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Timing Optimization for Multisource Nets:
Characterization and Optimal Repeater Insertion
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Abstract—This paper presents new results in the area of timing
optimization for multisource nets. The augmented RC-diameter
(ARD) is suggested as a natural and practical performance
measure and a linear time algorithm for computing the ARD
of a multisource net is presented. Building on the ARD measure,
we characterize the multisource optimization problem in terms of
operations on piece-wise linear functions. This characterization is
then used to develop an algorithm foroptimal repeater insertion
for a given multisource topology the algorithm efficiently iden-
tifies an optimal assignment of repeaters to prescribed insertion
points under the “min cost timing feasible” problem formulation.
The algorithm has been implemented and computational results
demonstrate the viability of the approach.

2)

3)

Index Terms—Buffering, dynamic programming, interconnect,
optimization, timing.

I. INTRODUCTION

ECENT years have seen much research in automatic

timing optimization of interconnect for VLSI systems.
Much of this work has been driven by a technological shift
in the relative importance of interconnect delay and logic
delay; due to increased wire resistance at ever shrinking
geometries, interconnect now plays an increasingly dominant
role in overall performance. Techniques for interconnect op-
timization include buffer insertion (e.g., [1], [9], [15], and

typical single-source performance measures and is, we
feel, more appropriate than measures such as weighted
sums of pair-wise delays (e.g., [7], and [8]) which only
have an indirect relation to system objectives such as
clock period.

We demonstrate that the ARD of a given topology
can be computed i®(n) time and, thus, is no harder
than computing an RC-radius (see, e.g., [18], [21], and
[25])—i.e., it is unnecessary to perform multiple single-
source computations.

Most significantly, we present an algorithm for optimal
repeater (i.e., bidirectional buffer) insertion for a given
routing topology: We adopt the objective of cost (e.g.,
area) minimization subject to a given timing spec. As
in some previous work (e.g., [16]), the technique pro-
duces a suite of solutions which exhibit a cost versus
performance tradeoff. Finally, we note that the technique
subsumes the discrete driver sizing problem (subject
to the drivers effectively being “two-stage”). In the
process we develop general techniques for characterizing
multisource timing optimization using manipulation of
piece-wise linear (PWL) functions. These fundamental
operations have application beyond the particular prob-
lem of repeater insertion.

[26]), performance driven topology synthesis (e.g., [2], [5], We focus on bidirectional repeater insertion in part because
[11], [16], and [27]), wire sizing (e.g., [4], [15], and [22])jt has achieved a certain degree of maturity in the high-end
and various combinations of these techniques (e.g., [17], aiésign community and in fact is commonly used in the design
[20]). We note that all of these cited works focus on optimizingf high-speed commercial microprocessors [19]. However, it
single sourcerouting topologies. was also selected because it exercises many of the issues
After considering the various single-source formulationsavolved in multisource optimization and thus serves as a good
optimization techniques and algorithms, it is natural to askstbed in which to illustrate these technigges.
what can be done in the case of multisource nets since buseg/e note that there are some important design and tech-
are so prevalent in modern designs. This topic has omylogy issues in repeater insertion which do not appear in
recently received attention (e.g., [6], [7], and [8], [24]) an¢he single source problem. The primary issue is the choice
is the topic of this paper. Our primary contributions in thigf repeater design; should one use a pair of tristate buffers
area are as follows. controlled by a bus arbitratbor more sophisticated “direction
1) We adopt the augmented RC-diameter (ARD), a natuisénsing” autonomous repeaters (e.g., [12], and [13])? Such
performance measure based on RC delay models, ttecisions are largely dependent on designer preference [19]
arrival times at the inputs (sources) of a multisource,
and downstream delays from the sinks (outputs) of the'Throughout the paper we use the term “repeater” to refer to a bidirectional

net. The ARD is a straightforward generalization of theuffer.
2We emphasize that the techniques presented herein are fairly general
Manuscript received March 27, 1998; revised July 1, 1998. This paper wad are, conceptually, relatively easily adapted to a variety of multisource
recommended by Associate Editor M. Sarrafzadeh optimization techniques Where a dynamlc—_programmlng frameworl_< is utl!lzed
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C.-K. Cheng is with the Department of Computer Science and EngineeringZNote that a bus controller is typically necessary whether repeaters are
University of California at San Diego, La Jolla, CA 92093-0114 USA. inserted or not and thus the additional control overhead when repeaters are
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and are not addressed here. Fortunately, such issues appear+4ox and3 which are, respectively, resistance (in ohms) and
have little impact on the fundamental nature of the optimiza- capacitance (in pF) per unit wire length (e.g.ufh) in
tion problem and, thus, the techniques presented here remain the target technology.
relevant independent of such decisions. e A library L, of repeaters. Each repeater has Anside

To put our contributions into perspective, we briefly review  and a ‘B-sid€ allowing us to refer to signal flow a&-to-
the most relevant previous work in the area. A well known B or B-to-Aand thereby take into account the orientation
property of the Elmore model is that maximum source-to- of the repeater. The following parameters characterize a
sink delay (i.e.,RC-radiug [10] can be computed in linear repeater where subscripts indicate signal direction:
time by depth-first search [18], [21], [25] (in fact|l source- iaB(b), iga(b) intrinsic delay ofb;
to sink delays can be computed, but the RC-radius is of . (3} r5.(b) output resistance of;
primary interest here). The technique easily accommodates cap(b), ca(b) input capacitance of;
generalizations in which buffers may be inserted and sinks s(b)
have specific timing requirements. Our second contribution
above can be thought of as a generalization of the single sourc
case; it also demonstrates that it is unnecessary to perf(r)?
multiple single source computations in order to determirie

cost ofb (e.g., area).

