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Abstract

In this paper we present a placement-intelligent resyn-
thesis methodology and optimization algorithms to meet
post-layout timing constraints while at the same time re-
ducing the interconnect congestion. We begin with the syn-
thesized design netlist after initial placement and make in-
cremental modi�cations { taking placement into account
{ to generate a �nal netlist and placement that meets the
delay constraints after place and route. The algorithms de-
scribed have been implemented as part of a tool for place-
ment based resynthesis. The tool has been used with a num-
ber of pre-optimized designs from industry and to obtain
improvements in post-placement delays ranging from 13 to
22% with improved routability.

1 Introduction

The goal of the ASIC design process is to realize a de-
sign as a gate array or standard cell array which satis�es
a set of user/technology de�ned constraints such as area,
delay, maximum load/maximum fanout, and hold time.
Conventional ASIC design methodologies typically consist
of a synthesis phase wherein the design is synthesized, op-
timized, and mapped to a target library, followed by place-
ment and routing phase.

During traditional logic synthesis, circuits are optimized
to meet user-de�ned timing and area constraints. The tim-
ing measures used during this stage of the process consist
mainly of gate delays and rough approximations for in-
terconnect delay - usually a fanout based value, with the
wiring parasitic capacitance related to the fanout of the
net using a piecewise linear model. As illustrated in Fig. 1,
such an approximation can be grossly inadequate to pre-
dict the real interconnect delay after layout. Cells X and
Y both drive nets with 3 fanouts. However it is easy to see
that the actual loads are very di�erent, since cell X drives
a much longer net.
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With today's submicron design processes the wiring par-
asitic becomes a dominant factor in the total delay of a tim-
ing path [1]. It is predicted that for a 0.5 micron process,
the wiring can contribute as much as 60% of the total delay.
When the wiring e�ect is dominant, traditional synthesis
tools that use a fanout-based model may be optimizing a
timing value which is signi�cantly di�erent from the ac-
tual post layout value. Another problem with traditional
synthesis is in area estimation. Typically, the tools try to
optimize the total gate area, and the interconnect area and
the routability of the chip are not taken into account. As
a result, although the total gate area of the synthesized
netlist is quite small, it may not �t into the assigned die
area after layout.

X Y

Figure 1: Limitations of fanout-based wiring models

1.1 Previous/Related Work

The problem of fusing layout considerations into the
logic synthesis process has been addressed in a few papers
in recent years [2], [3], [4], [5]. Abouzeid et al. [2] describe
an algebraic factorization method based on lexicographic
expressions of boolean functions to reduce both gate and
wiring areas. It attempts to express the set of logic func-
tions in a form that will result in layered structured cones
with ordered input injection after technology mapping. Pe-
dram and Bhat [3] describe a method in which a fast global
placement is done of the logic network (decomposed into
a canonical graph of 2-input NAND gates and inverters),
and this placement information is used to guide the wiring
estimation as well as the technology mapping. The place-
ment information is updated dynamically so that the nodes
processed later can use more accurate information. This



approach is extended in [4] to include the logic restruc-
turing and the technology decomposition phases of logic
synthesis. This is further extended to the post-mapping
phase in [5]. Here, a fanout optimization algorithm based
on alphabetic trees is presented that generates fanout trees
free of internal edge crossings thus improving routing area.

However, all these methods su�er from the fact that
they work on layout measures that can be far removed
from the actual layout. It is extremely di�cult to accu-
rately predict the post-layout interconnect lengths during
the synthesis process. Realistic estimates of interconnect
can be obtained only after actual placement is done. To
obtain good results, synthesis tools must work on the post-
layout results. Traditionally the approach has been to
extract the interconnect parasitics after place and route
and backannotate them to the synthesis tool. The synthe-
sis tool then makes changes to the netlist and passes the
changes to the layout tool. If these changes are large scale,
major changes in the placement will result, rendering the
backannotated values meaningless. Hence this approach
will give rise to multiple iterations, with no guarantee that
it will converge (see Fig. 2a). Partly due to this prob-
lem, permissible modi�cations to the netlist currently have
been very restricted (usually limited to resizing of bu�ers).
As wiring delays become more signi�cant with higher con-
gestion, the resynthesis process can alleviate many of the
post-layout problems if it can take placement information
into account.

