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Routability-Driven Repeater Block Planning for
Interconnect-Centric Floorplanning

Probir Sarkar and Cheng-Kok KpMember, IEEE

Abstract—n this paper, we present a repeater block planning Floorplanning [11], [12], the first stage of the physical
algorithm for interconnect-centric floorplanning. We introduce  design process, has significant effects on overall system power,
the concept of independent feasible regionfor repeaters and performance, and reliability. However, very few existing
derive an analytical formula for their computation. We develop timing-driven floorplanning techniques consider the option

a routability-driven repeater clustering algorithm to perform f . . An ad f ideri
repeater block planning based on iterative deletion. The goal is ©f 'eP€ater insertion. An advantage of considering repeater

to obtain a high-quality solution for the repeater block locations ~Optimization during floorplanning is that the problem size at
so that performance-driven interconnect synthesis at the routing this stage is smaller—compared to the problem size faced by
stage can be carried out with ease while minimizing the chip place-and-route—and, hence, permits a more effective search
area. Experimental results show that our method increases the gf the design space. In [13], the floorplanner assumed that
percentage of all global nets that meet their target delays from o 04105 could be inserted arbitrarily in an existing floorplan.
67.5% to 85%. Moreover, our approach minimizes the expected H ¢ il d tai
routing congestion, making it easier for performance-driven .owgver, repeaters consume silicon reésources an' Ce',’ am
routers to synthesize global nets that require the insertion of Circuit blocks such as the cache may not allow the insertion

repeaters to meet timing constraints. of repeaters. To overcome this problem, the authors in [1]
Index Terms—Buffer insertion, deep submicrometer, floorplan- considered the insertion of blocks of repeaters in the channel
ning, physical design, routing. ' ' regions between circuit blocks. However, the greedy clustering

of repeaters into a repeater block may result in routing con-
gestion. As pointed out by the authors in [14], it is important
. INTRODUCTION to perform interconnect planning for global routing during the

UE TO the continued scaling of very large scale intdloorplanning stage. Many designs are routing-limited; it may
gration (VLSI) technologies, interconnects play a domfot be feasible to get signals to and out of repeaters due to

nant role in determining system performance, power, reliabilitf’€ limitation in routing resources. Therefore, it is important
and cost. To ensure timing closure of designs, impacts of int&p-consider routing feasibility (in subsequent steps) during the

connects must be considered as early as possible in the degilqlli’al distribution of repeaters in the floorplanning step.

flow. Several interconnect synthesis techniques—topology con-" this paper, we propose a routability-driven repeater block

struction, repeater insertion, device sizing, and wire sizing aRigning algorithm for interconnect-centric floorplanning. We

spacing—have been studied in the literature. A comprehens#%.mduce the_ conqept of independent feas_ible region_(IFR)
or repeater insertion under delay constraint and derive an

survey of these techniques can be found in [2]. ﬁaé]alytical formula for the computation of IFRs. All repeaters
Studies in [3]-[6] show repeater insertion being among tare “freely” movable within their respective IFRs without

most effective methods to Opt'm'ze signal del_ay. W'.t ho_u t r(%/'iolating the timing constraints. This has the advantage that
peaters, the delay of a long resistance—capacitR@wire is

guadratic in terms of the wire length. With judicious insertioeaCh repeater of a net has equal flexibility of position, which

Pacilitates global optimization.
of repeaters, the delay becomes linear [7]-{9]. However, ITK)StAs in [1]gwe cluspter individual repeaters into repeater blocks
interconnect synthesis techniques were designed for post—ple}ce— ' P P

. T . . form a regular layout structure for a higher density imple-
ment interconnect opt|m.|zat|o.n. In [10].’ It was prOjepted th"’}‘ﬁentation. We develop an effective routability-driven repeater
over 700 K repeaters will be inserted in a single chip for t

70 technol Thei i tthat ‘ il i ock planning algorithm. A tile-based congestion model is used
-hm technology. Theinsertion ot that many repeaters Wil Sigs ive aniterative deletionheuristic for repeater clustering.

nificantly change the floorplan and placement of a design, régs e rimental results show that our method can boost the com-
dering the ongmal floorplan and placement invalid and lead'rkﬂetion rate, i.e., the percentage of all global nets that meet
to a slow design convergence. their target delays, to 85% from the 67.5% completion rate re-
ported in [1]. Furthermore, the expected congestion due to our
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Fig. 1. Impact of routing congestion on repeater block planning.

