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Abstract- As gate delays decrease faster than wire delays for
each technology generation, buffer insertion becomes a popular
method to reduce the interconnect delay. Several modern buffer
insertion algorithms (e.g., [7, 6, 15]) are based on van Ginneken’s
dynamic programming paradigm [14]. However, van Ginneken'’s
original algorithm does not control buffering resources and tends
to over-buffering, thereby wasting area and power. It has been a
major open problem whether it is possible to optimize slack and
at the same time minimize the buffer usage.

This paper settles this open problem by showing that for arbi-
trary integer cost functions, the problem is NP-complete. We also
extend the pre-buffer slack technique [12] to minimize the buffer
cost. This technique can significantly reduce the running time
and memory in buffer cost minimization problem. The experi-
mental results show that our algorithm can speed up the running
time up to 17 times and reduces the memory to 1/30 of traditional
best know algorithm. Finally, we show how to efficiently deal with
multiway merge in buffer insertion.

|I. INTRODUCTION

As feature sizes continue to shrink, buffering nets becom®
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necessarily the optimal solution in terms of minimal delay. In
fact, van Ginneken [14] recognized this, writing, “In addition
to the optimization of the timing, the number of buffers used
can be optimized. This is done by using triples of numbers
rather than pairs for the options. ... Unfortunately, this makes
the algorithm no longer polynomial.” The pairs he refered to
are solutions storing capacitance and slack. Lglisal. [8]
presented an implementation that adds a third element to con-
trol resource utilization, but were unable to claim a polynomial
algorithm.

Recently, Shi and Li [12] showed how the dynamic pro-
gramming approach used by van Ginneken’s can be made to
run in O(nlogn) time by four speedup techniques. Among
those technigues, we find that the pre-buffer slack pruning
technique alone can be incorporated in many buffer insertion
algorithms and both timing and space performance can be im-
proved.

In this work, we prove that for arbitrary buffer cost func-
tions, the problem of minimizing buffering resources subject
to timing constraints is NP-complete. In addition, we show
how to apply the pre-buffer slack pruning technique to mini-
ize the buffer cost. Experiment results show that this tech-

increasingly critical and problematic. A recent study by Saxnri]que can significantly speed up the running time and reduce
enaet al. [11] projects that 35% of all cells will be intra-block the Memory usage.

repeaters for the 45 nm node. The sheer explosion in the num- X :
ffe number of child nodes is more than two. For these cases,

ber of repeaters makes it paramount to conserve buffering
sources as much as possible during physical synthesis.

Finally, we address the problem of merging branches when

previous work suggests converting the tree into a binary tree by
Hsing zero length wires. However, the mechanism for conver-

In 1990, van Ginneken [14] proposed a buffer insertion al-; ially vield diff lts. We sh h
gorithm that is now considered a classic in the field. Severg|on can potentially yield different results. We show that one
works have built upon this algorithm to include wire sizing [8],can explore the entire solution space and still maintain a poly-

higher-order delay models [3, 4], simultaneous tree construeg’rnlal algorithm as long as the maximum degree of a node is

. . ; : bounded by a constant
tion [9, 10], multiple buffer types [8], and noise constraints [2]. ) .
[ ] P ypes [8] [2] The rest of the paper is organized as follows.

Given a fixed Steiner topology, the algorithm inserts buffers in _ : . .
a bottom-up manner to optimize the worst slack to any sin presents notation and defines the buffer insertion prob-

under the Elmore delay model. The algorithm has time coms"™" .Section Illis the NP-compIgteness proof. . Section IV
plexity O(n2), wheren is the number of potential insertion overviews the extension of van Ginneken's algorithm to con-

points. The algorithm does not control buffering resources arHJOI resource usage. Section V presents the pre-buffer slack

will insert as many buffers as needed to obtain the Optimglrumng technlque and experimental results_showmg its effec-
glveness. Section VI shows how we deal with merging prob-

Section

slack. In practice, this results in a significant over bufferin
whereby a few picoseconds of performance may be squee eg's:
out for several additional buffers. Also, one frequently wants

to find the cheapest solution that meets the timing target, not Il. PRELIMINARIES

*Research of W. Shi and Z. Li was supported in part by NSF grants CCR- . . .
0098329, CCR-0113668, EIA-0223785, ATP grant 512-0266-2001 and a fel- A N€t is given as a routing tre® = (V, E), whereV' =
lowship from Applied Materials. {s0}UVsUV,,,andE C V x V. Vertexsy is thesourcevertex
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and also the root ofl', V, is the set ofsink vertices, and/,, oo
is the set ofinternal vertices. Each sink vertex, € V; is as- vy So
sociated with sink capacitanc¢#(s;) and required arrival time —*—*
RAT(s;). A target required arrival time for sourd@AT (so) :

is also given. A buffer libraryB contains different types of U, Sn
buffers. For each buffer typk, the intrinsic delay ig<(b;), —e—e

driving resistance ig2(b;), and input capacitance &(b;). A Fig. 1 Construction used for reduction, wherg, . . ., vy, are buffer
function f : V,, — 28 specifies the types of buffers allowed atpositions and1, . . ., s,, are sinks.

each internal vertex. Each buffer typealso has a buffer cost
weightW : B — [0,00). Each edge € F is associated with
lumped resistanc®(e) and capacitancé'(e).

