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1. ABSTRACT

This paper presents a gain-based fanout opti-
mization algorithm for near-continuous buffer
libraries. A near-continuous buffer library con-
tains many buffers in a wide range of discrete

sizes and each buffer of a specific tyﬁe satisfies a

size-independent delay equation. The new
fanout algorithm is derived from an optimal
algorithm to a special fanout optimization
Broblem for continuous libraries. The gain-
ased technique constructs fanout trees which
have better timing at similar area cost. Since no
combinatorial search over buffer sizes or
fanout tree topologies is used, our execution
time is up to 1000 times faster when compared
to conventional fanout algorithms.
1.1 Keywords
Logic synthesis, gate-sizing, fanout optimization.

2. INTRODUCTION

Fanout optimization is the construction of a buffer tree to

buffer library with almost continuous sizes greatly simplifies
the fanout optimization problem. Armed with this insight,
the strategy of this paper is as follows. Fanout optimization
is first analyzed using a continuous buffer library. Since non-
inverting buffers are usually constructed out of inverters,
only inverters are assumed to be in the buffer libfagm
now on, buffers and inverters are synonyma\isontinuous
buffer library contains buffers which are available in contin-
uous sizes and each buffer of a given type obeys a size-inde-
pendent linear delay equation[5]

(1)

delay = p+ I0Og

where g (referred to as gain) is definedaad/ G, pandl
are independent of the size of the inverter &ygds the input
pin capacitance of the invertémn. this paper, size is used
interchangeably with input pin capacitanddsing the con-
cept of gain, a class of fanout optimization problem with a
specific optimization objective is shown to be exactly solv-
able. A practical fanout optimization algorithm referred to as
the gain-based algorithm is then derived from this optimal
algorithm. The gain-based algorithm is applicable to near-
continuous buffer libraries in addition to continuous buffer
libraries. A near- continuous buffer library contains many

drive the large fanouts so that timing and capacitance violapuffers in a wide range of discrete sizes and each buffer of a
tions are reduced to a minimum. Fanout optimization is a given type obeys delay equation (1). Near-continuous buffer
very effective logic transform but is typically the most time- [ibraries can be realistically designed [6] and are gaining
consuming transform in technology-dependent timing opti- popularity as the buffer libraries of choice for high perfor-

mization. It could be responsible for 70% of the slack
improvement after an initial rough gate-sizing but might
incur up to 50% of the time spent in timing optimization.
Therefore finding a fast and effective fanout optimization
algorithm deserves a high priority.

Unfortunately, the fanout optimization problem for librar-

ies with discrete sizes has been proven to be NP-com-
plete[1]. The majority of the previous work on this

subject[2][3] relies on heuristics which assume some tem-
plate for the buffer tree and then use some intelligent combi-
natorial search to select a good buffer size for each tree node

mance designs.
3. THE FANOUT PROBLEM

The inputs to the fanout problem are as follows:

« afanout region which consists of a source and a $é&t of
sinks,P sinks with positive polarity an@ sinks with
negative polarity. Each sing, has a given polarity and
drives a loadl;. A timing constraint is imposed on each
sink so that the delay from the source to siks less
than or equal t®;.

and a good sink arrangement. These algorithms are polyno- a set of inverters with a continuous range of sizes.

mial in the number of sinks, the number of stages in the

The objective is to construct a fanout tree which presents the

buffer tree and the number of buffers available in the library. minimum load to the source such that the timing constraint

As a result the runtime can be quite prohibitive when the
number of sinks and the number of available buffers are
large.

at each sink is observed. This is in contrast to the standard
optimization criterion which minimizes the area of the
fanout tree so a discussion of the relevance of this alternative

Reference [3] made the important observation that using a optimization criterion is in order. In high performance

designs where delay optimization is critical, there is a ten-
dency towards adopting a gain-based synthesis methodol-
ogy[6]. We would like to argue that the minimum source
load criterion is a reasonable objective within the gain-based
framework.