Il. PROBLEM FORMULATION I1l. FEASIBLE REGION COMPUTATION

. ) . In this section, we introduce the concept of IFR for repeater
In this paper, we study the followimgpeater block planning pjacement and obtain an expression for computing its width. We
problem given an initial floorplan and timing constraints oryefine the IFR for a repeater to be the region in which it can be
each net, find the number, locations, and sizes of the repegdg{ced such that the timing constraint of the net is satisfied, as-
blocks to be inserted in order to meet the timing constraints. A§ming that the other repeaters of that net are also located within
in[1], we consider the insertion of repeater blocks in the chanigkir respective IFRs. The effectiveness of its use in repeater
regions between circuit blocks in which repeater insertion is ngjyck planning is demonstrated in Section V by the significantly

allowed. higher completion rates that we obtain as compared to [1].
Although the primary objective of threpeater block planner

is to meet the timing constraints for all nets, it is equally impoA. Preliminaries
tant to avoid routing *hot spots” and keep the number of repeaterrjyst we present the definitions and expressions that will

blocks and the increase in chip area within tolerable limits. Thg, sed in stating the main result for IFR computation. Each
two objectives of reducing the total number of repeater blockgiyer/repeater is modeled as a switch-leR€lcircuit [16] and
added and avoiding regions with high routing congestion &figs Eimore delay formula [17] is used for delay computations.

contradictory in nature; by clustering large number of repeatefe notation for the physical parameters of the interconnect and
into a repeater block, we create a highly congested routing F@peater we use in this paper is as follows:

gion around that repeater block. r wire resistance per unit length;
Fig. 1 compares a routability-driven repeater block planner . wire capacitance per unit length;
with a repeater planner that tries to minimize repeater blocks.z; intrinsic repeater delay;
Feasible regions (FRs) of three repeaters from different nets arez,  repeater input capacitance;
shown and the dashed lines represent the routes passing througly,  repeater output resistance.

the region. If minimizing repeater blocks is the sole objective, Given a wire segment of lengttwith driver output resistance

the repeater block would be chosen in the high congestion rg-and sink capacitana@, the Elmore delay of this segment is
gion as shown in Fig. 1(a). A routability-aware repeater planngiefined as

however, would move the repeater blocks away from the high

congestion zone. As in Fig. 1(b), a routability-driven repeater D(R. C, 1) = (E) 12+ (Re+rC)l + RC. (1)
block planner would strike a balance between the two contra- 2

dictory criteria: routing congestion and repeater block count. Using the above expression, the Elmore delay of a single-

We measure theverall costof a repeater block plan by asource single-sink neN (two-pin net) of lengthL with n re-

weighted composition of two cost functions: one cost function
. . L eaters can be expressed as
guides the solution toward minimum number of repeater bloclgs,

the other one minimizes the routing congestion of the solution.

N
We shall present in detail the cost functions in Sections IV-A D7 (@1, #2, - -2, L)

and IV-B. The weights of the two cost functions may be suitably = D(Ry, Cy, 1) + D(Ry, C,, L — 1,)
adjusted to reflect the relative importance of each criterion. Our o1l
repeater block planner tries to obtain a repeater block plan that + Z D(Ry, Cy, zip1 — x;) +nTh

minimizes the overall cost of the solution.

i=1
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Fig. 2. IFRs.
where such that (z1, 22, ..., 24, ..., &,) € IFRy X IFRy x -+ %

Ry driver resistance;
C, sink capacitance;
z; location of theith repeater.