TABLE |
Following previous researchers [1, 14, 15], we use the El- CONSTRUCTION OF SINKS
more delay for the interconnect and the linear delay for buffers. [ Sinks, || C(s) | Q(s:) |

For each edge = (v;, v;), signals travel fromy; to v;. The
Elmore delay ofe is D(e) = R(e)(C(v;) + C(e)/2), where
C(v;) is the downstream capacitancevat For any buffer at
vertexv;, the buffer delay iD(v;) = K(b) + R(b) - C(v;), : : :
where C(v;) is the downstream capacitancewgt When a Sn N3 Nn+L L 2
buffer b is inserted, the capacitance viewed from the upper
stream iC'(b).
For any vertexs € V, letT'(v) be the subtree downstream

from v, and withv being the root. Once we decide where to Given an instance of the 2-1 partition problem, we construct
insert buffers inT’(v), we have acandidate« for T'(v). The an instance of the buffer insertion problem as shown in Fig. 1.

$1 Nn+2 Nn+1 +Nn+2
S9 Nn+1 Nn+1 +Nn+2

delay fromw to sinks; € T'(v) undera is There aren sinks ann buffer types as shown in Tables | and
Il. For sourcesy, the buffer driver resistancB(sg) = N™.
D(v, si, ) = Z (D(v;) + D(e)), (1) Allwires have zero resistance and capacitance. Clearly, every
e=(v; ,vk) number in the construction can be expressedmlog V)
bits.
where the sum is over all edges in the path froto s;. If v; Now we claim there is a solution for the buffer insertion

is a buffer in, thenD(v;) is the buffer delay. Ifv; is nota instance withQ(so) > 0 and total buffer cost at most
buffer ina, thenD(v;) = 0. The slack ofv undera is

Q(v,a) = min {RAT(s;) — D(v,s;,a)}. 2 M=N+ ZNZ
s, €T (v) i=1
The buffer cost oty is the total cost of buffers used in if and only if there is a solution for the 2-1 partition instance.
First assume there is a solution for the buffer insertion prob-
W(v,a) = Z W(b;). (3) lem. Itis easy to see that there must be a buffer at evgry
bi€a since otherwiseR(sg) - C(s;) > N"t3 > Q(s;) for anyi.

Furthermorey; must use either buffer typgeg or b,, since oth-

Buffer Insertion Problem: Givenrouting tre€l’ = (V, E),  erwise R(b;) - C(s1) > N"*3 > Q(so). Sincev; must use
sink capacitance’(s;) and RAT (s;) for each sinks;, capaci- - eitherb, or b, v, can not use, or b, anymore, since other-
tanceC(e) and resistanc&(e) for each edge, buffer library  wise the total buffer cost will be at lea8tv™ > M. Repeat

B, pOSSIb|e buﬁ:er pOSItIOUf, and buﬁ:er cost funCt|0W, f|nd the argument for ever;y' we knOW the buffer types falyl can

a candidatex for T that satisfies)(so, a) > RAT(so) and  only beb,,_; or by;. This way, the delay caused by buffers at
the total buffer costV (s, ) is minimum. v; is N*+2 foralli = 1,2,...,n.

I1l. COMPLEXITY ANALYSIS
TABLE Il

CONSTRUCTION OF BUFFERS

| Bufferd; || R(b:i) | C(b:i) | W(bi) |

Theorem 1 If the cost of each buffer is an arbitrary integer,
then to minimize the total buffer cost is NP-complete.

by 1 X1 To + N™
Proof: The problem is clearly in NP. We now show a reduction by 1 T2 1+ N"
from 2-1 partition, a known NP-complete problem [5]: b3 N x3 x4+ N1
by N X4 xr3 + Nl
Instance: Positive integers , zo, ..., z2,. Let .
21221 T, = 2N .71 . .
Question: Is there an index sétthat contains ban—1 N ) Tan—1 Ton + N
exactly one oRi — 1 and2i for 1 < i < n, such that ban N Ton | Ton—1 + N

Dier®i=N?