In gain-based synthesis, library cells and gates in the net-
work are parametrized by gain instead of size. The delay of a
gate is a function of its gain and is independent of the load
that it drives. Therefore it is relatively easy to find a gain
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assignment to satisfy the timing constraints. However, pri- lowing reason.
mary inputs have maximum load limits and each gate has a
maximum size limit. These size constraints are difficult to
satisfy. The size computation of a gate requires a propaga-
tion of the primary output loads through its fanout cone. The
size of each gate in the fanin cone of the source gate (the
gate that drives the source of the fanout region) is directly
proportional to the source load of the fanout region. Mini-
mizing the source load increases the chance of satisfying
these size constraints.

This paper focuses on the minimum source load criterion
and “optimal” in this paper carries the narrow sense of being
optimal with respect to this criterion.

Splits 4 ?
4., FANOUT TREES
To set the stage for theoretical analysis of fanout trees, sev- Fig. 2 )
eral pertinent concepts will be defined. @ '
Given two fanout tre€k; andT,, a sinks; of T, is equiv- Theorem. 1 . _
alent to a sinlg of T, iff 5 ands; have the same polarity, There exists an optimal fanout-free tree for a given fanout

_1. _. optimization problem.
=L, and the delay from the source D to; is equal to the Theorem 1 states that there is no loss of optimality by

delay from the source @} tos. restricting the search to fanout-free trees. The next section
Ty is equivalent td, iff focuses on finding the optimal fanout-free tree for a given
* Py =P, andQ; = Qy, fanout optimization problem.
« there exists a 1-1 correspondence between the siflks of 5. FANOUT-FREE CHAINS
and the sinks of, under the equivalence relation, The fanout-free tree witN sinks is simplyN fanout-free

chains connected at the source. To find the optimal solution,

« the load at the source ®f is equal to the load at the o e . : ; '
it is sufficient to find the optimal solution to the following

source ofl'z. ) ) ) problem for each fanout-free chain:
The following lemma is an immediate consequence Given a source, a sink with lokdnd a given polarity,
Lemma 1 and a source to sink delay constranftind the number of
If T, is equivalent to Tand T, is an optimal solution to a inverters,m, and their input pin capacitances,such that
fanout optimization problem, then i also an optimal the input pin capacitance of the inverter connected to the
solution to the fanout optimization problem. source is minimized.

Let g; be the gain of thé" inverter on the chain with the
Two important transformations on fanout trees, merge and first inverter being the one connected to the source, the
split, are defined as illustrated by Fig. 1 where all the invert- hroplem is to minimize the capacitance
ers have the same gain and the sinks of net5 is the union of

. m
the sinks of net2 and net3. ¢, =L/ lzl g; (2)
net4 under the constraint
netl m
merge S (p+lg)<D 3)
— 1
invil inv2 inv3 At first glance, there seems to be no simple solution to
this problem since there amet+1 variables (includingn
split itself) to solve for. However using the inequality of the arith-
net net -— nets metic and geometric means the following theorem can be
derived.
(@ Fig. 1 (b) Theorem 2
) cp is minimized when g, =g, = ... =g, =9
Lemma 2 _ _ Armed with theorem 2, the optimal fanout-free chain prob-
If T is derived from Tby either the merge or the split lem is reduced to finding tleandm which minimize
transform, T and T, are equivalent. -m
c, = Lg (4)

By repeated applications of the split transform, any fanout with the equality constraint
tree can be transformed into a tree for which each inverter m= D/(o+ | (5)
has only one fanout. Fig. 2(a) is a fanout tree with 4 sinks of - (p+lg)
positive polarity and 1 sink of negative polarity and Fig. ~ Substituting (5) into (4)¢; becomes
2(b) is the fanout-free equivalent. Such a tree will be D/(p+lg)
referred to as tanout-free treeand is important for the fol- Lg

(6)