The optimal locations of the repeaters for delay minimization

of the net as shown in [18] are

#f=0G—-Dy;+a; i€{l,2,....n} (2

where
x 1 H(Rb — Rd) (CS — Cb)
xL_n+1<L+ r + c ) (3)
yz:n—li—l<L_(Rb;Rd)+(OS;Cb)>' @

We denote the optimal delay for the Mdtof length I, with
n repeaters by

N
D opt

n, L) = DN(a*, o5, ..., 2%, L).
10 &2

nl

B. FR for Repeater Insertion

IFR,, DN(z1, 2. ..., @n, L) < Df},. Here,Wipg andDyy,,
respectively, denote the width of IFRnd the target delay asso-
ciated with the net.

Note that the final placement of a repeater in its IFR does
not depend on the placement of the other repeaters so long as
they are placed within their respective IFRs. To allocate an equal
degree of freedom to each repeater in the net, we choose the IFR
intervals to be of equal width (see Fig. 2). We have the following
theorem for the width of the IFR of a repeater.

Theorem 2:For DY, > DN (n, L), the width of the IFR

opt

for theith repeateri < n) of the netN is

Dy, — Dgpi(n, L)
Wirr = 2 g S
e \/ re(2n — 1)

O

The proofis presented in the Appendix. It can be trivially shown
that whenn = 1, Wrr = Wipr. AlthoughWiprr < Weg for
n > 1, using IFRs for repeater planning results in a solution of

In [1], the FR for repeater insertion was defined as the regigfigher quality because it facilitates a higher degree of fairness
in which a repeater could be placed, assuming that all the ggrring global optimization of repeater block clustering.
maining repeaters were optimally placed with respect to it, in Note that when the objective is to minimize the number of
order to satisfy the target delay constraint, denote@fy. We repeaters inserted in a net, the IFRs of repeaters belonging to

denote the width of the FR for a given repeateribyr. An

the same net do not overlap each other. Otherwise, at least one

analytical expression fo’rr was given in [1]. The following repeater can be eliminated without violating the given timing
theorem presents an alternative but equivalent analytical expregnstraint.

sion, of which the proof is presented in the Appendix.
Theorem 1:For D}, > DI,

theith repeateri < n) of the netN is

_ 2(D}, — DI (n, L))(n — i+ 1)(i)
Wer =2 \/ re(n + 1) '

O

However, such a definition of FRs has the disadvantage th
we assign a repeater to a location that is on or near the boun
of its FR, the FRs of the other repeaters are almost entirely elifg-r

inated.

C. IFR

(n, L), the width of the FR for D. Two-Dimensional IFR

In the preceding discussions, we were limited to repeater
insertion along a one-dimensional (1-D) line. Implicit in the
discussions was the assumption that the route from source to
sink is specified by some global router. For repeater block
?J?nning during floorplanning, however, no routing information
js available. We assume that each net would be routed with

2‘f'i‘ré'hortest path within the bounding box containing the two

minals. Therefore, we need to compute two-dimensional
(2-D) regions in which the repeaters can be placed. The 2-D
IFR of a repeater is defined as the union of the 1-D IFRs of that
repeater on all monotonic Manhattan routes between source

As opposed fo the definition of FR, the IFR of a repeatefq sink. Therefore, 2-D IFRs, as in [1], are convex octilinear

is the region where it can be placed while meeting the timi

Mblygons with horizontal, vertical, andt1-slope boundaries

specifications of the net, assuming that the other repeaters @& Fig. 3).

placed within their respective IFRs.

However, 2-D IFRs of repeaters belonging to the same net

Formally, we define the IFR for théth repeater of an@¥ as  4re not completely independent of each other. As the widths

IFR; = (7 — Wirr/2, ] + Wirr/2) N (0, L)

and locations of a 2-D IFR are valid only under the assump-
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Sink several CRBs to which it may be assigned. The objective of the
repeater block planner is to assign each repeaterto a single CRB.
To solve this problem, we take the approach of first generating
the candidate set for each repeater and then using a routing-
congestion driveiterative deletior{20] algorithm to obtain an
assignment for each repeater.