1.2 Our Approach

In this paper we present a placement-intelligent resyn-
thesis process that can improve post-layout timing while
improving the interconnect congestion. Fig. 2 contrasts
the conventional ASIC Design 
ow with our proposed ap-
proach using placement-based synthesis.
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(a)  Conventional ASIC design flow
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Figure 2: Comparison of ASIC Design Flows

In the proposed 
ow (Fig. 2b), after synthesis of the
design is done, a placement is obtained. The synthesized

netlist, along with this initial placement, becomes the in-
put to the placement-based resynthesis tool. A placement-
based timing analysis of the design is used to direct the
resynthesis process, which attempts to improve delay, meet
all design constraints, and alleviate congestion. The out-
put from the resynthesis phase is a modi�ed netlist and
suggested locations for the newly added components. The
incremental place and route tool derives a placement that
conforms as much as possible to the suggested locations.
The changes done by the resynthesis process are incremen-
tal in nature and the chances of converging to a placement
close to the suggested locations are very high.

The techniques and algorithms described have been in-
corporated into a system for placement-based synthesis,
and the results have been very encouraging. Our experi-
ments show a 13-22% improvement in the post-layout de-
lays as well as improved routability.

The rest of the paper is organized as follows. In Sec-
tion 2 we present a scheme to do placement-based timing
analysis along with an e�cient method to compute the
wiring delays. In Section 3 we describe some transforma-
tions and algorithms to do post-placement delay optimiza-
tion and to improve routability. In Section 4 we describe
how these algorithms have been incorporated into a com-
plete system for doing placement-based resynthesis. We
present some experimental results in Section 5 and con-
cluding remarks in Section 6.

2 Placement-based Timing Analysis

The placement-based timing analyser computes the gate
and wiring (interconnect) delay, calculates the minimum
and maximum arrival/required times at all points in the
network and determines the critical paths. The informa-
tion from timing analysis is used to generate delay reports
as well as to direct the optimization algorithms.

Our delay calculations are based on the following equa-
tion for the delay of a gate [1]:

D = DI +DL +DW +DS

DI is the intrinsic gate delay. DL is the load delay due to
the loading at the output pin of the current gate given by

DL = Rdrive(Cpins +Cwire)

where Rdrive is the drive resistance of the gate, Cpins is the
total pin capacitance, Cpins = Cout +

P
i
Ci, and Cwire is

the estimated wiring capacitance. DW is the interconnect
or wiring RC delay. DS is the input slew delay due to
slowly changing input signals given by DS = SDLprevious

where S is the slew sensitivity factor of the current stage
and DLprevious is the load delay of the previous stage.

The estimates for the wiring parasitics (Cwire) are com-
puted from the placement locations of the components as
described in the next section.

2.1 Wire load computation

In order to compute the parasitics for a net, it is as-
sumed that the terminals are connected as a spanning tree.



Let S be a set of terminals that are connected by a net. Let
the coordinates of terminal i be denoted by (xi; yi). Let d
be the driving terminal of the net (d 2 S) and let Ci be
the input capacitance of terminals i. N and P are two sets
of terminals. Ch and Cv are capacitances per unit length
for the horizontal and vertical routing layers respectively.

The procedures compute-wire-load and compute-

node-load are used to perform the load computation.
The downstream capacitance of each node of the spanning
tree, which is the capacitance of the subtree of the spanning
tree rooted at the node, is also computed and stored. In
fact the downstream capacitance of a node is the total
wire capacitance of a net connecting that node and all
its children. These downstream capacitances will be used
extensively during placement-based delay optimization as
described in later sections.

