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Abstract Our work is an extension of Van Ginneken’s dynamic program-
ming algorithm [14] which performsptimalbuffer placement such
Buffer insertion seeks to place buffers on the wires of a signal net that only one buffer may be placed on each wire, and the library
to minimize delay. Van Ginneken [14] proposed an optimal dy- contains only a single, non-inverting buffer. Van Ginneken [14]
namic programming solution (with extensions proposed by [7] [8] also outlined a non-polynomial extension for minimizing the total
[9] [12]) such that at most one buffer can be placed on a single number of buffers. The optimality of this algorithm has inspired nu-
wire. This constraint can hurt solution quality, but it may be cir- merous variants. Lillis et al. [7] simultaneously perform wire siz-
cumvented by dividing each wire into multiple smalksgments ing and buffer insertion using a library that contains both inverting
This work studies the problem of finding the correct number of seg- and non-inverting buffers. The works [8] [9] extended these ideas
ments for each wire in the routing tree. Too few segments yields further by integrating slew into the delay model and by minimizing
sub-par solutions, but too many segments can lead to excessive rura power function (e.g., the total number of buffers), while retain-
times and memory loads. We derive new theoretical results for ing optimality. Finally, Okamoto and Cong [12] integrated Van
computing the appropriate number of buffers (and hence wire seg- Ginneken’s algorithm into a simultaneous Steiner tree and buffer
ments) which motivate our new wire segmenting algorithm. We insertion construction.
show that using wire segmenting as a precursor to buffer insertion ~ Works based on Van Ginneken’s algorithm are optimal only un-
produces solutions within a few percent of optimal, while using der the condition that at most one buffer may be placed on each
only seconds of CPU time. wire. This constraint will severely restrict the solution space when
multiple buffers are required to effectively drive wires with large
. lumped RCs. However, this restriction can easily be circumvented
1 Introduction by wire segmentingthe principle of which is shown for the 3-

. pin net in Figure 1(a). The netsourceis represented by a black
€quare, and theinksare represented by white squares. The gray
nodes show the possible locations where buffers may be inserted in
Van Ginneken'’s algorithm, i.e., at the ends of any of the wires in the
routing tree. Figure 1(b) shows the same tree after segmenting each
wire into four smaller wires, thereby introducing 12 new possible
buffer locations. Segmenting each wire into arbitrarily small wires
completely eliminates the one buffer per wire restriction; however,
the time complexity and memory requirements of Van Ginneken'’s

has led timing optimization techniques for VLSI circuits to become

increasingly critical. Three techniques are commonly applied to
reduce the delay of an existing topology: gate sizing, wire sizing,
and buffer insertion, and this work focuses on the last technique.
One can reduce net delays by inserting buffers that either decouple
a large load that is off the critical path or directly reduce the ARC

delay of a long wire. We assume that the tree topology is fixed and

that thel wire Iies_istar;fces_ and capacitances ha;]ve blee_n ext_racthe_d.h algorithm becomes exorbitant. The question that this work seeks to
Early works in buffer insertion [1] [13] sought solutions inwhich — nqyer is, “What is the ideal number of segments into which each

the tree topology was not necessarily fixed. Berman et al. [1] yjre should be divided?” We make the following contributions.
showed that simultaneously constructing a tree and placing buffers

at the internal nodes of the tree is NP-Complete. The authors of

[13] proposed a heuristic buffer insertion algorithm based on a lin- . ~ g

ear delay model. The works [6] [10] perform buffer insertion by

finding the best location for singlebuffer and then recursively ap-

plying the algorithm. Hedenstierna and Jeppson [5] studied plac-

ing consecutive buffers to optimize their SPICE-based delay model.