or completeness, we review the Elmore model for wire
ay. The delay of a signal transmitted along a wire of length
rom « to v is given as

RC-diameter. 18
In [26], van Ginneken presented an elegant dynamic pro- al(g +c'v>
gramming algorithm for optimal buffer insertion into a given

single-source routing topology under a basic buffer de_l‘Wherec,U is the lumped downstream capacitancev&tSim-

model. For historical accuracy, we point out that Dhar iy “the tynical basic model the delay of a bufferis the
dependently discovered a very similar algorithm [9]. In [15]sum of b's intrinsic delay andRC' delay given as
Lillis et al. gave a detailed and efficient implementation of the

“min-cost subject to timing requirements” formulation of the i(b) + 7(b) - Cload
single-source buffer insertion problem; the techniques included

simultaneous wire sizing and a generalized buffer delay modgherec,., is the capacitive load on the outputiofNaturally,
incorporating signal slew. Additionally, some recent efforty, the case of a repeater, this delay depends on the signal di-
have been made at simultaneous buffer insertion and topolag¥tion and the parameters are used accordingly. Subsequently
synthesis [17], [20]. In [24], Tsagt al proposed a heuristic \yhen referring to the delay of a path, we assume these models
solution to the repeater insertion problem in which timingre applied.

requirements were assumed to be given as arbitrary pair-wis¢y aqdition to the above technology parameters, the follow-
constraints; their algorithm was based on local optimizatiqRy net-specific parameters are also given.

and convex programming. For two pin nets, closed forms for
delay optimal buffer spacing have also been known for some
time (see [1], for example).

Additional work in the multisource domain includes [6]
in which Madden and Cong propose an algorithm for con-
structing low costminimum diameterectilinear Steiner trees
(“diameter” being in the sense of geometric path length rather
than RC delay). In [7], Cong and He studied the problem
of minimizing aweighted sunof pair-wise ElImore delays by
wire sizing. Additionally, the convex programming techniques

e Terminal set/NV in the plane; each terminal may act as
an input or output and thus may have two buffers—an
input buffer which drives the bus and an output buffer
used when the terminal acts as a sink. The following
parameters are associated with each terminal V.

a(v) Maximum delay from a primary input (PI) of the
circuit to the input buffer ab.

d(v) Maximum delay from output buffer at to a
primary output (PO) of the circuft.

of [22] for continuouswire sizing can be generalized to c(v) Input capacitance associated with input buffer at

accommodate the multisource case including driver sizing .

[23]. r(v) Output resistance of the input buffer atwhen
The remainder of this paper is organized as follows. acting as a source.

Section Il introduces nomenclature, delay models, ande A Rectilinear Steiner Tre&’ connecting/N with pre-
problem formulations. Section Il presents an algorithm for  scribed, degree two, candidate buffer insertion pdints.

computing the augmented RC-diameter of a multisource topol-The parameters associated with a terminal are illustrated in
ogy. Section IV presents an algorithm for optimal repeatgig. 1. In the figure the terminat serves as both a source
insertion; the algorithm is based on functional abstractifhd a sink by using the driver component enclosed in dashed

and dynamic programming. Section V presents preliminajiyjes. When acting as a source, its input arrives at tife;
experimental results and we conclude in Section VI.
4Note that for fixed width wires as discussed here, fringe capacitance can
easily be incorporated.

Il. PRELIMINARIES AND FORMULATIONS 5In this case the intrinsic and RC delay of the output buiffés included
since it is independent of the bus.

ThrothOUt the. remainder of this paper, the foIIowmg areswe assume that insertion points have degree two to avoid ambiguity with
assumed to be given technology parameters. respect to which side of the repeater a branch connects.
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Q@ .- any nonsinkv, we can simply setl(v) = —co and for any
\ e nonsourceu, we can set(v) = —oc.
\\ ,'l a \ ,'
a(v) “~_ ! [\]\ Vo lll. LINEAR TIME COMPUTATION OF ARD(T) UNDER ELMORE
‘\‘— ! ! ! . . . .
H L\ BUS In the multisource formulation presented in the preceding
i /] ‘—‘I. \ section, the performance metric ARD(T) is expressed as a
P N [ maximum over a set of single-source delay computations.
.7 : / \ Clearly, by performingn single-source computations we can
dwv) ,* ' oo ) AR . N .
, .~ compute ARD(T) inO(n*) time. However, we will show

! - that ARD(T)—under EImore—can be computed in linear time
; and thus is no harder (asymptotically) than computing the

‘ PO analogous performance metric for a single source net (e.g.,
maximum source-to-sink delaf).
Fig. 1. Parameters associated with a terminal Before proceeding, we clarify some additional assumptions

conversely, when acting as a sink, the signal it produces v\ﬁﬁ’d notation. First, without loss of generality, we assume that

experienced(v) additional delay to a PO of the circuit. all terminals of the net are also leaves in the topoldgy
To assess the performance of a routing tieespanning note that any nonleaf terminal can be made a leaf by adding a

terminal setV with a driver assignment and a (perhaps nul ew vertex and a zero-length edge. For purposes of depth-first

buffer assignment to the candidate insertion points we ndigversal: it will be useful to orient a topology with respect
formally define the augmented RC-diameter, ARD(T). to an (grb!trary) root vertex. In such a rooted tree, we use
Definition 2.1: Let PD(u, v) be the RC path delay from p(v) to indicate the parent of vertax we also note that edges
source pin to sink pinw in topologyZ’ spanningV including (% v) € 1" are now directed. We us€u, v) andr(u, v) to,
delay of the driver (if it exists), buffers and wires on the pat{€SPECtively, denote the capacitance and resistance of a wire