The procedure compute-wire-load(see Fig. 3) also
updates the wireload at each node in the spanning tree,
and this is used by the subsequent procedure compute-

node-load.

compute-wire-load(S)
N  S � fdg; P  fdg
Lh  Lv  0; Cwire(d) 0
setNearestTerm(d) NIL

foreach term i in N

cost(i) Lmanhattan(d; i)
setNearestTerm(i) d

while jN j> 0
�nd term m such that cost(m) is minimum
n getNearestTerm(m)
lh  jxm � xnj; lv  jym � ynj
Lh  Lh + lh; Lv  Lv + lv
cwire(n;m) lhCh + lvCv

P  P [ fmg; N  N � fmg
foreach i 2 N

if cost(i) > Lmanhattan(i;m)
cost(i) Lmanhattan(i;m)
setNearestTerm(i) m

Cwire(d) LhCh + LvCv

compute-node-load(v)
S  succ(v)
if S = �

C(v) Cin(v)
return C(v)

C(v) = 0
foreach i 2 S

C(v) C(v) + cwire(i; v)+compute-node-load(i)
C(v) C(v) +Cin(v)
return C(v)

Figure 3: Procedures to compute the wire load and the
node load

Let us denote the MST computed by compute-wire-

load as T (d). Any subtree of T (d) rooted at a node v is
denoted by T (v). Let CT (v) denote the total capacitance of

the subtree T (v). (including the input capacitance of the
node) We can then compute CT (v) for every node v using

the procedure compute-node-load (see Fig. 3). Here
Cwire(v) is the wire load at v computed from compute-

wire-load, and Cin(v) is the input pin capacitance at
v.

3 Placement-based delay optimization

This is done by applying a number of transformations
on the critical path of the circuit to reduce the critical
path delay. A number of techniques have been described
in the literature [6], [7], [8]. However, none of these meth-
ods explicitly take the placement into account. In our work
we choose delay-reducing transformations which take the
placement into account and behave in a manner that will
only slightly perturb the intial placement while consider-
ably improving the routability.

As a preliminary step to applying the transformations
we strip o� all the bu�ers and merge all redundant invert-
ers introduced by the initial synthesis run. This will allow
us to do a placement-based bu�er insertion from scratch
taking true wire parasitics into account. One might won-
der, if we are going to strip o� all the bu�ers during resyn-
thesis, why introduce them in the �rst place? We have
found that by including bu�ers in the initial placement, we
can minimize changes in the net area of the components
in the netlist. This improves chances that the incremental
placer will �nd a solution close to the suggested placement.

The transformations are described below in detail along
with their placement and routing implications.

3.1 Fanout bu�ering

In this technique, the output of a cell driving a large
number of fanouts is selected, and a bu�er is inserted to
bu�er a portion of the fanouts to minimize the delay. The
approach we use is based on the fast heuristic algorithm
described in [8]. Fig. 4 illustrates the basic transformation.
The fanouts moved over to the output of the inserted bu�er
are typically non-critical ones.

...

...

...

...

(a) before buffer insertion (b) after buffer insertion
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Figure 4: The fanout bu�ering transformation

As an additional requirement, a solution is desired that
would improve the routability of the circuit. Keeping in
mind that the wiring delay can be quite signi�cant when
compared to the gate delays, we formulate the solution to
the problem as follows.



Consider a net consisting of a source node p0 and a set of
n destination terminals fp1; p2; : : : ; png. Let the location
of each terminal pi be given by (xi; yi). Let the required
arrival time at terminal pi be given by ri and the actual
arrival time be given by ai. The problem is to �nd a bu�er
con�guration for the net with locations for the bu�ers such
that

max
i2f1:::png

fai � rig

is minimized.
Fig. 5a shows a net composed of a source terminal p0

and destination terminals p1; p2; : : : ; p5. The bu�er con-
�guration that meets the timing constraints may look like
the one given in Fig. 5b. In this case two additional bu�ers
are introduced near the locations (x3; y3) and (x0; y0).

(a) before fanout buffering (b) after fanout buffering
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Figure 5: Bu�ering the net to improve delay

We assume the terminals in the net are connected as a
minimal spanning tree (MST). We restrict the locations of
the candidate bu�ers to the internal vertices of the mini-
mal spanning tree. Since any subtree of a minimal span-
ning tree is also a minimal spanning tree [9], any subnets
generated by the fanout bu�ering will constitute a sub-
tree of the original MST. The loads of such subnets can
be precomputed and stored at the nodes as described in
Section 2.1.