The iterative deletion procedure operates bipartite graph
"""""" G that represents the set of all possible repeater assignments. Let
Feasible regions B be the set of all repeaters that need to be inserted. The edge
for repeaters 1 and 2 set ofG is defined ag2(G) = {(b, ¢) : be B, c € S, }. The it-
erative deletion algorithm starts with a redundant solution space
that contains all possible assignments of repeaters to CRBs. One
at a time, the algorithm deletes an incompatible repeater assign-
ment, i.e., an assignment that results in high routing congestion

Feasible regions
reduced by circuit block

\ The assignment of repeaters to shown locations will

result in a non-monotonic path. or too many repeater blocks. Equivalently, the iterative deletion
algorithm removes an edge from the bipartite graph one at a
Fig. 3. Nonmonotonic repeater assignments. time. When the iterative deletion algorithm terminates, we ob-

tain assignments of repeaters to CRBs that are compatible to

tion that a monotonic Manhattan route exists between the souf@h other in terms of routability and repeater block count.

and the sink, the assignments of repeaters to locations withirf19- 5 gives the overall flow of our repeater block planning
their respective 2-D IFRs must be made such that they congidorithm. Steps 1 through 4 are data preparation stages. Step
tute a monotone path from source to sink. In Fig. 3, forexampge,constructs a two-level tile structure as shown in Fig. 4. In
the repeater assignments, which form a nonmonotonic sequefé@Ps 2 and 3, we compute the minimum number of repeaters
from the source to the sink, violate the monotonicity constraif¢duired for each two-pin net to meet its target delay [1], [18]
even though the repeaters are within their respective 2-D IFR&d assigrivirr of each repeater based on the available net
Therefore, whenever the 2-D IFR of a repeater is modified, t§2ck O, — Di(n, L)) as defined in Theorem 2. Then, we
2-D IFRs for all other repeaters in the net may need to be ugenerate the candidate $stfor each repeatdrby intersecting
dated! In this paper, we develop an efficient scheme to performe IFR of the repeater with the set of repeater-block tiles within
the update. Details of the updating scheme are presented in $88-bounding box of the net. If the IFR for a repeater does not

tion IV-D. In the subsequent discussions, we shall deal with onfiive any intersections with the set of repeater-block tiles, then
2-D IFRs, which we simply refer to as IFRs. we consider possible repeater locations along the boundaries of

circuit blocks. For such nets, we allow repeaters to be placed
along the circuit block boundaries in order to meet their timing
constraints. Step 4 constructs the bipartite grdph

In th|S SeCtion, we describe in deta” our routabi”ty'driven re- Steps 5-10 perform the iterative de'etion Operations' The |t_
peater block planning algorithm. Given a floorplan, we assungeative deletion procedure assigns each repeater to one of its
that repeaters can only be inserted within the vertical and hofirBs. To accomplish the task of deleting incompatible repeater
zontal channels [19] defined by circuit blocks as in [1]. We a'%?ssignments, the edgesgrhave dynamic weights. The weight
assume that no repeaters can be inserted into circuit blocks. ¢ edge(b, c) reflects the “cost” of assigning repeateto CRB

For the purpose of routing congestion computation (to be dg-assuming that the other repeaters can go into any of their
scribed in Section IV-A), we divide the entire chip area into @ RBs with equal probability. An edge of a higher cost implies
set of rectangular routing tiles as shown in Fig. 4. The routingat the repeater block assignment is likely to be incompatible
tiles correspond to higher metal layers reserved for the routifigih the rest and the iterative deletion operation in Steps 6—10
of global nets. We also divide the channel between circuit bloch@ be described in Section IV-C) seeks to remove the highest
into a set Of repeater-block ti|eS, Wh|Ch are Of a ﬁner resoluti%st edge or the most incompatib|e repeater block assignment.
than routing tiles. As in [1], these repeater-block tiles represef§ edges are iteratively deleted from graplthe routability of
locations where the repeaters may be placed. Fig. 4 showg@ fioorplan is modified and so is the expected repeater block
subset of repeater-block tiles. In essence, we constrtwba count. These changes are reflected onto the edge costs of the
leveltile structure: one for the purpose of estimating routinngaph at every iteration, thus making the edge weights dynamic.
congestion and the other for defining candidate repeater blagle shall present the routing congestion model and the associ-
(CRB) locations. ated cost function in Section IV-A and the edge weight, which

For each repeatérto be inserted, we fin8,, the set of CRBs 5 3 composite cost function of the routing congestion cost and
inwhich it can be placed. As shown in Fig. 4, each repeater h@peater block cost, in Section 1V-B.

