be attributed
to therigid conditions for safe replacement, which require placing
constraintson the outputs from the “transient” statesaswell ascor-
relating the next states of “transient” states with the inputs. Both
these constraints are avoided by the resynthesis method presented
in Section 5. This leads to a much smaller BDD to express the
relation @, and hence, faster multi-level resynthesis.

We suspect that synchronousrecurrence equations[12] alsolead
to delay replacements. However, the experimental results presented
there indicate that using synchronous recurrence equations is not
very effective; our optimization method (using the SIS commands
sweep; elimnate -1 followed by the optimization proce-
dure described in this paper) produces smaller circuits using less
CPU times than those reported in [12]. (Note that the CPU times
indicated in Table 1 do not include the time used by the SIS pre-
processing commands; however, for all the examples, that time is
much less than the times reported for the sequential optimizations.
However, the CPU times reported in [12] are greater than double
the times reported in Table 1.)

We performed an experiment on one of the benchmark circuits
with large number of onion rings (s526) to explore the tradeoffs
between flexibility and the power-up delay allowed. The results
arein Table 2. Thetable showsthat by allowing more delay »n we
do get additional flexibility. Also, the CPU times increase with
higher values of n, partly because the time taken to compute the



n-delay replacements
initial size= 283 literals
n_ | reduction | time
1 43 | 593
100 54 | 2247
200 58 | 29.24
300 70 | 3452
400 69 | 38.60
500 69 | 44.05
600 72 | 48.78
667 95 | 68.14

Table 2: Power-up delay/flexibility tradeoff for s526; reduction is
in number of literals

Booleanrelation @ goesup with higher .

In the experiments above, the initial nodes of the circuits have
been collapsed minimally. We see that safe replaceability gives
very marginal improvements over pure combinational reductions,
and at amuch larger CPU time cost. For this reason, it was argued
in [4] that we might get better use of the safe replaceability notion
by using larger node sizes in the circuits. They increased the
node sizes in these benchmark circuits by using SIS commands
elimnate 10 or col | apse. For the sake of completeness,
we ran our algorithm on these starting points also. For the resullts,
the reader is referred to [13]. This experiment showed that once
again, using n-delay replacements instead of safe replacements
allows us greater flexibility for resynthesis and gives much better
optimizations. Also, the CPU times are once again much better
than those for safe replacements.

7 Conclusions

We presented the notions of delayed replacement which allows
additional degree of flexibility over safe replacement by letting
the design settle down for a certain number of clock cycles after
power-up. The number can be controlled by the designer and input
to our synthesistool, and thenwe canuseall the availableflexibility
while guaranteeing the degree of safeness the designer specified.
We have suggested how this notion can be used in an iterative
synthesis methodology where successive design replacements are
made. We have shown experimental results to illustrate that we
obtain significant optimizations at affordable CPU costs by using
our notion of delay replacement.
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