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Abstract

We present an algorithm to optimally distribute a signal to its required
destinations. The choice of the buffers and the topology of the distribu-
tion tree depends on the availability of different strength gates and on
the load and the required times at the destinations. The general problem
is to construct a fanout-tree for a signal so that the required time con-
straint at the source node is met and the fanout-tree has a minimum area.
Since the area constrained fanout problem is NP-complete and area is
not a major consideration in present high density designs, we restrict our
attention to the simpler problem of designing fast fanout circuits with-
out any area constraint. The proposed algorithm builds the fanout tree
by partitioning the fanout signals into subsets and then recursively solv-
ing each sub-problem. At each stage the algorithm generates a fanout
tree that is an improvement over the previous stage. This feature allows
the user to specify the improvement desired by the fanout correction
process. The performance of the algorithm, when run on randomly gen-
erated distributions of required times and on real design examples, is
very promising.

1 Introduction

As fast turn-around time becomes the major driving force in electronic
industry, there is an increasing need to consider performance aspects
during the synthesis process. No longer can a designer postpone look-
ing at the circuit performance until after he has a functionally correct
circuit. Doing soresultsin the designer spending a great deal of time try-
ing to manually increase the circuit speed. Timing analysis on a circuit
can isolate slow combinational sub-circuits that cause the circuit to fail
performance tests. Such combinational sub-circuits need to be resyn-
thesized either by reducing the length of the critical paths [2, 7] or by
appropriately distributing the load driven by gates on the failing paths.
As device sizes on integrated-circuits continue to shrink, capacitive ef-
fects of parasitics and routing become increasingly significant. In many
present-day technologies the delay through a logic gate is dominated by
the loading (extrinsic delay) as opposed to the delay from the input to
output pin (intrinsic delay). This paper proposes methods of improving
performance by tackling the problems introduced by high fanout gates.

Hoover and Pippinger {3] presented an algorithm to bound the fanouts
in an arbitrary network with only a constant factor increase in circuit
size and depth. The delay of the network is computed as the number of
levels of fanin bounded gates. The algorithm does not take into account
the availability of different versions of gates and consequently does not
Frovide an adequate method for reducing the delay in a mapped circuit.

tis not known how to choose the best value for the fanout bound (except
trying all values and keeping the best).

More recent work [1] has tried to solve the problem of building a
fanout tree so that the required time at the root of the tree (the gate where
the signal originated) meets the timing constraint and the area of the tree
is minimum. The input to the algorithm is a set of required times at sig-
nal destinations and a target technology containing the gates that can be
used to implement the fanout tree. The constructive algorithm they pro-
pose uses dynamic programming techniques to select the gates/buffers
to drive subsets of signals and build up a tree structure that satisfies re-
quired time constraints with the minimum area. Optimum results are
achieved on a restricted class of circuits. They also propose a heuristic
algorithm for practical implementation. The restriction of the problem
to non-inverting buffers and the fact that the signal is distributed in the
same phase as the root, we feel is a major limitation of the algorithm.
Furthermore, an entry in the technology represents a specified gate driv-
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ing a specified number of fanout loads. When the loads in the fanout set
are different, this assumption is inaccurate.

Our approach is motivated by the work of [6] on the optimal decom-
position of large gates into smaller ones. Under the assumption that the
delay through some gates (NAND, AND) is proportional to the number
of fanins, they develop a bi-recursive algorithm, based on the distribu-
tion of arrival times, to come up with an optimal decomposition of such
large gates. The inputs of the gate are distributed into subsets and the
maximum saving that resulis from doing so is computed. These smaller
gates are then recursively decomposed. We observed that the delay of
a gate is proportional to the number of outputs it drives. This led to
the realization that a recursive approach, similar to that in [6], can be
used to build fanout trees. The similarity between the two algorithms
is that both evaluate delay improving transformations and accept the
best. They then recursively work on the sub-problems that result. The
main difference between the two algorithms (apart from the fact that
they solve different problems) is is that our algorithm exploits the phase
relationships between the signals to develop small fanout-trees. This
makes our algorithm more computationally intensive.