IV. REPEATERBLOCK PLANNING

1Even though 2-D IFRs are not truly independent, they do not exhibit the
same problem as FRs when a repeater is assigned to the boundary of its/%R, :
i.e., the FRs of remaining repeaters are almost entirely eliminated. Note that for Congestion Model
2-D FRs, repeaters of a net must also constitute a monotone path from source tcr.h . del | di iall 2D
sink because a 2-D FR is similarly obtained as the union of the 1-D FRs of that | N€ €ONgestion model employed is essentially a 2-D rectan-
repeater on all monotonic Manhattan routes between source and sink. ~ gular grid based probabilistic map assuming-bendrouting
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Fig. 4. Creation of routing tiles and CRBs.
1. Build a two-level tile structure on a given floorplan; Tile SC (i j) 5C (l. j)
b
2. Compute IFR for each repeater b € B; 0<i<m0<j<n 1 1
b
3. Obtain CRB set Sy, for each repeater b € B; o<i<mj—0 Zir;zﬂ m«lHl
4. Generate the bipartite graph G; 0 ; L i’J'r';r” ”’;r”
i<m,j=n o
5. while there exists a repeater to be assigned do - J ”’Ir” :l"+j”+ ;
= i < Lt
6.  Delete the highest cost edge of G; i=00<j<n mzrn rflrn
T ; j
7. Update monotonicity; i=m0<j<n it it
8. Update congestion matrix; i=0,j=0o0ri=m,j=n m’:n min
9. Update edge costs: Fig. 6. Probability matrix.
10.  Assign repeater to a CRB if required;

last repeater and the sink asabnet In the problem at hand,
the source and the sink of a subnet may have several candidate

for each segment. This is similar to that developed in [14]. THecations if they are repeaters. We compute the contribution of

congestiorof a routing tiletile(s, ;) is defined as the following. 2ch subnet to the congestion matri€gs and C. by fixing
Ci(i,j) Expected number of horizontal routes passinfy€ Source and sink of a subnet segment tac#rroidsof their

throughtile(i, 5); RBs. Thus, given a set of two-pin nets and candidate locations
C,(i,j) Expected number of vertical routes passing throudf" the repeaters we can compute the congestion mattiges

Fig. 5. Repeater block planning algorithm.

tile(i, 5). andC, as follows:
To derive thecongestion numberfar the routing grid, we first Ch(i, ) Z 8C(i, )
compute the expected number of routes passing through every V subnets
routing tile for a wire segment with a fixed source and a fixed o o
sink. Coli, )= Y SCu(i, 1)
Without loss of generality, we consider the source to be Vsubnets

located intile(0, 0) and the sink to be located itile(rm, n) As is done in a number of other routers, we assign a conges-
and assume that hend consumes both horizontal and verlion cost to each routing tile. A number of ways for modeling
tical routing resources. It is easy to see that there are a tdf§ congestion cost have been proposed in literature [21]}-[23].
of (m + n) possibletwo-bendroutes from source to sink. For the purpose of this paper, we use a monotonic piecewise cost
Assuming that all these routes are equally likely, we obtafdnction of the type proposed in [24] (see Fig. 7).
the probability matrix shown in Fig. 66Cyx (4, j) is defined as
the probability of a horizontal route passing througila(é, j).
Similarly, §C, (4, j) is defined for vertical routes. The cost of assigning a repeater to a CRB (or the edge cost)
We define the segment of a net between two consecutive iga weighted composite function comprising of the congestion
peaters between the source and the first repeater or betweerctst and the repeater block cost.

B. Dynamic Edge Weights
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Fig. 7. Piecewise-linear congestion cost function. 2)
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Congestion CostThe congestion cost of an edge is de-
fined as the maximum congestion cost among all routing
tiles in theone-bendouting path for the subnet that has
the repeater as its source and the subnet that has the re-
peater as its sink. The respective sink and source of the
subnets are assumed to be located at the centroids of their
CRBs. One-bend routing instead of two-bend routing is
used for congestion cost calculation because of its ef-
ficiency. The congestion metric and the associated cost
functions used have been described in Section IV-A. We
denote the congestion cost of an edge (b, ¢) € E(G)
asCCle).