The algorithm of Lowe and Gulak [11] alternates buffer insertion ® o
a,

with buffer sizing. Chen et al. [2] use Lagrangian relaxation to
size pre-placed buffers. Finally, Dhar and Franklin [3] gave closed-
form solutions for buffer insertion with multiple sizes on a single
uniform line. Their work is similar in spirit to the theoretical por-
tion of this work, but their formulation assumes that a series of
resizable buffers drives the wire which leads to the conclusion that
all buffers are equally spaced.

Figure 1: (a) A 3-pin net with 4 wires and (b) the same net after
wire segmenting with 16 wires.

o We derive new theoretical results which illustrate the cor-

. Design Automation Conferencﬁ ) o rect number of buffers that should be placed on a wire of
Copyright© 1997 by the Association for Computing Machinery, Inc. Permission to fixed Iength for a given technology. In contrast to Dhar and
make digital or hard copies of part or all of this work for personal or classroom use . L X .
is granted without fee provided that copies are not made or distributed for profit or Frank“_n (3], we d(_) not allow resizing Qf the driver anq sink,
commercial advantage and that copies bear this notice and the full citation on the first and this assumptions leads to the different conclusion that
page. Copyrights for components of this work owned by others than ACM must be buffer spacing is non-uniform and depends on the driver size
honored. Abstracting with credit is permitted. To copy otherwise, to republish, to post and sink capacitance.

on servers, or to redistribute to lists, requires prior specific permission and/or a fee.

Request permissions from Publications Dept, ACM Inc., fax +1 (212) 869-0481, or . s . . _
permissions@acm.org. ¢ We utilize these results within a new wire segmenting algo

0-89791-847-9/97/0006/$3.50 DAC 97 - 06/97 Anaheim, CA, USA rithm which has been incorporated into the buffer insertion
algorithm of [9].



e Our experiments show that wire segmenting leads to signif-
icantly lower delays than no wire segmenting. Further, on
average our algorithm produces solutions within 4% of opti-
mal while using only a few seconds of CPU time, which is
orders of magnitude more efficient than the time needed to
compute an optimal solution.

The remainder of the paper is as follows. Section 2 defines the
buffer insertion problem. Section 3 overviews the basic dynamic
programming paradigm [9] [14]. Section 4 presents theoretical re-
sults that determine the appropriate number of buffers that should
be inserted on a given wire. Section 5 describes our wire segment-

haveDelay(so-si) < RAT(si) for everysi € SI. Theslackfor every
v eV is given by

av)

max (RAT(si) — Delay(v-si)).

sieT(v)

For the slack av to be meaningful, buffer insertion must have al-
ready been performed oR(v). Observe that this definition only
looks at the subtre&(v) and not at the whole routing tree. Once
the slack for the source is computed, the “real slacks” for the sink
nodes can then be propagated down the tree.

Buffer Insertion Problem: Given a treél = ({{so} USIUIN,E),

a buffer libraryB, andRAT(v) values for each € S, place buffers

ing algorithm. Section 6 presents our experimental results, and Sec-from B on wires inE to maximizeq(so).

tion 7 gives directions for future work.

2 Problem Formulation

Observe that various formulations can be captured by manip-
ulating theRAT(si) values. For example, 8iis the only critical
sink thenRAT(w) = o for all w € SI— {si}. Alternatively, setting
all slacks to be equal captures minimizing mag Delay(so-si).

We assume that the routing tree topology has been fixed or that an

initial Steiner estimation is available for the given a net. A routing
tree T= (V,E) consists of a set afi nodes Vand a set oh—1
wires E We writeV as {{so} USIUIN} wheresois the unique
sourcenode,Sl is the set okinknodes andN is the set ointernal
nodes. A wiree € E with lengthle is an ordered pair of nodes

e = (u,v) in which the signal propagates fromto v. Observe that

for each noder € SIUIN, there is a uniqu@arent wire(u,v) € E.

The tree is assumed to Ibénary, i.e., each node can have at most
two children. A non-binary tree can be converted into an equivalent
binary tree by inserting wires with zero resistance and capacitance
where appropriate. Let the left and right childrervéie denoted by
left(v) andright(v) respectively. Ifv has no left (right) child, we
write left(v) = 0 (right(v) = 0). We are also given a buffer library

B of sizem which consists of inverting and non-inverting buffers
b:]_7 e 7brn.