2 The buffering algorithm

In Section 2.1 we introduce some basic definitions in order to ease the
task of describing the algorithm. We explain the general outline of the
buffering process in Section 2.2. We will present a methodology to use
the algorithm for buffering a single node in order to reduce the constraint
violation in a circuit. In Section 2.3 we introduce the basic ideas in the
creation of the fanout tree for asingle node. The problem being handled
models a general buffering scenario. The general case comresponds to
both complemented and uncomflemented signals being required at the
destinations which can have different capacitive loads.

2.1 Definitions

A combinational circuit can be represented as 2 DAG (directed acyclic
%:ph). Each vertex in the graph corresponds to a gate in the circuit.

e gates in the circuit are assumed to be single output gates. There is
a directed arc from ¢ to k if gate h depends directly on gate g (there is
a connection from the output of gate ¢ to an input of gate k). The set of
gates(vertices) that have a connection (directed arc) from themselves to
h is the fanin set of k and is denoted by F 1. Similarly the fanout set
of h, FO4, is the set of gates that is driven by gate k.

A parameterized linear delay model is used to compute the delay be-
tween an input pin and the output pin of a gate. For a gate K with n
inputs, the model consists of a set of n triplets. The triplet (¢, i¥, e?),
k = 1,...,n characterizes the delay between the k-th input and the
gate output. The elements of the triplet are the capacitance of the input
pin, the intrinsic delay and the extrinsic delay (delay per unit load). We
use the notation I? to denote the index of the input pin of gate h that is
driven by gate g. To account for the routing capacitance we associate
an additional capacitance C,, with each fanout. The delay between the
output and the k-th input of gate g is computed as

B =if+el. I (Cutch)
h€FO,

The notation rgp, denotes the required time (also called the expected
arrival time) of a signal along the connection from gate g to gate h. We
use r, to denote the time a signal is required to arrive at the output of
gate g. The arrival time at gate g is denoted by a ; and is the time that the
signal actually arrives at the output of the gate. ’f'he required time at the
primary outputs and arrival times at primary inputs are known (either
specified by the user or determined automatically by a timing analysis).
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A delay trace consists of determining the arrival and required times at
all nodes in the circuit after evaluating the delay through all the gates in
the circuit. The arrival time at the output of gate g is computed after the
arrival time of its inputs has been computed. The recursive fornula is

. )
o = 2, (on + i)
The formulae for recursively computing the required time at gate g are

Poh = Th — d';g and r, = hglil‘lc’;, Toh

The slack at a gate, g, is the difference between the required and arrival
times at the gate output (r, — a,). If the slack at a gate is non-positive
(the signal at the node output arrives no earlier than it is required) the
node is said to lie on a critical path. The minimum value of slack is
denoted by Smin and it corresponds to the most critical path. A path from
the input to output on which all nodes have a slack less than (S min -+ €)
is called an ¢ ~ critical path. The set of ¢ ~ critical paths forms a
sub-circuit called the ¢-network. Loosely speaking, this sub-circuit is
the section that violates the timing constraints by the most.

22 Outline of the buffering process

The algorithm buffer_network used to reduce circuit delay is presented
in this section. Input to the algorithm is a combinational circuit 5 con-
sisting of gates implemented in a target technology. The primary inputs
are assumed to be valid at the user-specified arrival times and the cir-
cuit is deemed to meet timing constraints if the primary outputs arrive
before the specified required times. If the circuit does not meet these
timing constraints the algorithm iteratively reduces the violation in the
constraints by applying fanout correction at multiple fanout gates.