Repeater Block CosiThe repeater block cost function

is used to guide the iterative deletion procedure to con-
verge to a solution with minimum number of repeater
blocks. Letc be a CRB. LetB, be the number of IFRs
intersecting on this CRB. Also, definB,,.. to be the
maximum number of repeaters that can be inserted into a
CRB. The repeater block cost of the CRBBB(c¢) is de-

fined as follows. If the number of repeaters assigned to the 3)
channeltile is less thaB,,,«, then we definé3 B(c) to be

1/ min(B,, Biax). Otherwise, we defin@B(c) = cc.

The composite cost function is a weighted product of the two

costs. The cost of an edge= (b, ¢) € E(G) is defined as

COST(c) = (CC(e)P' x (BB(c))P?

wherep; andp, are positive parameters such thatt- p» = 1.
Changing the values @f andp- allows us to perform a tradeoff
between the two contradictory criteria involved.

C.

Iterative Deletion

The iterative improvement method modifies the solution

space repeatedly by changing a small portion at each step. Our
procedure begins with a redundant set of possible locations
for each repeater and removes a single highest cost redundant

assignment at each step while attempting to minimizectist

665

belongs. We update the bipartite graph and its associated edge
costs as follows.

Monotonicity UpdateAs mentioned in Section IlI-D, the
formula for the IFR of each repeater has been derived as-
suming that a monotonic route between the source and
the sink through the repeater locations is generated. To
prevent nonmonotonic repeater location assignments, we
update the candidate sets for repeaters in thiNnieten-
sure the existence of a monotonic path. A CRENidies

on a monotonic path if there exists a sequence of CRBs,
one in each CRB set of the remaining repeaters, that forms
a monotonic path from source to sink. In Fig. 3, for ex-
ample, the repeater assignments shown form a nonmono-
tonic sequence from the source to the sink. CRBs that do
not lie on a monotonic path are removed. In Section IV-D,
we present an efficient technique to remove nonmonotone
CRBs.

Congestion UpdateDeletion of the highest cost edge and
the corresponding monotonicity update change the solu-
tion set represented by the bipartite grghhfter mono-
tonicity update, the CRB sets of repeaters on a net change.
Once all the changes to the CRB set of a repeater have
been determined, the new centroid of the CRB set can
be computed in linear time with respect to the number
of deleted CRBs. The congestion update procedure re-
flects the impact of these changes onto the congestion
matricesCy, andC, . As the centroids of the CRB sets of
repeaters on the net before and after the monotonicity up-
date are known, the congestion matrix can be updated in
a very efficient manner (linear with respect to the number
of routing tiles through which the affected subnets pass
through). Note that the update is necessary only when the
new and old centroids of a subnet lie in different routing
tiles. It is important to note that the centroids usually
change their routing tile locations only after several iter-
ations of monotonicity updates. We also observe that the
congestion matrix does not change significantly with each
congestion update.

Edge Cost UpdateDue to monotonicity and congestion
updates, the cost of assigning a repeater to a particular tile
changes. This procedure updates the cost of the edges in
the graphG. The updates of the repeater block costs can
be done by simply recomputing the functiéhB(c) for

all CRBs that have been deleted or to which repeater as-
signments have been made. The updat8 8f c) for all
edges incident onis linear with respect to the degree of

¢ in G. However, it is very costly to reflect the changes
of the congestion cost in the edge cost with each conges-
tion update. As the congestion matrix does not change sig-
nificantly with each occurrence of congestion update, we
perform a lazy update of the routing cost &rthe edges
after everyK occurrences of congestion updates. In our
implementationK” = 20 provides a satisfactory compro-
mise between efficiency and solution quality.