Let I be the set of buffer indices that are inserted at

v U1
V1,...,U,. Then . o
V2
— ; ) N2y . .
Qo) =i (QU) = N"*) = R()- 3O
Nl Z i,
i€l
w (a) (b)
Wi(so) = Z T + Z N*. Fig. 2. (a) T'(v) consists of edgév, v1) andT'(v1). (b) T'(v) consists of
i¢I i=1 T(v1) andT (v2).

Since we have bot)(sg) > 0 andW(sp) < M, we must

haveQ(so) = 0 andW(so) = M, which is a solution to the

2-1 partition instance. 3. Merge two sub-trees For now, assume that every Steiner
On the other hand, any solution to the 2-1 partition instance, tree can transformed into an equivalent binary tree by

we can assign buffers according to the partition, and prove the adding zero length wires. The merging of sub-tré¢s; )

solution satisfy the requirements. 0 andT (v2) when controlling resources is the most expen-

. ) sive of the three operations. We discuss this process in
Finally, we say a few words about the difference between  fyrther detail below.

NP-complete and NP-hard [5]. Some literatures use NP-

complete to describe a decision problem, and NP-hard to de-after performing these operations as required, eventually
scribe an optimization problem. This difference is rather techpe set of candidated (so) at the source is identified. One

nical. However, there is a fundamental difference that shoulghy then explore the candidates in this set to find the solution
be emphasized: The NP-hard class includes problems that & responding to the desired cost/slack tradeoff.

NP-complete, PSPACE-complete, EXTIME-complete, etc, all Thg third step of merging two branches can be problematic
the way to undecidable [S]. Therefore, by saying a problem i§ocase the number of candidate solutions can potentially ex-
NP-complete, it also puts an upper bound on the complexity,siode. Consider the example in Fig. 3. Here we assume that
the cost function is the simple (yet practical) number of buffers,
IV. (Q,C, W) FRAMEWORK ?.e.,W.(bi) =1 for all b, € B. This type of fqnction is useful
if one is using just one buffer type or if one is at a stage in the
In van Ginneken’s original algorithm, the effect of a candi-design where area is not as significant as the designer effort to
date to the upstream is described by {ldg C) pair, where make an ECO (Engineering Change Order) change. Also, it
Q is the slack at the current tree node afids the down- is certainly a reasonable choice if all the buffers in the given
stream capacitance. To constrain total resource usage, van Gibrary are fairly close in size.
neken [14] suggested to add a total cstto the tuple i.e.,
(@, C, W), which is implemented by Lilli€t al. [8].
For any two candidates; anda. of T'(v), we sayo; dom- Candidates fof '(v;) Candidates fof'(v3)
inatesaw, if Q(v,a1) > Q(v,as), C(v,a1) < C(v, ) and w
—{ |

W(v,a1) < W(v,as). The set ofnonredundant candidates 3 W

such that no candidate iN(v) dominates any other candidate |2 — = =] 2 —~]
1 1
0 0

of T'(v), which we denote a®v(v), is the set of candidates
in N (v), and any candidate @f(v) is dominated by some can- —>D—>|:|—>|:| —>|:|—>D
didates inN (v). _’D _’D
Lillis” algorithm generates candidates in a bottom up man-
Candidates fof"(v)

ner starting from the sinks. Initially, each sirk has a sin-
gle candidatex, wherebyQ(s;,a) = RAT (s;), C(s;, ) = W
()
_>.—>2, 2 3,1
1. Add a wire. As one propagates candidates from node .

C(si), andW (s;, ) = 0. There are three basic operations .
4
up to its parent node, one must incorporate the delay 3 _’
2
1
0

during the bottom-up traversal as shown in Fig. 2.
of wire (v, v1) into each candidate af,. The number of (0,2 (1, 1)+(2,0)
candidates does not increase (and may even decrease due _»

to pruning).
(0.0

adding buffers to some subset of candidates,atThe _ . . .

b f candidates will increase. but is bounded by t Fig. 3. Example of the algorithm for merging left and right candidates to
number o ¢ ! ; Yy tain a single set of candidates for the branching point. Here, the cost
number of different values d# that can possibly be gen- function is the number of buffers inserted.
erated.