Following [9] [12] [14] , we adopt the EImore delay model [4]
for interconnect delays and a linear model for gate delays. For each
gatev, let C, denote the input capacitandg, the intrinsic resis-
tance andy the intrinsic delay o¥. The lumped capacitance and
resistance for each wikec E are given byCe andRe respectively.

Let T(v) denote the subtree rooted\at The load at nodev
is given by the total lumped capacitarCg of T(v). If T(v) =
({v}USI'UIN',E’) then

Crw= ) G+
uesSl

Ce.

eckE’

The Elmore delay for the wire= (u,v) is given by

Delay(e) = Re( 5

+CT(V))'

The lumped RC model preserves the property that the EImore delay

3 Review of the Dynamic Programming Algorithm

The algorithm’s main idea is to construct possible candidate solu-
tions for each node in the tree. The candidates for nool@ly can

be computed after the candidate solutions have been computed for
all nodes inT(v) — {v}. A candidateis a 5-tuple(C, g, b, cnd,
cnd ) whereC is the load seen & g is the slack a¥, b is a poten-

tial buffer inserted at node andcnd andcnd are the candidates
for the left and right children o¥ that were used to construct the
current candidate. Given a candidate for a nedie only infor-
mation needed to compute the slack for the parentisfthe load
atv, the slack at, and the parent wire capacitance and resistance.
Hence,C andqg are used to percolate new candidates up the tree,
andb, cnd, andcnd are only needed to recover the final solution
when the algorithm terminates.

Buffer Optimization (T, B) Algorithm

Input: T = ({so} USIUIN, E) = Routing tree
B = Buffer library
Output:  cnd= Best candidate solution for noge

Variables: S= List of candidates for the source

1.T = SegmenWireqT, B).

2.S=Find_Cnd<T,B,s0).

3.for eachcnd= (C,q,b,cnd,cnd ) € Sdo
Setg=(g—Kso— RscC

4. return cnd € Swith maximum slack

Figure 2: Buffer Optimization Algorithm

Figure 2 shows the Buffer Optimization algorithm which takes

is the same for a given wire no matter how the wire may be sub- @ routing tree and buffer library and returns a candidate solution for

divided.
The delay through a gatec {so} UBis a linear function of the
load atv:
Delay(v) = Ky +R/Cr(v)-

The delay from a node € V to a sinksiis
Delay(v—si) = Ze: (u,w) € path(v,si)Delay(e) + Delay(u),

where path(v, si) is the set of edges on the path franto si. If u
is not a gate but simply an internal node, ttizelay(u) = 0. Note
that any off-path buffers decouple the load and effectively serve as
“sinks” of T(v), while buffers on the path froma to si serve as
internal nodes with non-zero delays.

Each sinksi has a required arrival tinfRAT(si), and we assume
that RAT(so) = 0. For the circuit to function properly, we must

the source. The entire solution is revealed by recursively examin-
ing the left and right candidate solutions of the returned candidate.
Step 1 performs wire segmenting, which is described in Section 5.
Step 2 calls FindCnds (i.e., FindCandidates) which is presented

in Figure 3 (see [9] [14] for a detailed explanatidn)t returns a

set of possible candidates for the source, but without accounting for
driver delay. Hence, Step 3 updates each candidate to include the
driver delay, and Step 4 returns the candidate with largest slack. As
noted b%/ [9] the complexity of the buffer optimization algorithm is
o(n?|B|?).

1Several enhancements [9] can be made to the_Einds procedure: (i) inverters
can be incorporated by maintaining two candidate lists, instead of one; (ii) one can
optimize some “power” function of the buffers in the solution, e.g., the total number
of buffers; (iii) signal slew can be integrated into the gate delay model, although time
complexity increases; and (iv) wire sizing can be integrated by viewing each possible
wire size as a choice from a “wire library”.