The minimum ofc, occurs wher satisfies the following
equation

Ing=1+p/(lg) (7

Let the solution to (7) beandp = D/(p+ly) . That

means the optimal fanout-free chain pdaverters and
each inverter has gayn The size of each inverter can be
easily derived from the sink loadandy.
There is a caveat to this solution becguse most likely
non-integral. In reality a feasible solution famust be an
integer and must be even for positive polarity sinks and
must be odd for negative polarity sinks. The procedure to
find the optimal fanout-free chain is modified as follows:
« calculate the optimglandp (could be fractional) as
above,
« round offp to the two nearest feasible integers accounting
for polarity
« if u <1 and sink polarity is negative the only feasible inte-
ger is 1, in which case the optimal fanout-free chain con-
tains 1 inverter with gai(D-p)/I, otherwise
* let the 2 integers he, andy,, so the respective gains are

v1 = (D-pyp)/l andy, = (D-pp)/!
» assumen = |1, andg =y, is the solution with a smallej
« the optimal fanout-free chain hag inverters each with
gainy;
» the size of each inverter is computed fromndy; .
This fanout-free chain is optimal becaasas a func-
—m

m
tion of m, LEDWEE ,is convex for0s m< D/ p . The

optimal fanout-free tree is obtained by finding the optimal
solution for each of its fanout-free chains. The optimal gain
value for each chain could be different. The optimal fanout-

« for each sink in the fanout problem

» computeu by substitutingg into (5)

« round offu to the biggest integen less thamu
accounting for polarity and such that the delay con-
straint for that chain is observed.

« construct an inverter chain withinverters each with
gaing

The fanout optimization algorithm proceeds as follows:
» compute the solutiory, to (7) giverp andl from the
inverter library,
*let G be a set of's in the neighborhood of, e.g. ify= 3.4
choose G ={3.0, 3.2, 3.4, 3.6, 3.8}
« for eachg in G, construct a fanout tree using the following
5 steps

« construct a uniform gain fanout-free tree with respect
to the problem input and the uniform ggin

« perform the merge operation iteratively on the uniform
gain fanout-free tree until no merging is possible

« from g and the sink loads compute the size of each
inverter in the tree

« locate the inverter in the library whose size is closest to
the computed size

* replicate inverters if the maximum inverter size avail-
able is exceeded

* choose the best fanout tree among the ones constructed

The gain-based algorithm is distinctly different from

prior arts in that once a gain is selected, no combinatorial
search is required in calculating the buffer sizes and the sink
arrangement. The complexity of the algorithm is analyzed
as follows. For each sink (5) is solved, from which the num-
ber of buffers for the tree is determined. Both operations are
simple arithmetic operations and performing them on all the
sinks requires complexit®(N). Then each buffer in the
fanout tree is selected by matching the closest size, incur-

free tree is unacceptable as a buffer tree in practice becauseing anothelO(N*In(K)) (K is the number of inverters in the

the first inverter of each chain might have a unrealistically

near-continuous inverter library) since in the worst case the

small input pin capacitance. The next section discusses hownumber of buffers is proportional to the number of sinks. In

to derive a practical fanout tree from this optimal solution.

6. THE FANOUT ALGORITHM

In this section we utilize the theoretical results from the pre-
vious sections to design a practical fanout optimization
algorithm. In practice, inverter libraries do not offer contin-

uous sizes and there are lower and upper bounds to the inpu

pin capacitances. The fanout tree topology sought for is a
tree with internal fanouts so that the sizes of the inverters
fall into a realistic range. We learn from section 4 that if the

gains assigned to each chain of the fanout-free tree are the

same then the merge operation can be applied to create a
desirable topology. Moreover, the optimal gain for each
chain in the fanout-free tree is most likely not very different
fromybecause the absolute magnitude of the round-aff in
is less than 2 and most of the times less than 1. Therefore
common gain close tpassigned to each chain is likely to
result in a near-optimal fanout-free tree. This observation
leads to the concept ofumiform gain fanout-free tree