2. Add a buffer. At a nodev, one may potentially consider



The set of candidates is stored as an array, indexed by thdt is easy to see ify; dominatesas, thena; b-dominates
costW. New candidates are generated by exploring potentiak, andas will be pruned. Since the pre-buffer slack is used
merges so that the new candidates are generated in nondecréasietermine the dominance, we call this pruning technique as
ing order of cost. For example, first the zero-buffer left candipre-buffer slack pruning. It not only gives a better pruning
dates are merged with the zero-buffer right candidates. Theriteria, but also allows us to find the candidate that gives the
the zero-buffer left candidates are merged with the one-bufferaximumpP in O(1) time.
right candidates followed by the one-buffer left candidates and Most traditional buffer insertion algorithms based(gh C)
the zero-buffer right candidates. can be improved using the new pruning technique based on

When each new candidate is generated, its capacitance d&IC). Also, this method does not change the data structure
slack can be inserted into a range-query tree [8] to allow farr the frame of previous algorithms. In the application, the
pruning based on jugp andC. The trick is that by visiting value P does not need to be stored. It can be computed from
all new candidates in nondecreasing order of cost, it is guaf} and will only be used when the redundancy is checked.
anteed that each new candidate added to the range-query treBor multiple buffer types, the pre-buffer slack is defined for
will be dominated in terms of cost by the other candidates aéach type of buffeb;: P;(v,a) = Q(v,a) — K(b;) — R(b;) -
ready in the tree. Then one only needs to determine addition@(v, ). In other words,P; (v, «) is the slack before an imag-
dominance iR andC to see whether the candidate should bénary buffer of typeb; atv. For any two candidates; andas
rejected. This test can be done in time logarithmic in the sizaf T'(v), we saya; b;-dominatesys, if P;(v, a1) > P;(v, as),
of the tree. C(v,01) < C(v,az), andW (v, a1) < W(v, as).

As one can see from Fig. 3, the number of candidates can
potentially explode. Let; andn; be the number of candidates g Application to Buffer Cost Minimization
in the sub-tree¥’(v1) andT'(v;), then there can be, - ny pos-

sible candidates, this leads to a possibly exponential algorithm.For buffer insertion with minimum cost, we use the frame-
work of Lillis et al. [8] and apply the pre-buffer slack pruning

technique to both solution set indexed by cost and the range-

V. PRE-BUFFERSLACK PRUNING guery tree (if we perform on only one of them, the optimal so-
lution can still be achieved except that few redundant solutions
A. General Idea will be pruned). Since all new candidates are visited in nonde-
The concept of pre-buffer slack is first proposed by Shi angféasing order of c_ost, _the pre-buffer slack pruning technique
Li [12]. The main idea is explained as follows. guarantees the optimality.

Multiple buffer types are also considered here. However,
this will increase the space complexity by a factofBf with-
out. We can avoid the extra space increase by only pruning
those candidatels.-dominated by other candidates, whége
is the buffer with the smalles®(b;) among all buffers. There
P,a) = Qv,a)—K(b)—R(b)-C(v,a), (4) Wil be less redundant solutions pruned compared with using
|B| trees, but our experiments show that there are still many
among all candidates. However, such a candidate is not ngedundant solutions been pruned, compared with previagpsly
essarily the candidate that maximiz@s It is because when pruning technique.
a buffer is attached, some nonredundant candidates might be-

come redundant. C. Experimental Results

For any candidates; and as of T'(v), we say«; b- . .
dominatesas if P(v,a1) > P(v,as) and C(v,a1) < To show the advantage of new pruning technique, we tested

C(v, a). In [12], there are two important lemmas. our new algorithm for buffer insertion with cost constraints.

Six different buffer types based on TSMC 180nm technol-
Lemma 1 If ; b-dominatesy, thena, is redundant. ogy are used. For the smallest buffer(L&)b) = 14409,

C(b) = 29 fF, and K(b) = 36.4 ps. The largest buffer is
Lemma 2 If a; and ay do not b-dominate one another, then8X. The sink capacitances range from 2 fF to 41 fF. The wire
P(v,01) > P(v, ) ifand only ifQ(v, 1) > Q(v, a2). resistance is 0.07&/um and the wire capacitance is 0.118

fF/um. Intrinsic gate delay is identical for all buffers. All

We can expand the above concept and lemmas consideriagorithms are implemented in C and run on a Sun SPARC

the buffer cost. For any candidates and a, of T'(v), we Wworkstations with 400 MHz and 2 GB memory. The imple-
saya; b-dominatesn, if P(v,a1) > P(v,az), C(v,a1) <  mented algorithms also output buffer positions.