Find_Cnds (T, B, v) Procedure

Input: T = ({so} USIUIN,E) = Routing tree
B = Buffer library
v = Current node to be processed
Output:  S= List of candidate solutions for node
Variables: §,,5,S = Temporary lists for candidates
cnd,cnd ,cnd = Candidate solutions
e = Parent wire of/
S=5=0.
1. if ve Slthen

S={(C,,RAT(v),0,0,0)}.
2. else ifleft(v) =0then
for eachcnd= (C,q,b,cnd ,cnd ) € Find_-Cnd<T, B, right(v)) do
S=SuU(C,q,0,0,cnd)
3. else ifright(v) = 0 then
for eachcnd = (C,q,b,cnd ,cnd ) € Find_CndgT,B,left(v)) do
S=SuU(C,q,0,cnd,0)

4. else
5. § =Find-CndgT,B,left(v)). § = Find_-CndgT, B, right(v)).
6. Seti=1andj=1.
7. whilei<|S|andj <|S|do
8. Letend = (G, q, ...) be theit" candidate in lis§.
Letend = (Cr,q,...) be thejt" candidate in lis§ .
9. S=SU{(C +C,min(q,qr),0,cnd,cnd ) }.
10. if q <q theni=i+1.

if g <q thenj=j+1.
11.if vis a feasible buffer locatiothen

12. for each buffeb € Bdo
Find (C,q,b,cnd ,cnd ) € Sthat maximizesy— Kp — RyCp.
S =S U{(Co,q—Kp —RoCp,b,cnd ,cnd ) }.

13. S=SUS.

14.for eachcnd= (C,q,b,cnd cnd) € Sdo

S=SU{(C+GCe,q—Re(% +C),cnd,cnd )} —cnd
15. Prunes of inferior solutlons
16. StoreSas candidate list for andreturn S

Figure 3: FindCandidates Procedure

4 Theoretical Results

The above algorithm is optimal under the condition that a buffer can
only be placed at the end of a wire. We can avoid this by dividing
each wire into arbitrarily small segments, but this may significantly

increase CPU times. Our goal is to enable the designer to automate g

buffer insertion for several thousand nets. Even if the CPU time
resulting from arbitrarily small segmenting of wires is reasonable
for a single net, it will not be for a task of this magnitude.

We now analytically explore the problem of finding the optimal
number of buffers to insert on a given wire. Consider inserting a
single buffer on a net with two pins connected by a single wire (see
Figure 4(a)). In this cas& = ({so} U{si} UD, {e}) wheresi is
the single sink node anel= (sgsi). LetR= andC Ce be
the unit resistance and capacitance for vmnespectlvely, and let
Dy = delayso-si) with k buffers placed optimally oe.

Theorem 1 GivenT =
Do if and only if

({sof U {si} UD,{e}) and a buffeb, D1 <

Ro—Rso | Cp—Csi RoChb +Kp
le> =2~ +—¢c *%/"gec > @

e., it is worthwhile to insert at least one buffer en
Proof: The delayDg is the sum of the wire delaﬁle( e + Csi)

plus the delay of the sourd&g(Cle+Csi) + Kso.

Cle
Do = Rso(Cle +Csi) +Kso+ R'e( +CS|)

@ I

Ie— X = (k-1)y

o -

Figure 4: (a) The placement of a single buffer at distanfrem
the source and (b) the placementkdfuffers each separated by
distancey.