As with any procedure that aims at reducing circuit delay through a
series of local transformations, we recognize the fact that buffering a
single node may not reduce the delay through the circuit. There can
be other paths that are still critical and not affected by this local trans-
formation. One method to overcome this problem is to apply the local
procedure on a set of gates that forms a node-cutset (separator set) of the
critical paths. If the local procedure results in an improvement in delay
on each gate in the cutset, an improvement in the delay of the entire cir-
cuit is achieved. This igm of applying a local procedure along a
cutset to improve circuit speed was suggested by DeMicheli [2] and has
since been used in other delay-reducing techniques [7].

For the purposes of applying fanout correction on the circuit, gates
with a large number of fanouts on the critical path are good candidates.
We weight the gates on the ecritical paths and find a cutset of nodes.
The choice of € and the function used to weight the nodes is crucial in re-
ducing the number of iterations required to meet the timing constraints.
A weighting scheme that favors (gives small weights) nodes with alarge
fanout allows us to use a minimum-weighted cutset algorithm {5) to find
the setof good nodes to buffer. For each gate on the cutset we apply the
algorithm buffer_node described in Section 2.3 to generate the appro-
priate fanout tree, Improving the slack along a selected path eventually
causesother paths to become more critical than the one under correction.
Further improvement along the selected path does not improve circuit
performance. This imposes an upper limit on the amount by which the
required time of a gate input may improved and be reflected in the per-
formance enhancement of the circuit. The algorithm accepts a parame-
ter TR (the minimum value of required time at the gate input that will
improve circuit performance) and terminates when the desired required
time is achieved. Figure 2 explains how T'R is computed for anode g on
the critical path. The basic outline of the buffering algorithm is shown
in Figure 1. The process of delay trace, cutset evaluation and buffering
nodes along the critical cutset is repeated until the timing constraints
are met or there is no improvement in the circuit delay. At this stage the
buffering process terminates and the user may use other techniques —
critical-path resynthesis, decomposition or gate selection — to reduce
circuit delay.

2.3 Buffering a single node

In this section we infroduce the algorithm buffer_node used to build
fanout trees. We wish to build a fanout tree at the output of gate g in
the combinational circuit. Assume that the signal g is distributed in the
positive and negative phases to various destinations. The fanout set of

gate g is FO and it consistsof two parts — FO*1 and FO~. FO* con-
sists of gates to which the signal g is distributed. The elements in 7O~
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buﬂ;r_network( network, ¢)
0
delay.trace();
generate an c-network; /* ¢ 1s user defined ¥
assign-node-weights to nodes in e-network;
cutset = minimum-weight-node-cutset of e-network;
foreachn € cutset
TR = Target value of required time at n;
(FO*,n;, FO™) = Fanout data for node n;
buffer node( n, ny, FO*, FO~,TR);
while ( timing constraints not met && delay decreases)

Figure 1: Outline of the Buffering Algorithm

T
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Figure 2: Computing the target performance

receive the complemented signal 7. The inverted signal is generated by
an inverting buffer denoted by g7.

For each gate k in the fanout set FO we know
1) capacitance ¢, associated with the input pin of k,

2) required time r, for the signal at the input pin of &.

Let the cardinality of the fanout sets be |[FO~| = m and |[FO¥| =
n. For convenience we use the superscripts + and - to denote values
associated with the sets FO+ and FO~ respectively. The fanouts in
both partitions are sorted by their required timesi.e. r} <r} <... <
rt andr7 < r7 < --- < r;,. Assume that there are M inverting
buffers in the target technology to be used for buffering. Non-inverting
buffers can be made up as cascades of inverting buffers.

The algorithm buffer_node builds a fanout tree by selecting a delay
reducing transformation at the current gate depending on the distribu-
tion of the loads and required times. The transformations aim to reduce
the required time at the input of the selected gate. The three transforma-
tions that are used (named repower, transl and trans2) are illustrated in
Figure 3. RO, R1 and R2 denote the required time at the input of gate
g on the application of these transformations.