For now assume there is only one buffer typeWhen we
compare candidates at it is insufficient to only compare€)
andC values aw. Instead, we want a candidatethat maxi-
mizes pre-buffer slack

C(v,az) andW (v,a1) < W (v, as). The first experiment is to compare our new technique with
Lillis’ original algorithm [8] for buffer cost minimization. The
Lemma 3 If a; b-dominatesys, thenas, is redundant. buffer cost is the number of buffers. In Table lll, the time and

memory results are shown for six buffer types and the number
Proof: From Lemma 1, we know that; is redundantin terms of buffer positions are the number of sinks. Our algorithm is
of (Q,C). SinceW (v,a1) < W(v,az), and for any cases of 2 to 17 times faster than Lillis’ algorithm and uses 1/1.5 to
adding a buffer, adding wire delay or merging, same cost will/30 of memory. The performance of our algorithm is better
be added to both; andas, thenas, is redundant. L when the size of buffer library is large. Since generally the



TABLE Ill

SIMULATION RESULTS FOR SIX BUFFER TYPES WITH BUFFER COST CONSTRAINTS

Buffer Buffer CPU Time (sec) Memory (MB)
Sinks | positions | cost Lillis New Speedup Lillis New Reduction
m n w (Q,C,W) | (P,C, V) (Q,C,W) | (P,C, W)
30 251 0.79 3.2 0.91 0.22 4.1
337 337 50 3.11 1.09 2.9 1.39 0.25 5.6
100 4.58 2.48 1.8 1.52 0.26 6.1
30 142.56 9.80 14.5 13.14 0.70 18.8
1944 1944 50 244.90 14.14 17.3 24.15 0.96 25.2
100 470.87 26.84 17.5 53.06 1.76 30.1
30 196.23 22.26 8.8 12.50 1.60 7.8
2676 2676 50 347.86 33.63 13.0 22.86 2.26 10.1
100 559.54 57.81 9.7 42.82 3.81 11.2
buffer library is large in industry designs, so our algorithm can
achieve more significant improvement in practice.
We also compare our algorithm with th@(|B|*nlogn)
time algorithm of Shi and Li [12], without considering the
buffer cost. TheO(|B|?*nlogn) time algorithm is asymptot-
ically the fastest algorithm reported. Simulation results are
shown in Table IV for six buffer types on several industrial (@) (b)
test cases. We can see that for multiple buffer types without A
considering buffer cost, our new algorithm is better than the
O(|B|?nlogn) time algorithm whem is small. The reason &
is thatO(| B|?n log n) algorithm needs to ugé| trees to store
b;-dominant solutions, which results in high overhead. Instead, — 11 o
our new algorithm only needs one tree to stgrelominant so- ®
lutions, forby, that the smallest driving resistance.
Y
(€) (d)

VI. HIGH DEGREEVERTICES
) ) ) . . _ Fig. 4 Three ways to replace an out-degree 3 vertex (top left) by out-degree
During buffer insertion, one problem is to deal with routingz vertices. For an out-degreevertex, there aré - 3 - 5- - - (2d — 3) ways.

tree vertices of out-degree greater than 2. Although any such
vertex can be replaced by a number of out-degree 2 vertices,

the order is not unique. For example_, there_ are three Wa¥§y Fig. 4(c). Therefore if we combine all the cases, there will
to replace an out-degree 3 vertex in Fig. 4 with out—degreebZe onlv22@ additional candidates 0
vertices. Each new vertex, solid or hollow, is a possible buffer y '
position. Solid vertices involves merging and buffer insertion.

Hollow points involve buffer insertion only.
VII. CONCLUSION

Theorem 2 Letwv be an out-degred vertex, then there are at
mostn + 2°(4) nonredundant candidates f@t(v), wheren is
the total number of candidates in the branches.

We prove the buffer cost minimization problem is NP-
complete in general. On the other hand, we propose algorithms
using the pre-buffer slack pruning technique for the buffer in-
Proof: For a vertex with out-degreé, the number of ways sertion problem, with buﬁe_r cost const_raints. Exp_e_rimental re-
to merge thel branches by a sequence of 2-merges is$ - su!ts show that pruning using, C, W)_ is more efficient that
5---(2d — 3) = 20 This can be shown by solving the re_u_smg(Q, C, W). We also show an efficient way to merge ver-

currence relation using generation function [13]. Fig. 4 showices With degree greater than 2 in buffer insertion.

the three ways forl = 3. We will first consider whether to

insert a buffer at each hollow point. This way, the total numbeFhe authors thank Jiang Hu for discussion and Douglas B.

of candidates in the branches is at most d. West for reference.
Now consider the merging points, shown as the solid points

in Fig. 4. In each case, say Fig. 4(b), since there can be at most

d — 1 new buffers, the number of candidates with new buffers

is at mostd. The candidates without new buffers will be the[1] C. J. Alpert and A. Devgan, “Wire segmenting for im-

same as the candidates without new buffers in any other case, proved buffer insertion,Proc. 1997 DAC588-593.
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