Let x be the distance that bufféris placed from the source so that
D1 is minimized. The delajp; is the sum of the delays of the two
wire segments plus the source and buffer delays:

D1

Cx
Rso(Cx+Cp) + Kso+ R)‘(? +GCp) +Kp

Clle—x)
2

Setting the derivative dD; with respect toc to 0 and solving fox
yields

dD;

@)

+Rp[C(le — X) +Csi] +R(le —X) (——%— +Csi)

“dy = ReoC+ROX+RG —RiC— RO —x) —RGsi =
_le Ro—Rso , Gsi—Cp
X= 2+ R + c 3)

Thus, if only a single buffer may be placed on a given wire, its

optimal location is at dlstanc'g + R" RS" + Cs' S from the source.
Substituting this value fox into Equatlon (2) gives us:

2 le
D1 = FOE i Keot Ko+ SIC(ReoRo) + Ry +Cs)]
L (Reo+Ro)(©+Cs) _ (Reo—R)*C _ R(Cy—Csi)?
2 4R 4ac

Clearly, it is worthwhile to insert a buffer only if the delay is re-
duced by the buffer’s insertion, i.e.,[ifo — D3 > 0.

< DofDl
B2
+2Ie( Rb CSICOO)_%_(RSORZR[)) +
2Rso(Csi — b)_ZRb(Cb+Cs) (Co—Csi)?
RC c?

which is a quadratic ife. Solving forle using the quadratic formula
gives us Equation (1).

Theorem 1 gives a threshold value for the wire length for in-
serting one buffer. We now extend this result to the insertiok of
buffers. First, we need the following corollaries:

Corollary 1 GivenT = ({b}U {b}U0,{e}), i.e., a 2-pin net with
sourceb and sinkb connected by a single wire, the optimal location
for the placement of a buffdron the wire is half-way between the
source and sink (apply Equation (3) witb= b andsi = b).

Corollary 2 GivenT = ({b} U{b} U0, {e}), the optimal place-
ment ofk buffers of typeb is to space them at equal increments of
on the wire.

le

k+1

Consider a non-equally spaced solution. Then there must exist
a bufferb that lies closer to either its predecesbgor its successor
bo. But thenb; can be viewed as the driver for a net with simk



so the optimal location fdp must be equidistant betwebn andb,
by Corollary 12

Theorem 2 GivenT = ({so} U {si} U0, {e}) and a buffelb, Dy <
Dy_1 if and only if

Gy — G
le > C + R

Rp — Rso N \/2k(k+ 1)(Kp + RyCp) @

RC

i.e., it is worthwhile to place at leaktbuffers one.

Theorem 3 Given T = ({so} U {si} UD,{e}) and a bufferb, the
number of bufferk which minimizes thdelay(so-si) is

1
k[§+\/1+

Proof: The optimum number of buffers can be determined by find-
ing k such that Theorem 2 holds férbut not fork+ 1. We can
rewrite Equation (4) as the following quadratickn

2(RCl+ R(Ch —Csi) —C(Ry — Rso))?
RC(RuCh + Kp)

I

RC(|e— Cb(—:Csu _ RbERso)Z
Kb+ RoCp

Proof: See Figure 4(b). Let be the distance between the source
and the first buffer and Igtbe the distance between two consecu-
tive buffers. From Corollary 2, one concludes that the buffers are
equally spaced from each other (but not necessarily from the sourceSolving fork yields
and sink). The optimal delay for the placemenkdfomogeneous
buffers oneis given by

2k2 4 2k — < 0.

1 2(RCl+R(Cy —Csi) — C(Ry — Rso))?
k< _§+\/1+ RC(RiCo 1 Ko)

and the optimal value is obtained by finding the maximkisuch
that the above equation holds. 0

1
Dk = Reo(Cx+Cp)+Ksot 5 RCX + RxG, + (5)

(k—1)[Ry(Cy+Cp) + Kp+ %RC;H RYG) +
Ro(C(le —x— (k—1)y) +Csj) + Kp +

1 5 The Wire Segmenting Algorithm
SRClle—x~ (k—1)y)? +R(le —x— (k— 1)y)Cs;

The above analysis assumes that the tree has only one wire and that

Equation (5) is a quadratic iandy and is clearly convex. Hence, the buffer library has only one buffer. Varying tree topologies and