We define the augmented RC diameterTofARD(T) as (u, v) € T. Finally, recall that we assume that repeaters are
inserted along wires rather than at branch points.
ARD(T) = max

max (a(u) + PD(u, v) + d(v)). The first step in computing ARD(T) in linear time will be the
veN/{u} computation of the capacitive values(u, v) andey, (v, u) for
The ARD(T) captures the maximum delay from the circuit'every edge, v) € T whereer,(u, v) is the total downstream
PI's to its PO’s among all paths traversing ngtand thus, capacitance at as seen from. and likewisec (v, u) is the
captures the impact of the solution on, for example, systdoad atw from v's perspective. Both of these load values are
cycle time. In the next section, we present a linear timeeeded because a signal may traverse dage) in either
algorithm for computing ARD(T) where Elmore is used indirection. We first computer(u, v) where(u, v) € T by the

the delay calculation. following recurrencé
The definition of ARD(T) leads naturally to theptimal
repeater insertion problenas follows. cr(u, v) = o )
Problem 2.1: Given routing topologyZ’ spanning multi- c(v), if v is a terminal
source terminal sefV, a set of technology parameters and J ¢4B(Y); else if bufferb placed at
performance spe@q,.., find an assignment and orientation c(v, w) + c(v, w), o.w.
of repeaters to the insertion points’Bfsuch that the resulting (v, w)eT
cost is minimized subject to ARD(TX D, pec- (1)

We present a solution to Problem 2.1 in Section IV. .
. . After this bottom-up process, we computg (v, u) where
We note that alternative formulations of the problem ar
u, v) € T top-down as follows.

possible. For instance, one may wish to minimize ARD(T) "’
without regard to solution cost. However, we propose that cr (v, u) =

Problem 2.1 is of more practical value (and in fact subsumes  ( ¢(w), if u is the root
the cost oblivious formulation). One may also consider a cpa(b), else if bufferd
formulation in which arbitrary delay constraints are given for placed atu
each source/sink pair. While Problem 2.1 implicitly imposes cr(u, p(u)) + c(u, p(u))

pair-wise delay bounds, these bounds are not arbitrary as they + cn(u, w) + clu, w), O.W.

are derived from the linear number of given parameters. We do (u,w)eT

not study the arbitrary pair-wise constrained problem here but wiv

we note that this problem appears significantly more complex; (2

fortunately, Problem 2.1 appears to capture the typical scenarierps result gives some idea of the distinction between the formulation we
in practice. Finally, we point out that no generality is lost bypropose and the “arbitrary pair-wise constraint” formulation wheréxam?)
not explicitly specifying the sources and sinks of the net; f¢f7 is necessary simply to examine all constraints. _
This recurrence and the subsequent recurrence assume without loss of
"Note, however that the concept of the ARD does not rely on the Elmogenerality that the A-side of buffeb connects to the parent in the re-
delay model; indeed the ARD is well defined regardless of faf(u. v) is  oriented tree; simply reversing the subscripts(@f) accounts for the opposite
calculated. orientation.
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Routine: ARD(T’)
Input:  Multi-source topology 7' spanning terminal set N
Output: The Augmented RC-Diameter of T

Orient T' with an arbitrary pin s € N as the root
Compute cg,(u,v) and ¢ (v,u) for all (u,v) €T
(a,d,dr) < ARD_R(s) /* invoke recursive routine */
Let c1(s) be the total load on pin s

RETURN max(a + d(s),d + a(s) + r(s)cr(s), dr)

AR

Routine: ARD_R(v)

Input: vertex v € T

Output: triple (a,d,d;) where
a= ugn%%cNa(u) + PD(u,v)
d= uErr%?%(NPD(v, u) + d(u)

d; = uenqlwf‘gl\,mg;??‘c”a(u) + PD(u,w) + d(w)
wiu
IF(v is a leaf)
RETURN (a(v) + r{v)(cL (v, p(v)) + c(v, p(v))), d(v), —o0)
ELSE
adéedp ¢+ —o0
FOREACH child u of v
(a(u), d(u),dr(u)) + ARD_R(u)
a'(u) + a(u) + 'r(u,v)(ﬂ%l + ¢ (u,v))
d'(u) ¢ d(u) + r(v,u) (52 + er(v,u))
IF (buffer b placed at v)
a'(u) < a'(u) + ran(d)(cz (v, p(v)) + c(v, p(u))) /* or use cg4 depending on orientation */
d'(u) + d'(v) + rpa(d)(cr(v,u) + (v, u)) /* or use r 45 depending on orientation */
dy « max(dr,a+d'(u),d+ a'(u),dr(u))
a < max(a,a'(u))
d + max(d, d'(u))
RETURN (a,d, d;)

Fig. 2. Pseudocode for computing ARD(T).

Finally, the overall algorithm for computing ARD(T) ap-a subtree ag’,. Intuitively, we must capture the following
pears in Fig. 2. The algorithm recursively computes thrednaracteristics of the assignment:
values for each subtre€,: a is the maximum augmented 1) cost;
arrival time atwv via sources inZ,; d is the maximum  2) capacitance;
augmented delay froma to sinks in7,; d; is the maximum  3) maximum augmented delay fromto a sink in7}, [i.e.,
augmented RC-diameter among source/sink paifg,irOnce max,e vz, (PD(v, w) + d(w))];
the root is reached, we can derive the ARD of the entire tree.4) maximum arrival time at from sources ir},;

The algorithm just presented applies to the Elmore delays) augmented RC-diameter of the subtree itself.

measure. However, as previously stated, the ARD is WeJ'Il'he first three characteristics are inherited from the single-
defined for any delay measure. In any such delay measurégdf;;ce problem [15] and are scalars. 4) considers the case
the delay along wire segments are known, the resulting ARRhere one or more source iisternal to 7, and one or more

can easily be computed in linear time also by using depth-fiighy is externalto 7,; 5) considers the case in which there are
search. Details are left to the reader. sourcesand sinks internal toT..