The algorithm buffer_node is described in Figure 4. Please refer to
Figure 3 while reading Figure 4. We first evaluate the required time R0
resulting from choosing the best available version of the gates g and g
(the repower transformation). Having done the obvious powering-up of
gate g, the distribution of fanout signals into two sets of early and late
required signals is attempted according to transi. The root gate is used
to drive the early required signals and a smaller load. R1 is the maxi-
mum required time that is achieved using this transformation. If there is
no saving (R1 < RO) as aresult of transl we conclude that the required
times have a small spread. In that case the balanced decomposition ac-
cording to trans2 is evaluated. The best configuration of buffers added
is found and the required time R2 is computed. We accept trans2 only
if R2 > RO. Having selected either transl or trans2 , the algorithm will
recur on the new nodes created and then again on the root node. The rou-
tine recursion_will_help() is used to prune recursive calls that will not
help improve the required time at gate g.

The gate g is part of a network and consequently the point where
the delay value is computed must be clearly defined. When we apply
buffering transformations on gate ¢ we need to consider not only the
delay reduction of g but also the possible increase in the delay of the
previous gate since g may now have a larger input capacitance. In our

algorithm we take into account the drive (¢ ) of the gate that feeds gate
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Figure 3: The basic buffering transformations

buffer_node( g, gr FO*, FO~, TR)
RO = evaluate_repower(g, g1, FO*, FO™);
if (RO > TR) return;
(R1,EY, E7) = evaluate_transl(yg, g1, FO*, FO™);
if (R1 > RO) then
create-configuration-transl(yg, gr, E*, E~);
if (R1 < TR && recursion_will_help())
buffer_node(B,b, L=, L*, TR);
buffer_node(g, gr, E* U {B}, E~, TR);
endif
else
(R2, k,1) = evaluate trans2(g, g5, FOt, FO™);
if (R2 > RO) then
create-configuration-trans2(g, gr, k, 1);
if (R2 > TR)
buffer_node(g, B, J, 91, |, b, TR);
endif
endif

Figure 4: Buffering of a single node

9, say f, when computing the savings as a result of the transformations.
This captures the relevant environment for gate g and accurate evalu-
ation of the savings can be made, Different values for e/ may lead to
different fanout trees. We will now explain how the various transfor-
mations described in Figure 3 are evaluated and what is the criterion for
accepting a transformation. We will also briefly discuss the complexity
of applying the transformations.

We first evaluate the saving resulting from choosing the best avail-
able version of the gates (the repower transformation). %‘his is the obvi-
ous way to get a faster circuit when different versions of the gate being
buffered are available in the target technology. This transformation does
not change the structure of the fanout tree (all signals in FOt are still
driven by gate g and those in FO ™ by gr). The attempt here is to re-
duce the delay by choosing replacement gates for g and g 1 that have the
capability of driving large loads. The repower transformation results in
a required time RO being achieved at the input of gate g.

The cumulative capacitance of any subset of the fanout set, A ¢ FO
i8Ca =3, ca(ch). Letr,, denote the required time of the signal at

g

the input of the inverter gy.
ror =17 — (i + €9 .Cpo-)
The required time at the input of gate g after repower is

RO = min[r},ry, ] — (i + €9.(c¥ + Cpo+)) — &.c?

The value RO is what a simple algorithm for fanout correction, such as
the one in [4], would achieve. Our objective here is to do better and so
we try to restructure the fanout tree based on the distribution of required
times.

Applying transl involves partitioning the sorted set of fanouts into
two sets £ and L of early required signals and late required (less critical)
signals respectively. Denote by Et and E~ the subsets of FO+ and
FO~ that comprise the early required signals. These are driven by the
gates g and gs respectively as shown in Figure 3. The late required
subsets are therefore LY = FO*\E* and L~ = FO~\ E~ which are
driven by inverting buffers b and B respectively. For each partition we
have different choices for the buffers g7, b and B. The required time at
the input of gate g is therefore denoted as R1(E*, E=,b, B, g1). We
denote by r,,, r» and rp the required times at the inputs of inverting
buffers g7, b and B respectively.