Dy has a unique global minimum which can be found by setting multiple buffer libraries make it more difficult to find closed form
% -0 andaa—Dyk — 0 and solving fox andy. solution for the exact number of buffers, so we attempt to estimate

it while preferring to err on the side of too many buffers. The cost
of underestimation could be an inferior solution while the cost of

_le=(k=1)y . Ry — Rso . Gi-G |, _le=x n Gi—-G overestimation is additional CPU time.
2 2R 2 k kC
Combining these equations yields: .
x = L (1o KR=Re)  Ci=Cp, L_-l
T ok+1'® R C
1 Ry—Rso  GCsi—Cp o Vood
= | — H ‘C O'- RS
y k+ 1( e R + C ) ........ -._::’ D
Now that we have the optimal buffer locations, we can substitute |:| I‘_"l

thesex andy values into Equation (5) to obtain the optimum delay
explicitly in terms of known guantities:

Rle(kGy +Cs;) 4-Cle(Rso+ kGy) + (KGy +Csi) (KR +- Rso)

Figure 5: Isolation of a single wiréu,v) in a tree. The upper
bound on the load atis Cr ).

D = k+1
(RCR+ KR(Cp—Csi)® kC(RbeSO)Z) Consider each wire = (u,v) individually as part of a routing
+Kso+ KKy + C R (6) tree (see Figure 5). If buffer insertion has already been performed
2(k+1) for the other wires, then the previous analysis can be applied to wire

e. The subtree atcan be replaced by a single sink with capacitance

In the proof of Theorem 1, a buffer was worthwhile inserting if Crv) and all off-path subtrees can be replaced by their loads. Since

Do > Dy. Similarly, k buffers are preferred ta — 1 buffers if the\?oad may become decoupled by buffer insertion, we compute
Dy_1 > Dk. Dk_1 can be derived by substituting— 1 in for k Y P y ' P

. - A ) Equation (7) for the extreme cageg = T(v) andCgs; = 0 and pick

in Equation (6). The result of simplifyinBy_1 > Dy is: thqe one w(hi)ch yields the high&value. V\Ee)tried computing IFE)qua-
tion (7) for drivers from the buffer library and found that the source
generally yields the highest value fkirhence, the original source

is assumed as the driver for every wire. We compute Equation (7)
for eachb € B and sek to be the highest resulting value.

(RCk+R(Csj — Cp) +C(Rso— Ry))? > 2k(k+ 1)RC(Kp + RyCp)

Solving forle gives the desired result. O
Despite using a two-variable analysis for the proof of Theorem Figure 6 presents our wire seamenting algorithm. It accepts
2, we observe that Theorems 1 and 2 are consistent, which makes.an g h g 9 a9 ' P

T 5 de Th 1 Wi h unbuffered tre& and a buffer libraryB as inputs and returns a
eorem 2 supersede Theorem 1. We can now compute the optiyqgified tree with segmented wires. Step 1 computes the load ca-
mum number of bufferk for a given wire:

pacitance for each subtree by recursively propagating sink capaci-
?Note that our results are similar to [3] in that they conclude that buffers should be tances up the tree. Step 2_ iterates thrOUgh all the_ VWSE) cE.

equally spaced. However, their formulation assumed that the driving and sink buffers Steps 4-6 compute Equation (7) for each buffeBimnd for the

were resizable, while we assume a fixed driver and sink in the next theorem. This case<C4j = 0 andCgj = Cr, and stores the largest value forThe

yields a solution in which all nodes anetequally spaced. value ofk seen in Step 7 is our estimate for the number of buffers




that might be needed for wire Steps 7-9 then createt 1 new
nodes andk+ 1 wire segments of Iengtﬁﬁ. We usek+ 1 instead
of k to allow buffer insertion just prior to node(in order to decou-
ple a very large load); a zero length wire is added betweend
vo.2 The complexity of the procedure &n|B|) assuming that the
maximum value fok is a constant (which must hold for any given
technology).