To motivate the issues involved in cases 4 and 5 above,
V. THE REPEATER INSERTION ALGORITHM consider the example in Fig. 3. In the figure, we have arrived
vertexv and need to be able to assess the maximum arrival

As in the previous section, assume that the routing topolo y to f d d the int | ted path del
T has been reoriented with an arbitrary terminal designated € atvirom v andw and the internal augmented path detays
o w andw to «. The critical observation is that these values

the root. Our algorithm for optimal repeater insertion is bas%‘ﬁe

on bottom-up dynamic programming on this reoriented tree pend on the_ capacitance of the tmeﬁs@eof T, (|.e.,T/T,,,.)._
Of course, thisexternal capacitancer is unknown at this

stage of the algorithm. To assess the arrival time ditom

terminal «, consider the case wherg, = 0; calculating the
As in any dynamic programming approach, it is necessarydoiver delay and interconnect delay of wife, v), we give

characterize the salient features of a subsolution and how theg arrival time atv from « as

may affect a global solution. Consider a candidate repeater

assignmens to a subtree rooted at vertex we refer to such a(u, v) =alu)+2(24+4+1)+5(1+4+1) = 204.

A. Motivational Example
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.m()t

4 — — a

u

ru,v)=5 _ _ r(u)=2 w
rw,v)=10
c(uv)=2 c((w,v))=4 c(u)=1 riw)=2
afu)=160 c(w)=1
u d(u)=160 a(w)=40
r(u)=2 w d(w)=20
clu)=1 Hw)=2
a(u)=160 c(w)=1
d(u)=160 a(w)=40
d(w)=20
(@ (b)
a(w,v):l()4+12(?E c/(w,v,u/),/ alw,v)

/,’/d(u,v,vg),f
a(u,»‘):204+7(‘F -7

Arrival Time
Internal Path Delay

10 20 30

(© (d)

Fig. 3. (a) Example bottom-up computation, (b) abstraction of external capacitancéc) corresponding arrival time functions atfrom « and w,
and (d) augmented delay of internal paths.

Similarly, the arrival time atv via sourcew is given by this case however thaf(w, v, ©) dominatesd(u, v, w) for
a(w, v) = 104 (again, assumingg = 0). Thus, in general all values ofcg].1°

(i.e., for arbitrarycg), we have This discussion should give an idea of our approach: as we
proceed bottom-up, we accumulate path resistance in the form
a(u, v) =204+ 7cp and a(w, v) =104 4+ 12¢p of slopes in the PWL segments. As we proceed and consider

various options such as repeater insertion, appropriate PWL

since the bottom-up accumulated resistance frorto v is .
operators are applied.

seven and that fromw to v is 12. Looking at Fig. 3(c), we
see that not only does the arrival time dependcgn but so
does thecritical source—w dominating whencg < 20 and B Solution Characterization
u dominating whencg > 20. Thus, the PWLmaximumof

a(u, v) and a(w, v) shown in Fig. 3(c) captures the arrival. The formal charactgrization of a soluti(_;nfor sgbtreeTU
timé at v from ’its descendants as a function of externé? given by the following parameters (using C-like structure

capacitance:s. syntax to refer to the parameters associated with a soldjion

We must also consider thimternal paths (u, v, w) and ~ $-cost scalar cost;
(w, v, u) as in Fig. 3(d). Consider the patfu, v, w); the ~ S-cap Scalar capacitance; _
augmented RC delay of this path includes:, v), the scalar ~ s-¢ ~ scalar augmented delay to sinks _
delay fromw to sinkw (PD(v, w)), andd(w). Thus, noting s.fa PWL giving arrival time atv from sources iri,, as

that PD(v, w) = 30 and d(w) = 20, we have a function of cg; _ _
s.fr  PWL giving augmented RC diameter for source/sink
d(u, v, w) = a(u, v) + PD(v, w) + d(w) = 264 + Tcp. pairs internal toT,.

Similarly, d(w, v, ©) = 274 + 12¢g. These are shown by
dashed lines in part (d) of the figure and amount to simply

: / 10 o e .
adding scalars to thg-intercepts ofa(u, v) and a(w, v). Note that this kind of decomposition is not possible in the case of the
“arbitrary pair-wise constraints” version of the problem where the critical

T_ak'ng the piece-wise maximum dfu, v w) andd(w, v, “) source of the subtree cannot be so easily determined—e.g., it is not the case
gives us thanternal augmented RC diametef 7;, [notice in that everyexternalsink will have the same critical source as in our problem.
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For each vertex in the reoriented tree we compute a §¢t) k-dimensional space; rather, it corresponds to an infinite set
of optionsolutions for7,, where eacls € S(v) is characterized of five-dimensional points—one for every value @f. One

as above. way to deal with this complication would be tdiscretize
the cg domain and thus introduce a different point-dominance
C. PWL Primitives problem for each discrete value @f (and introduce a degree

of error depending on the granularity of discretization). We
ﬁave not adopted the discretization approach; instead, we
introduce the notion of a minimal functional subset (MES).
Definition 4.3: Let S be a set wheres € S is a k-tuple
PWL functions of a variable:. For eachs € S, let s’ be
defined (fori € {1---k}) as

In this section we define a variety of such PWL operator
We first give a formal definition of a PWL itself.