These assumptions make it possible to have a computa-
tionally e�cient solution to the problem. As an added
advantage, this approach does not introduce any addi-
tional routing for the net. In other words, the routing wire
length is almost the same as that of a single minimum
spanning net connecting the terminals together. Thus by
the act of removing all the bu�ers initially and reinserting
them in a near optimal fashion, we achieve considerable
improvements in routability. This can be clearly seen in
Fig 11 which shows the bu�ered net before and after post-
placement resynthesis.

The procedure (fanout-buffering-trans) to do the
fanout bu�ering transformation is given in Fig. 6. A set
of terminals, M , is partitioned into two groups G and H,
where H is bu�ered and G is not (see Fig. 4). L is the
component library and buf(2 L) is the bu�er that is in-
serted. Let i be a terminal (i 2M ) and let si be the slack

(ri�ar) at i. T (i) is the minimal spanning subtree rooted
at i and CT (i) is the load at i (see Section 2.1). Rd and
Rbuf are the drive resistances of the driver term and the
output term of the inserted bu�er respectively. Cbuf is
the input capacitance of the bu�er and Dbuf the intrinsic
delay through the bu�er.

fanout-buffering-trans(d;M)
buf select suitable bu�er(L)
Sold  min(siji 2M)
break term NULL

foreach terminal i 2M and i not a leaf terminal
SG  SH  1
foreach terminal j 2M

if j 2 T (i)
SH  min(SH ; sj)

else

SG  min(SG; sj)
SG  SG +RdCT (i) �RdCbuf

SH  SH +RdCT (i) �RdCbuf � RbufCT (i) �Dbuf

Snew  min(SG; SH )
if Sold < Snew

Sold  Snew
break term i

if break term = NULL

return FAILURE
else

insert bu�er buf at break term
return SUCCESS

Figure 6: Procedure to do the fanout bu�ering transfor-
mation

The place and route tool will resolve the overlaps intro-
duced by the addition of the cell with only minor pertur-
bation of the cells in the local region.

3.2 Gate Resizing

In this technique, a cell is replaced with a cell in the li-
brary that is equivalent in functionality but having a better
drive strength, intrinsic delay, load or other characteristic
that makes it more appropriate [6]. This substitution is
basically done in place, and any resulting overlaps would
be minor and resolvable by the place and route tool.

Let P be the set of all the input terminals that are
driven by the fanout of the driver gate d, and let Q be the
set of all the input terminals that are driven by the fanins
to the driver gate (see Fig. 7).

In the example shown P = fp1; p2; : : : ; pmg and Q =
fq1; q2; : : : ; qng. It can be easily seen that replacing the
gate d with another gate will only a�ect the slacks at these
two sets of terminals and hence the slacks need only be
recomputed at these terminals. The procedure for doing
the gate resizing transformation is shown in Fig. 8. Gd

is the set of gates in the library that are equivalent in
functionality to d but with di�erent delay characteristics.

The overall procedure to do the delay optimization is
shown in Fig 9. N is the network, and C is a list of
terminals that constitute the critical path. F represents
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Figure 7: The gate resizing transformation

gate-resize(d;M)
Gd  get equiv gates(L; d)
S1 min(sijpi 2 P ); S2 min(sijqi 2 Q)
Sold  min(S1; S2)
gbest NULL

foreach gate g 2 Gd(g 6= d)
S10  min(s0ijpi 2 P ); S2

0  min(s0ijqi 2 Q)
Snew  min(S10; S20)
if Sold < Snew

Sold  Snew
gbest  g

if gbest = NULL

return FAILURE
else

replace gate d with gbest
return SUCCESS

Figure 8: Procedure to do the gate resizing transformation

the fanout bu�ering transformation, and R is the gate re-
sizing transformation. The transformations are tried in
turn, and whenever one is successfully applied, the timing
trace is redone and the procedure works on the new critical
path. The order in which the transformations are applied
does a�ect the quality of the result, but only slightly. The
procedure terminates when no transformation can be suc-
cessfully applied or when a certain number of iterations
(speci�ed by the user) are completed.

4 A Placement Based Synthesis System

The algorithms developed in this paper have been in-
corporated into a system for doing placement-based resyn-
thesis. Fig. 10 shows the steps in the placement-based
resynthesis process. In addition to doing delay optimiza-
tion with improved routability, it also attempts to satisfy
a number of other design/technology constraints.