SegmentWires (T, B) Procedure
Input: T = ({so} USIUIN, E) = Routing tree
B = Buffer library
Output: T = Modified routing tree with segmented wires.
1.for eachv €V do computeCr ).
2.for each wiree= (u,v) € E do
3. LetR= e andC= . Setk=0.
4. for eachbe Bdo
2
5. Setq=- /14 TR ) SRR
— — 2

Setig = — +/1+ 2FCHEEG IR
6. k=[maxkkyk)|
7. Create&k+ 1 new nodesp,Vy,...,Vk and add them toN.

Letwyr =u.

8. Add wire(vp,V) with capacitance and resistance @Eto
9. fori=0tokdo

Create wiree/ = (Vi11,Vi) With lg = g2,

Re = 1, andCy = o4 Add €to E.
10.return T.

Figure 6: SegmentVires Procedure

6 Experimental Results

Our algorithm was implemented in C++ on an IBM RS6000/390.
We changed Step 6 in Figure 6 ko= |M- max(k,ky, k)|, where

3. Each of thestar test cases contain 15 sinks that span a large
portion of the chip. These cases comprise some of the more
complex instances for which our algorithm will be applied.

Test Elmore Delay (ps) # Buffers CPU(s)

Case 0 ] 1 T 30 OJIT[30] 1T ] 30

wcl.3 3388 1321 12171 8 [ 7 [ 0.5 ] 302
wc2.3 || 1651 | 1119 | 1099 2| 8 | 8 || 0.4 48

wc3.3 || 1696 | 1133 | 1116 2| 8 | 8 || 0.3 49

wcl.4 || 5733 | 1889 | 1724 | 1 | 14| 12 || 0.9 486
wc2.4 || 3078 | 1665 | 1622 2 | 10| 12 || 0.4 107
wcl5 || 8587 | 2434 | 2265 1 | 17 | 17 || 1.5 861
wc2.5 || 5013 | 2189 | 2147 || 2 | 16 | 16 || 0.7 201
wc3.5 || 4819 | 2082 | 2054 || 1 | 16 | 16 || 0.7 167
conel| 278 | 276 | 275 || 2| 2 | 2 || 0.5| 687
cone2 || 487 411 409 1| 6 5 0.3 227
cone3| 608 | 541 | 540 || 2| 6 | 6 || 1.2 | 507
starl || 2349 | 1112 | 1024 || 7 | 13 | 12 || 5.3 | 1939
star2 || 1255 | 662 | 610 || 5| 8 | 9 || 3.3 | 10496

Table 1: Maximum source-sink delays, total number of inserted
buffers and CPU times obtained by the Buffer Optimization al-
gorithm forM = 0,1 and 30. We usell = 15 instead of 30 for
the starl test case sinbé= 30 exceeded our system’s memory
capacity. CPU times fav = 0 were all less than 0.5 seconds.

We ran Buffer Optimization for each test case and\oe 0, 1
and 30. The Elmore delay, the total number of inserted buffers, and
the required CPU time obtained for each run are reported in Table
1. We observe that th&l = 1 delays are significantly lower than
the M = 0 delays which shows that wire segmenting is certainly
necessary. Th®l = 1 delays are 3.8% worse on average than the
M = 30 delays, which are virtually optimal solutions. Thie= 1
solutions can typically be computed in less five seconds while the
M = 30 solutions can require several minutes, and require much
more memory. This time savings is an enormous advantage for
automating buffer insertion for thousands of nets. We successfully
ran buffer insertion wittM = 1 on a suite of 11000 nets for in under

M > 0 is a parameter used to test various degrees of wire segment-22 minutes. FoM = 30, the job did not terminate after working

ing. Thus, we tested the following cases by simply changing the
value of M: (i) M = 0 corresponds to no wire segmenting; (ii)

M = 1 corresponds to our proposed wire segmenting scheme; (iii) a |

very large value oM corresponds to the optimal solution. We have
observed thaM = 30 is sufficiently large. Our experiments show
that usingM = 1 yields solutions that are within a few percent of
optimal, while using significantly less CPU time thisin= 30.