Definition 4.1: A PWL function f is a set of quadruples
(vo, slope,z;, =,) where each such quadruple represents a Iin?
segment and gives thgintercept(yo ), slopeand domain for 0
which the segment is defined (i.e., allwherez; < z < z,.).

Additionally, no two segments may have overlapping domains. 00, if 3s9 € S s.t.
As is typical in most applications of PWL functions, we . _ so # s, andso[5](z) < s[j](x)
store line segments in a linked list ordered by domain. s il(w) = Vie{l---k}

Equation (3), shown at the bottom of the page, contains a sli](z), o.w.
list of the PWL primitives we require. All of these operations o
can be performed in time linear in the number of segments € MFS of S is 5"
the part@c@pat@ng functions by appropriately stepping through S’ = {53z st §fi](z) #£ o}
the participating segment lists.

Implicitly, if s[¢] is determined to be nonminimal for some
D. Solution Dominance value ofz, all others[j]'s must also be nonminimal for that
H Y
A key issue in virtually all multidimensional dynamicSame value of:. Note aiso that PWL functions is” may

programming applications is the elimination of provably sudl® 'Ionger be “conngcte_d” since they' may have sqboptlmal
optimal solutions and repeater insertion is no exception. T eJions o_f the domain ("e_QO) separating useful regions O.f
issue a rises for example in single-source buffer insertion [1 c doma'”- Finally, we _p0|nt out tha_t the fundamental pruning
as well as other applications such as floor planning. In t eration of the (_jefmmon—_for a givea and so, detec'f all
typical situation, a solutiors is characterized by a set &f ranges o.fT for which s fjommateSS aqd a_lter the PWLS of
scalarss[1], s[2], - - -, s[k]; assume without loss of generality” accordingly—can .be |mplement§ad n time Ilnegr@nand
that minimization in each of these dimensions is preferred. the total number of line segments in question. This is done by

This induces a partial order on a set of solutionss; for Iirst dpe\jsl‘ji;'g the regipns ip Whi%h[i] dgr?nate&[i] (sti_miIatL
51, 52 € S, we have the following: 0a ax operation) for each and then computing the

intersection of these regions and finally updating the PWL'’s
512 sy <= sifi] < soli] Vie {1---k}. accordingly.
In our application, solutions are characterized by three

In the context of multidimensional dynamic programming, wecalars (degenerate PWL functions for the purpose of discus-
need not consider any solutien € S if there existss; € S sion) and two PWL functions. At each stage of the dynamic
such thats; =< s, (assume w.l.0.g. all solutions are distinct)programming process, we would like to efficiently compute
Thus, for a given solution set, we compute theninimaof S.  the MFS of a solution sef. We have devised an easy to

Definition 4.2: The minimal or dominantsubset of a set of implement algorithm for solving this problem which appears
k-dimensional points is the largest subset’ C S such that, to works well in practice; it appears in pseudocode in Fig. 4.
for all s1, so € 5, 81 £ s2, andsy £ 1. The algorithm takes a divide and conquer approach motivated

The problem of finding a minimal point set has a longy the following intuition. Suppose that the FMS &f is
history dating back to [14]. A variety of algorithms have beemuch smaller thars itself—i.e., many suboptimal solutions
proposed; some achieve excellent asymptotic complexity (e.gan be eliminateé® The hope is that many of the suboptimal
[14]) while others have been tuned for ease of implementatigblutions will be discarded at relatively deep levels of the
or fastexpectedun time (e.g., [3]). Implicitly, [15] solved a recursion and thus we can avoid pair-wise comparisons at
three-dimensional minima problem. e the notion Giubset hat loosely here. h " _

The reader may have noted by now that because of (g i pes e o o Fubsesomewnatiooselyhere, however, fie meaning

_PWL _functlonSS.fA ands.f; a subsolutions in th_e repeat_er ~ 12From experience, this is frequently the case; particularly when construct-
insertion problem does not correspond to a single point iify solutions at a branch point from its children.

f —PWLMax(f1, f2)

f —PWL_AddScalar(fi, dy)
f < PWL ShiftLeft( f, dz)
f — PWL_AddSlope(fi, ds)

(x) = max(fi(z), fo(w)) YV
z) = filz dy Vaz

flz) =filz) + dy @)
() =fi(z+dz) Vz

(=)

z2)=filzx)+x-ds Vz

rvot
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Routine: MinimalFS DC(S) Routine: LeafSolutions{v)
Input: Solution set S Input:  Leaf (terminal) vertex v
Output: The minimal functional subset of § Output: The the (singleton) solution set for v
1. IF (|8} =1) s.cost +— 0
2. RETURN § 5.cap ¢ c(v)
3. Divide S into equal sized sets S; and S, s-d + d(v)
4. §' + MnimalFS.DC(S;) s.fa & a(v) +r(v) cg  /* Single segment PWL with y-int at a(v) and slope r(v) */
.S SDC e
5. S + MinimalFSDC(S,) s.J1 & —o0 /* No internal paths */
§ o - - . RETURN {s}
6. Compute S’ = MFS(S; U S}) by pair-wise comparison between ] and S’
7. RETURN 5/ Fig. 6. LeafSolutions(subroutine for optimal repeater insertion.