The choice of the added buffers b and B, the gate g5 and the sets
Lt and L~ is made so as to maximize the required time at the input of
gate g. The best required time that can be achieved by an application
of transl is denoted by R1. If an application of transl enables us to
meet the target required time TR, we implement the transformation and
exit the recursion. If the target required time is not met and R1 > RO
(there is a saving compared to the repower transformation) we accept
the transformation and recur on the problems of buffering gate B and
then gate g. Recursive calls that cannot improve circuit performance
are eliminated by the routine recursion_will_help() as described in Fig-
ure 4. An example of pruning recursive branches occurs in transforma-
tion fransl. Whenever the required time at the input of buffer B (Fig-
ure 3), namely r g exceeds min[r;, r;, ] we can terminate the recursion.
Buffering node B in an effort to increase rg beyond its current value
cannot increase the required time at the input of gate g. In addition,
at each stage of the recursion we know the maximum amount that we
need to save (derived from the target required time T'R) and recursion
terminates when this saving is achieved. These pruning strategies result
in a significant improvement in the run times for the fanout correction
process.

By appropriate precomputation of the cumulative capacitance values
we can compute the required time at the input of gate g in constant time
for a given configuration. Thus O(M *mn) computations are needed
to find the maximum value of R1. Let the time to recursively apply
the balanced decomposition for a problem with m signals in negative
phase and n signals in the positive phase be denoted by T'1(m, n). If
JE¥| = s and |E~| = t, the recursive application of transl can be
shown by the following equation —

T1(m,n) = O(M>mn) + T1(n — s,m — t) + T1(t,s)

The solution to this equation that results in the largest run-time is
T1(m, n) = O(M3m?n?).
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When there is no saving by using the transformation trans!, one
can easily infer that the required times in the sets FO* and FO™ are
clustered together. At this stage a balanced tree as per transformation
trans2 is attempted to improve the required time at the input of g. The
transformation evaluates a multi-way split of the positive and negative
fanouts so as to resuit in clusters of similar cumulative capacitances.
For a k—way balanced decomposition of FO+ and a I-way partition-
ing of the negative fanout set FO™ we can compute the required time
R2 at the input of gate g. For a given (k, {)—way decomposition of
the fanout set F'O (shown in Figure 3) we evaluate the required time
R2(1, k, g1, b, B} at the input of gate g for the possible choices of invert-
ing buffers b, B and gr. We are interested in finding the configuration
that yields the maximum value of R2.

With appropriate precomputations, O(M>*mn) computations are
needed to find the maximum value of R2. Let the time to recursively
apply the transformation trans2 for a problem with m signals in nega-
tive phase and n signals in the positive phase be denoted by T2(m, n).
T2(m,n) can be computed by solving the equation —

T2(m, n) = O(M>*mn) + T2(k,1)

where2 < I < B and2 < k < %. The solution (o this equation is
T2(m,n) = O(M>3mn log(mn)).

The algorithm buffer node is polynomial in the number of fanouts
and, due to the pruning strategies that avoid needless recursions, it is
fast. Ateach stage in the recursion it preserves a valid buffer tree which
is better than the one at the previous stage. This allows the buffering to
be done on a need-to basis. The amount of improvement desired can be
used to stop the recursion when the desired saving has been obtained.
This leads to improved run times and prevents the unwarranted area
increase that could result from building the best fanout tree. However,
if the best fanout tree is desired, the target required time TR can be set
to be a large number.

3 Results

The algorithm described in Section 2 has been implemented as a part
of mis{T — the logic synthesis system at Berkeley. The input to the
algorithm is a network of mapped gates along with the library of gates
that are available to implement the network. The mapping is carried
out for a minimum area circuit so that none of the high power gates
are chosen at this stage. The routine buffer_network is used to power
up gates and to build fanout trees where required. Table 1 shows the
results on some examples from the MCNC and ISCAS benchmark set.
The standard cell library provided alongwith the MCNC"’89 benchmark
set was the target technology. Required times at the primary outputs
are set to be the arrival time of the latest output and so any reduction in
required times also results in reducing circuit delay. The wire load (Cy )
associated with every fanout was set to be three times the input load on
the smallest inverter. The drive at the primary input and load at the
primary output was that of a small inverter. A small value of ¢ (¢ = 0.5)
was chosen during this experiment to restrict attention to nodes close to
the critical paths.