All of our test cases were routed on two layers using parasitics
from a current technology. We set all sink slacks to be equal to
minimize the maximum delay. Our buffer library consisted of 9
inverting and 3 non-inverting buffers. The intrinsic delays, resis-
tances, and input capacitances for the buffers ranged from 6.83 -
120 ps, 0.044 - 0.752, and 31.8 - 488 fF respectively. Our test
cases had from 1 to 15 sinks with input capacitances ranging from
10-500 fF. The intrinsic delays and resistances of the drivers ranged
from 32-37 ps and 0.077 - 1.28 respectively. We studied 13 test
cases based on three topologies:

1. Each of thevctest cases consist of two long wires that con-
nect a single sink to the source; the lengths of the wires vary
between 7 and 14 mm.

. Each of theconetest cases contains between 3 and 5 sinks.
These cases represent the typical instance in terms of the
number of sinks and total wirelength for which buffer inser-
tion will be applied.

3The length of the “zero” wire can be set to some nominal length to satisfy mini-
mum gate spacing requirements.

for several hours on one of the more complex nets in the suite.

® Source
Sinks
= Buffers

® Source
Sinks
= Buffers

@) (b)

Figure 7: Solutions for the wc3.5 test case (a) generated using
our wire segmenting schembl(= 1) and (b) corresponding to
the optimal solution1 = 30).

Note that additional buffers commonly offer only marginal de-
lay improvements. Our implementation computes the solution with
lowest delay for each possible number of buffers. For example, the
M = 1 solutions obtained for the wc3.5 test case with 1, 2, 4, 8
and 12 buffers have delays of 4819, 3626, 2801, 2272, and 2125



picoseconds respectively. Note that even if only two buffers can be M = 1 solutions. Note that each “square” solution is reasonably

used, the delay obtained By =1 (3626) is still significantly better
than theM = 0 solution (4819), despitel = 0 having two possible
locations to insert buffers. THd = 1 delay is virtually identical to

the optimal 2-buffer delay (3619) which shows that even if only a

close to the “elbow” of its curve. AM increases, the wc3.5 de-

lays decrease very slightly, but for starl, there is a fairly significant
delay reduction between 100 and 500 CPU seconds.

Our wire segmenting algorithm produces a reasonably good so-

few buffers are desired, wire segmenting is still necessary, but too lution on the CPU-delay tradeoff curve. If CPU time is not much

much wire segmenting may be wasteful.
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Figure 8: wc3.5 CPU/delay tradeoff.

Figures 7(a) and (b) show the locations of the inserted buffers
for the wc3.5 test case. Thd = 1 solution in (a) contains 16
buffers and was segmented to allow up to 20 buffers to be inserted.
The M = 30 solution in (b) also yields 16 buffers, but has 542

possible locations for buffers (only about one-fourth of which are
shown).

1995.3

1584.9

Delay (ps)
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1000.0 - L !
0. 10.0 100.0 1000.0

CPU Time (s)

L
1.0 10000.0

Figure 9: starl CPU/delay tradeoff.

Finally, Figures 8 and 9 show the tradeoff between CPU time
and delay that results from using different valuesNar The log-

of a factor, we suggest using a higher valud/bin order to derive
a better solution.

7 Conclusions

We have proposed integrating wire segmenting into the buffer in-
sertion algorithms of [9] [14]. Our approach is motivated by new

theoretical results which show the tradeoff between wire length and
the optimal number of buffers needed for a 2-pin net. Experiments
show that our method yields Elmore delays within 4% of optimal

while using much less CPU time. Future work seeks to handle
slew thresholds on the gates and to find alternative wiring strategies

when large portions of the net are routed over macros that cannot
permit buffer insertion.
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