Fig. 4. Computation of MF&') by divide and conquer.
Routine: JoinSets(51,.52)

Input:  Solution sets S, and S, from disjoint subtrees

Routine: MSRI(v)
Input:  Vertex v in oriented topology T

Output: The minimal solution set S when the

subtrees are joined at a common parent

Purpose: Computes the minimal solution set S(v) S p
among repeater assignments to 7, FOREACH (pair of solutions s; € 81,52 € Sa)
IF (v is a leaf) 5.c05t ¢ 51.c08t +852.cost /* Scalar operations first */
S{(v) + LeafSolutions(v) s.cap « sy.cap +8z.cap
ELSE IF (v is a Steiner node) s.d « max(s).d, s.d)
S(v) « 0 f4 ¢ PWL_ShiftLeft(s;.fa, s5.cap) /* Signals from left now see cap on right */
FOREACH (child u of ©) f2% < PWL_ShiftLeft(s;.f4, s1.cap) /* Signals from right now see cap on left */
MSRI(w) s.1f2,1 + PWL_Max(f}, f3) /* Combined arrival time [unctions */
Y , 12 + PWL_AddScalar(f}, s2.d) /* New left-to-right internal paths */
S’ (u) + Augment(S(u), (v,u)) ' « PWL_AddScalar(f3, s1.d) /* New right-to-left internal paths */
IF (S(v) # B) fi « PWLMax(f}?, f7*) /* v is the current root */
S(v) + JoinSets(S(v), S'(u)) /* Combine solutions from subtrees */ f} < PWL_ShiftLeft(s;. f7, s2.cap) /* Account for old internal paths on left */
S(v) + MinimalFS DC(S(v)) f? « PWL.ShiftLeft(sz. f1, s1.cap) /* Account for old internal paths on right */
ELSE s.fr «+ PWL.Max(f}, PWL.Max(f}, f})) /* Put it all together */
S{v) + S'(u) S Su{s}
ELSE IF (v is a candidate insertion point (degree-2)) RETURN 5

Let u be the child of v
S'(u) < Augment(S(u), (v,u))
S(v) « S’(u) U RepeaterSolutions(S§’'(u))

Fig. 7. TheJoinSets()subroutine for optimal repeater insertion.

S(U) — MinimalFSDC(S‘(v)) Routine: RepeaterSolutions(S)
ELSE /* v is the root */ Input:  Unbuffered solution set S
Let w be the child of v /* Recall: terminals are degree-1 */ Output: A solution set in which all solutions are buffered with
S'(w) « Augment(S(w), (v, u)) an oriented repeater from the given library L,
u), (v, u
AT S0
S{v) « RootSolutions(S’(u)) FOREACH (s ¢ S and b € L)
$(v) ¢+ MinimalFS DC(S(v)) /* Assume that parent connects to the A-side of b; child to B-side */
. i . . . . s'.cost + s.cost +s(b)
Fig. 5. Top-level algorithm for optimal multisource repeater insertion. s'-cap  canld)
s'.d ¢« s.d+iap(b) +rap s.cap
i . o+ s.falcpa(b)) +ipa(b)
higher levels of the recursion. Thus, the approach targets fast s.jx «a+rpath)-cs /* accumulated resistance below b not affected by cz */
performance in practice but retains &r(|S|?) asymptotic o-fi ¢ o filena(t)) /* internal paths independent of cis */

Compute s” in the same way for opposite orientation of b

worst case complexity in terms of the number of pair-wise ¢ gy
comparisong? RETURN §'
Fig. 8. TheRepeaterSolutionsQubroutine for optimal repeater insertion.

E. The Overall Algorithm

Finally, we present a high-level view of our algorithm for; ang candidate repeatkand determine the characteristics of
optimal repeater insertion in Fig. 5. We recursively traversgso|ytions’ in which b is placed at the root of the unbuffered
the tree and |nduct,|vely. compute solutions s&t@) from  gqytion (assume as in the figure that the A-sidé obnnects
the solution sets of’s children. The top-level code invokesq the parent and the B-side connects to the unbuffered solution
different subroutines depending on whether the current vertgyg First, we must add the cost of the additional repelataext
v is a leaf, Steiner (branch) node, insertion point or theye .o ples downstream capacitance and thdstermines the

root itself; these routines appear in Figs. 6-9, respectivep(ew capacitance: next.d must take the delay dffrom A to B

Additionally, a routine for e_xtendlng a solution set for a tre to account. Again, because of the decoupling effedt, dhie
rooted at vertexs to a solution set that same tree augment

. ) o rival time at the B-side ob is precisely known—i.e., since
by the wire tov’s parent appears in Fig. 10.

) o : we know thatp = c¢p 4 (b), we simply evaluate. f.1(cp.4(b));
T_he algor_|thm fOIIOW.S the intuition presented in the preé,.fA must now reflect the situation on the A-sidebofhich is
ceding sections. Consider, for example, the subrouRee

L . .. ) mplish ing the intrinsi | nd creatin new
peaterSolutionsn Fig. 8. We visit each unbuffered solutlonlif:/i w?ths sﬁ)dpte)yegﬂgl tg; 4e(b).tFirS1aﬁI3ev3g r?ot(ijcz ter?atlt;’.gf? €
13Note however, that we have not bounded the size of the PWL functi0|§ now Comp|ete|y determined %A(b) and independent of

themselves (i.e., number of segments). In the worst case, the PWL functions . . .
can grow exponentially in the number of insertion points. However, su seen at the A-side df. The other subroutines follow this

degenerate scenarios appear to occur infrequently in practice. same kind of reasoning.
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Routine: RootSolutions(S) TABLE |

Input:  Solution set § which considers the entire tree TECHNOLOGY PARAMETERS USED IN EXPERIMENTS
except the root driver itself BIDIRECTIONAL REPEATERS AND SOURCHSINK DRIVERS ARE