Table 1 shows the largest number of fanouts on any gate on the criti-
cal path. The initial area and delay of the circuit is shown. We compare
these to the area and delay that results from application of the repower
transformation. Since the target technology does not have different ver-
sions of many cells, this transformation sometimes does not lead to large
saving. The comparison of the area and delay of the circuit after it has
been exposed to the iterative application of the buffer_network() algo-
rithm is also shown. From the experiment we see that buffering leads
to significant reduction in delays with small area increase. We also see
that simple repowering of gates very sub-optimal in almost all cases. As
expected, the greatest saving occurs in circuits with large fanouts on the
critical path.

4 Conclusions and future work

We have presented a heuristic solution to the problem of reducing delay
in a circuit by reducing the load at gate outputs. The algorithm makes
a selection of the fanout distribution network based on the loads and
required times of the destinations, and by making use of the full range
of buffers available in the given technology. Results from the use of the
algorithm on a number of industrial designs give a significant reduction
in circuit delay.
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Max Before Simple After

Name fanout Buffering repowering Bufferin,

Area Delay Area Area | Delay | Time
9sym 16 332 828 || 100 | 1 123 { 0.0 T
9symml 10 257 80.0 1.00 K 1.16 0.81 9
C1355 7 696 882 1.01 . 1.15 0.90 24
C432 21 408 218.1 1.00 L 1.20 051 16
C6288 24 4632 488.4 1.00 . 110 0.76 284
C1552 116 3207 389.8 1.00 X ‘1.08 0.57 173
C880 8 588 1138 1.00 L 1.07 0.81 16
alud 16 501 150.6 1.01 . 1.08 0.73 18
apex1 138 |} 2923 429.0 1.00 . 1.05 0.61 632
apex2 25 908 105.0 1.01 . 1.03 Q.76 33
apex3 113 2823 512.6 1.01 . 1.08 0.56 501
apex4 137 3762 | 1375.6 1.01 . 110 0.54 946
apex6 23 1108 98.6 1.00 K 1.12 0.54 46
apex7 7 362 730 1.01 A 1.04 0.86 9
clip 7 170 543 1.00 A 1.07 0.86 5
des 190 || s129 426.1 1.00 K 118 0.26 526
duke2 9 553 778 1.01 . 1.10 0.73 16
e64 39 || 2924 105.1 1.02 . 1.04 0.80 78
misex2 5 145 39.6 1.02 . 1.19 0.86 4
1d73 s 99 59.4 1.01 . 1.17 0.88 3
seq 93 2569 377.0 1.01 . 1.07 0.65 270
74ml 4 70 47.0 1.01 0.90 1.11 0.90 3

run-times are in seconads on a DEC-3100

Table 1: Results of Gate Buffering

Further extensions to the buffering algorithm such as gate duplication
and critical-path isolation are being looked into. We would also like to
investigate the interaction between the buffering algorithm and other
techniques to reduce delay, mainly the tree mapping and the critical-
path resynthesis algorithms. This interaction results from the fact that
the critical-path resynthesis depends on delay data which may be mod-
ified by the buffering process e.g. a path that is critical due to large
fanout may be selected for resynthesis. In this case buffering, and not
the restructuring of the critical path, is the preferred method to reduce
circuit delay. Furthermore, given a circuit and timing constraints that
need to be satisfied, we want to be able to determine the sequence of op-
erations — buffering and resynthesis — that would meet the constraints
with a minimal area increase. We are in the process of investigating
the coupling between technology mapping (using DAG covering) and
fanout correction in order to develop a method to smoothly explore the
area-delay tradeoff in designs.
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