The uniform gain fanout-free tree with respect to a
fanout problem input and a uniform gagns constructed as
follows:

reality the complexity is likely to b®(NH+O(In(K)), since
the number of buffers is approximately equal to the number
of levels of buffering.
7. EXPERIMENTS
The fanout optimization algorithm is applied to 19 fanout
cases and compared with the fanout correction transform in
ooleDozer which uses LT trees[2] as templates and combi-
natorial search to find good size assignment and sink
arrangement. Each testcase consists of a fanout region with
the primary input pin being the source and the primary out-
put pins being the sinks. This is preferred over performing
fanout optimization on logic networks, in order to isolate the
effect of fanout optimization. The fanout testcases are speci-
fied in a similar fashion as the fanout problem inputs dis-
cussed in section 3. Testcasg P) refers to a fanout witlP

"’bositive sinks an@ negative sinks. The first 10 testcases

are randomly generated examples designed to stretch the
limits of fanout optimization algorithms. The arrival time at
the source is set to 0.0 while the sink required time is a ran-
dom distribution over a prescribed range. The sink loads are
also a random distribution over the range of input pin capac-
itances of the cells available in the library. The remaining 9



testcases are fanout regions extracted from industrial high
performance designs. The library is discrete and has 30
inverters with varying sizes. For a fixed input slew, the lin-
ear delay equation (1) is a very good approximation for each
inverter in the library.

The results are listed in Table 1. “slack” is the slack at the

combinatorial gain-based

model | slack| area cpy slagk ar¢a cpu

(5,5 | -001| 36| 13.8| 0.01 32| o0.1p
(12,16) | 0.05 60 | 45.8 0.05| 48 0.14
(32,8) | -0.04| 48| 330/ -001] 86 0.2
(16,64) | -0.08| 194 547| -0.0§ 172 0.40
(8,128) | 0.0 | 266| 1931 0.04 282 0.3
(28,34) | -0.06| 120( 189 -0.04 124 0.32
(56,44) | -0.35| 210( 280| -0.11 216 0.53
(12,5) | -0.04| 32| 553 -003 46| 0.1p
(7,31) | 0.04| 84| 113| 0.04 74| 0.2
(18,47) | -0.03| 140 272| -0.01 124 0.29
(12,20) | -0.24| 28| 226 -023 28 031
(15,23)| -0.31| 34| 241 -02d 30| 0.39
(16,17)| -0.16| 28| 232 -014 28 048
(16,18) | -0.11| 28| 234 -0.09 30| 0.4y
(20,17)| -0.19| 26| 20.0, -0.14 30| 0.29
(21,12) | 0.09 22| 11.0[ 0.12 320 041
(25,21)| -0.37| 30| 326 -033 38 0.5
(6,28) | -052| 48| 272 -050 24| 0.38
(8,24) | -0.45| 36| 223 -042 24/ 031

Table 1

source of the fanout tree, “area’ is the area of the entire
fanout tree and “cpu” is the run time on a 200MHz PowerPc
workstation. The new fanout optimization algorithm is bet-
ter in timing across the board with only a 1% increase in
overall area. However, the biggest advantage is the runtime
performance. Conventional combinatorial methods consume
enormous computation time when the number of buffers
becomes large (> 10) and when the number of sinks

becomes large. The gain-based algorithm is more than 1000
times faster in such cases.
8. CONCLUSION
This paper has presented a very fast and effective fanout tree
construction algorithm for a near-continuous buffer library.
The algorithm is applicable to buffer libraries with discrete
sizes as long as there is a wide range of buffer sizes and the
size independent delay equation (1) is obeyed. Since fanout
optimization is arguably the most important transform in
timing optimization, the quality of logic synthesis can be
substantially enhanced by this new algorithm. This leads to
the issue of how a buffer library should be designed. Many
buffer libraries are designed with only several (less than 5)
buffers for each buffer type and buffers are constructed out
of multi-stage inverters to increase the drive capability.
These buffer designs make sense when fanout optimization
algorithms in logic synthesis consist of combinatorial heu-
ristics whose run time are unacceptable if the number of
buffers is large. With the new algorithm, it is beneficial to
design buffer libraries in the near-continuous style and
allow synthesis the extra degrees of freedom to construct
good fanout trees.
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