We start by stripping o� all the bu�ers and removing all
redundant inverter cascades introduced by the initial syn-
thesis run. This will allow us to do a placement-based
bu�er insertion taking the true wire parasitics into ac-
count.

The next step is to do the placement-based delay op-
timization using fanout bu�ering and gate resizing trans-

delay-optimize(N)
count 0; success TRUE

while success= TRUE and count < MAX ITER

success FALSE

do timing analysis(N)
C  get critical path(N)
choose term i(2 C) for applying transformation
foreach transformation in (F, R)

if transformation successful
success TRUE

count count+ 1
break

Figure 9: Procedure to do the delay optimization

formations to reduce the delays along the critical paths in
the network.

Transformations to satisfy maximum load/maximum
fanout constraints are then done. Most ASIC cell libraries
have a maximum load/maximum fanout constraint on the
output pins of the cells that speci�es the limiting load or
the maximum number of fanouts that it can drive. In or-
der to satisfy these constraints, we need to satisfy the in-
equality Maxload �

P
Cin +

P
Cout +Cwire. Here again

conventional synthesis tools may not be able to accurately
estimate the wiring load, Cwire, so we use a set of place-
ment based transformations to meet these constraints.

Next, we correct for holdtime violations. These are vio-
lations caused when the clock arrives too late at the clock
pin of a 
ip-
op. This might be caused by the clock line
being too long when compared to the data path. Again
this would be known only when we consider the actual
placement and accurately estimate the wiring delays. This
is corrected by adding additional delays in the data path.

Finally the output netlist is generated along with sug-
gested placement locations for the added components.

Remove all buffers and
merge inverters

optimization
Placement-based delay

Output changed netlist,
placement information

Satisfy maxload/maxfanout
and holdtime constraints

Read netlist, initial placement
information

Figure 10: Steps in the placement-based resynthesis pro-
cess



Figure 11: Highlighted bu�ered net before(top) and af-
ter(bottom) placement-based synthesis (PBS) showing im-
provement in routing

5 Experimental Results

The placement-based resynthesis algorithms have been
tried on a number of designs obtained from industry. Both
standard cell and gate array designs have been run through
with libraries using a 0.8 micron process technology. Ta-
ble 1 summarizes some of these results. Most of these de-
signs started as Verilog/VHDL descriptions and were syn-
thesized using commercial synthesis tools. They were then
placed and routed using commercial tools. Some of these
designs had actually gone through multiple iterations of
running placement, backannotating the delays and then
resynthesizing. The designs range in size from about 580
cells (1269 equivalent gates) to 5000+ cells (25K equivalent

Table 1: Placement-based Delay Opt. Results
Cir- Size Delay %
cuit cells gates w. m. pre- post- red

Ckt1 585 1269 23.8 28.9 22.6 22%
Ckt2 4513 9539 81.1 71.2 58.1 18%
Ckt3 5008 25259 23.4 23.4 20.3 13%
Ckt4 2338 9352 - 4.0 3.49 13%

gates). We notice that the wire models sometimes tend to
overestimate and sometimes underestimate the actual de-
lays and so are not very reliable for the sub-micron devices
(- indicates no wire-model was available for the library).
We see an improvement in virtually all the examples with
the delay reductions ranging from 13 to 22%. Another re-
sult we noticed was the improvement in the routability, as
illustrated in Fig. 11. The layout on the left is the bu�ered
net highlighted in the original design. The layout on the
right is the same bu�ered net highlighted after it had been
resynthesized using the tool. It is evident that the place-
ment con�guration of the bu�ers on the right results in
much less congestion and therefore in a more routable de-
sign.

6 Conclusion

In this paper we have proposed a methodology and
described algorithms implementing the methodology to
resynthesize a design to meet the delay constraints after
placement. It starts with the design after initial place-
ment is done and makes incremental modi�cations to the
network, taking placement into account. A �nal netlist
and placement are then generated that meet the delay con-
straints after placement. We have developed a set of al-
gorithms and implemented them as part of a system for
placement-based synthesis. The results have been very en-
couraging. The tool has been used with a number of pre-
optimized, placed designs from industry and has resulted
in improvements of post-placement delays ranging from 13
to 22% with improved routability.
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