Output: A solution set taking the root driver into account. CONSTRUCTED FROM APAIR OF UNIDIRECTIONAL BUFFERS

Since these are global solutions, only the minimal
Interconnect Parameters

solutions with respect to cost and final diameter ARD (1)

5 Q/um 0.12
FOREACH (s € §) FE/pm 015

s'.cost 4~ s.cost

d s.d+r(v) s.cap +a(v) /* root as source case */ Unidirectional Buffer/Driver Parameters

d' — s.falc(v)) + d(v) /* root as sink case */ “Cost” 1.0

dr ¢« s fi{c(v)) /* root not involved */ Intrinsic Delay 100.0ps

s'.d + max(d,d’,dr) /* store ARD(T) in s.d */ Tnput Cap 0.05pF

Sk ) ; ' atter **
/** Note: s'.cap, §'.fa and s'.f; do not matter **/ Output Resistance 800(2)

sleap « s fa 8 fr ¢ —0
S« S'u{s}

Delete from S’ all non-minimal solutions w.r.t s.cost and s.d

/* Fasy in two dimensions */ easily avoid unnecessary comparisons when finding a
RETURN §' minimal solution set.
Fig. 9. TheRootSolutions(subroutine for optimal repeater insertion. * Many d'_ﬁerer‘t strategies for finding minimal solu_tlon sets
can be imagined and are perhaps worth exploring.
Routi < An extension allowing the use of inverters as repeaters is
outine: Augment(S, (u,v)) i X
Input:  Solution set S and the wire (u,v) by which we are pOSSIbIe and Stra|ghtf0rward

extending the subtree

Output: A solution set built from S set taking wire (1, v) into account VI. EXPERIMENTS
5D We have implemented prototypes of the algorithms de-
FOREACH S . . . " . .
?_Cm F(: fost) scribed in this paper and we report preliminary results in this
sl.cup  s.caphe(u, o) section. Since the algorithm assures optimality under delay
s'd ¢ s.d+ r(u,0) (52 + 5.cap) " models accepted and successful in single-source optimization,
ffjf Pvgt\;id:ij;‘l“(s(']{f*’E“’“i)( 2 ) perhaps the most important experimental result is the demon-
s'.fa+ _ ope(fy,r{u,v . . .
o ffF PWL’ShiﬁLeff(s,f‘j,C(M» stration of _thg tractability of the algorithm. Nevertheless, we
8 e 8'u{s} do report timing results based on the technology parameters
RETURN §' used
Fig. 10. TheAugment()subrountine for optimal repeater insertion. Table | presents the technology parameters for the ex-

periments; the parameters are the same as those used in

[20] and are, we believe, representative of typical submicron

the bottom-up structure of the algorithm. technologle§. Experimental results appear in Table II. In this
set of experiments, we assume that all terminals serve as both

Theorem 4.1:Consider 5(v) as computed by the mul- sources and sinks and that all arrival times and downstream
tisource repeater insertion (MSRI) algorithm in Fig. 5;

: delay times are zero—i.euynaugmentedRC-diameter is the
Let s(cg) be the five-tuple of scalargs.cost s.cap s.d, .
s.fa(cw), s.fi(cr)). The following property holds: performance measure. We generated a set of ten random point

sets with ten terminals on a 1 cmlcm grid; we did the same

Finally, optimality of the algorithm follows inductively from

s € S(v) <= Jcg s.t. Vrepeater assigments # s for 20 terminals. Steiner trees connecting the terminals were
to T, Icg S.t.8'(cp) £ s(cg). then generated using the P-Trealgorithm [16]. Repeater

insertion points were then added to the topology such that

V. DISCUSSION consecutive insertion points were no more than approximately

. . . .800 um apartt

A pumber of issues W't.h r_espect to the repeater INSertionr, repeater insertion algorithm was then applied to the

algorithm ar(.a wgrth m(.anuon.mg: ] . _ topology using the repeater formed by a pair of the buffers

+ By considering a discretization of the various dimensiongscriped in Table I. We then ran the algorithm irdrver
of the repeater i_nsertion problem, it_is possiblg to give &zing mode on the same topology using a driver library
pseudopolynomigound on the algorithms run-time. Thegerived from the basic buffer component in Table I: this was
practical utility of such_ a bound is limited and therefor_edOne by considering the buffer in the table as a “1X” driver and
we defer to the experimental results of the next sectiqRen introducing 2X, 3X, and 4X buffers [wherekX buffer
for more meaningful evaluation of run-time. has cost:, resistancés00/k) 2, and capacitanck(0.05) pF].

* The algorithm can also solve the driver sizing problemhese three buffers were used to effectively make a library 9
subject to the assumption that drivers are single inpiminal drivers (when orientation is considered). Additionally,
(thus allowing us to easily take into account the affectig was assumed that the previous stage resistance of each
source driver has on its preceding stage). _terminal was 40@2 and that the subsequent stage capacitance

¢ Organizational conventions such as maintaining solution ) . .

14We also ensured that all wire segments contained at least one inser-

setsin Som_:"d orpier by cost and Secondar'ly by c.apacna%ﬁ point. As a result, the average distance between insertion points was
can potentially improve performance by allowing us t@onsiderably less than 8Qem—approximately 45@:m.
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TABLE I f.
EXPERIMENTAL RESULTS COLUMNS 1 AND 2 REPORT THE NETSIZE AND THE
AVERAGE NUMBER OF REPEATER INSERTION POINTS. RESULTS IN COLUMNS 3—7 D=3225ps I
ARE AVERAGES OF VALUES NORMALIZED TO THE CORRESPONDINGV ALUES FOR CRIT SRC =0
MIN-CosT SOLUTIONS (1.E., No REPEATER INSERTION ORSIZING). COLUMNS 3 CRIT SINK =3

AND 4 RePORT THEAVERAGE MINIMAL DIAMETER AND ASSOCIATED COST
ACHIEVED BY DRIVER SizING; ACHIEVABLE RC-DIAMETER VIA DRIVER SIZING

ALONE AND THE ASSOCIATED CosT. COLUMN 5 GIVES THE LOWEST COST z_
REPEATER INSERTION SOLUTION WHICH EQUALLED OR BETTERED THE DIAMETER
OF THE CORRESPONDINGDRIVER SizED SOLUTION. FINALLY , COLUMNS 6 AND 7
GIVE THE RESULTS FOR THEMIN DIAMETER REPEATERINSERTION PROBLEM. TEN

RAaNDOM NETS ON A 1-cmx 1-cm GRID WERE USED FOREACH CARDINALITY 4
Avg. # | D.S: Min ARD | R.L: Min Cost s.t. | Min ARD R.L ;
|NV]| | i-points | Dy Cost ARD< Dy, D ‘Cost M o5
10 | 304 [0.73 1.45 1.18 055 | 1.73
20 | 366 | 077 1.26 1.06 044 | 151 @)
2
®
TABLE 111 D=3943ps 0
COMPARISON OF FASTEST DRIVER SIZING AND REPEATER CRITSRC = | e
INSERTION SOLUTIONS FOR SIX SAMPLE ToPOLOGIES CoSsT CRIT SINK = 3
Is GIVEN IN NUMBER OF EQUIVALENT 1X BUFFERS
Topo | N ‘ Wire-Len (um) | DS Diameter(ps) | DS Cost | RI Diameter(ps) | RI Cost 7
T |10 26.2K 5786 32 3959 34 o~
T2 |10 24.0K 6069 31 4810 32
T3 |10 26.2K 6263 34 4740 34
T4 20 31.9K 8439 53 5088 54
T5 20 26.7K 13296 45 6551 62
T6 [20 31.3K 12125 \ 62 7531 62

. . b
of each terminal was 0.2 pF (the same assumption was made ®)
for repeater insertion). A
As may be expected, far more substantial reductions in RC- D=3005ps 0
. . . -y —.
diameter were observed for repeater insertion. Additionally, CRIT SRC = 3
when the minimum RC-diameter achievable by driver sizing CRIT SINK = 1

is used as a constraint for repeater insertion, we observe sub-
stantially lower cost overhead for equivalent or better diameter.
Note that columns 3-7 are normalized to the corresponding
values for the min-cost solution. For example, on ten-pin nets,
driver sizing reduced RC-diameter to 73% that of the min-
cost solution on average while repeater insertion achieved an
average of 55%. We also illustrate some particular solutions
in Table lll. These give the highest performance solutions
produced by both sizing and repeater insertion.

We illustrate solutions produced by the algorithm in Fig. 1Fig. 11. (a) Optimization of an eight-pin net. Total wire length is 19.6.
Unoptimized topology, (b) two-repeater solution constructed by repeater

. . . . a
T_he exa.mple IS ajn elght-pln net where all pins Can_aCt %.éertion algorithm, and (c) five-repeater solution constructed by repeater
either drivers or sinks and the performance measure is ag@aiertion algorithm. In each case, the resulting RC-diameter is given as well as

RC-diameter. The reader can observe how performancethgcritical source and sink in each case. Delays are computed using Elmore.
improved with added buffering resources and also how the

critical input-to-output path changes as the algorithm carefully TABLE IV

balances the requirements of all paths AVERAGE RUN-TIMES IN CPU Sconps oN ASUN SPARC 10 VRKSTATION
Table IV gives average CPU times. As stated in the previous |¥| | Driver Sizing | Repeater Insertion

section, empirical evidence is the best way to judge the 10 0.9 69

20 6.0 289

tractability of algorithms such as those proposed here. Indeed,
the achieved run-times are quite reasonable and were derived

from largely unoptimized prototype code. VII. CONCLUSIONICOMMENTS

It is clear that interconnect optimization will play a central

15Experiments have also been run on examples with closer spacingrgl]e in .fUture CAD FOOlS for phnyICEll deglgn; optimization
insertion points and therefore higher complexity. These results were ¥t multisource nets is no exception to this trend. As such,
included because the improvement in solution quality versus wider spacijie propose that the techniques presented in this paper are of

of insertion points was small; however these results were typically obtaingd . . .
within a few minutes on a Sun SPARC 10 workstation (e.g., 20 pins,360 flindamental interest. First, the notion of the augmented RC-

average insertion point spacing). diameter gives a natural and practical performance metric for
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multisource net optimization. Second, we have characterizgd]
multisource optimization via manipulation of PWL function
and, from this, proposed algorithm demonstrating that Opil-
mally applying the powerful technique of repeater insertion is
indeed a tractable problem. (16

Future directions this research may take include exploration
of more sophisticated algorithmic speedup techniques (e.g.,
advanced pruning techniques). From a nonalgorithmic (
designer) perspective, topics such as further evaluation of
the tradeoffs between driver sizing and repeater insertion alAgl
the effects of asymmetric source/sink distributions are also @f;
interest. Further, we note that there is no fundamental reagedi
why the basic techniques introduced here cannot be utilized to
solve other optimization problems in multisource nets such gg
wire sizing and topology synthesis (e.g., given the results in
this paper, a multisource version of the P-Tree timing-drive[gz]
Steiner router [16] is now possible). We are currently pursuing
projects to evaluate the tractability of such methods. 23]
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