The assignment of a repeater to a repeater block is accom-

of the solution. It proceeds by deleting the highest cost edgkshed when the candidate set for the repeater consists of only
e = (b, ¢) of G. Also, letIN denote the net to which repeater one repeater block.
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P P [P A
D. Efficient Technique for Monotonicity Update DS un-deleted CRBs

As stated in Section IlI-D, it is important that the eventua
repeater assignments of a net constitute a monotonic path fr [¢1
source to sink. To ensure this, the candidate sets of other
peaters belonging to the same net need to be properly upde |-
upon the deletion of a CRB from the candidate set of a repea
of that net. This procedure is referred taasnotonicity update

In the rest of this section, we shall consider the case whe[:
the netN, whose source is located @Y, Y.) and destination

at (Xg, Yy), hasX, < X, andY, < Y;.2 The other three
cases—=X; < X, andY; > Y, X, > X, andY, < Y, and DC
X, > X, andY, > Y;—can be handled in a similar fashion.
Let (X;, Y;) be the location of the CRB to which th¢h re-
peaterb; is assigned. Thenonotonicity updatprocedure must i
ensure that thsﬁfollowmg property is preserved by the eventt / ck
assignments . .repeaters. o . . deleted CRBS
1) Monotonicity Property (MP):Vi, j,1 <i<n,1<j<
n,t#£J Fig. 8. IDS and its IDC. White squares corresponds to undeleted CRBs.
Lightly shaded squares correspond to deleted CRBs. Black squares correspond
X; <Xy, Vi<y Prop. (1), to CRBs in the IDS. IDC is depicted by thick lines. Darker shaded squares
. . correspond to the region in which one should search for new members of the
Y, <Y;, Vi<y Prop. (2). O IDS shoulde; be deleted.

In order to preserve the monotonicity property, we make use
of thedominance relationf CRBs. Consider two CRBsand¢’/ Relaxed Monotonicity Property (RMP)¢, j, 1 < ¢ < n,
at locationg X, Y) and(X,/, Y..), respectively. We say that1 < j < n,% # j
¢ dominates: if and only if X, < X, andY,. < Y. If nei-
therc nor¢’ dominates the other, they araitually independent IDS,; <IDS;;,  Vi<j  Prop.(3) O
Given the set of CRBS, of repeateih, we define an indepen-
dent dominated set (IDS) IBSo be a subset d§, such that: When a CRBc of repeateb; is considered for deletion, we
1) all CRBs in IDS are mutually independent; 2) other thaiave to update ID5 if c happens to be in IDS. As a resullt,
self-dominance, CRBs from 13310 not dominate CRBs from We have to update the IDSs of subsequent repeateis< j
S,; and 3) every CRB fron$, dominates (self-dominance in-if Prop. (3) is violated. If the sequence of updates results in an
cluded) at least one CRB from IQSFig. 8 shows the IDS of a €mptySy, for someby, thenc should not be deleted in the first
repeater. place. Insteadi; should be assigned t© Based on the above
We arrange the CRBs in an IDS by théircoordinates in in- observation, a monotonicity update procedure that preserves the
creasing order. From each CRB in the IDS, we extend a verti¢glaxed monotonicity property has been developed. Fig. 9 gives
line segment northward either infinitely if the CRB is the firsthe details of the update procedure. We assumecthatb;, c)
in the set or until it reaches the-coordinate of the previous IS the edge to be deleted, whésgis theith repeater of neN,
CRB otherwise. We also extend from each CRB in the IDS@dc is @ CRB inS,,. To be more general, the monotonicity
horizontal line segment eastward either infinitely if the CRB igPdate procedure takes in a subset of edges (adjace)tiat
the last in the set or until it reaches thiecoordinate of the next are to be deleted. We denote the subset of edges, by
CRB otherwise. These line segments define a monotone conThe Boolean variabl¥iolation ~ _Flag monitors whether
tour of the IDS, which is dominated by CRBs in the northeagé IFR has become empty because of the monotonicity up-
region of the contour. We refer to the monotone contour as tate. When that happens, we undelete all CRBs that has
independent dominated contour (IDC) (see Fig. 8). been deleted and, making use of the changes stored in the
Consider two IDSs ID§ and IDS;, respectively, for re- variable IDS/IDC _Changes, revert to the original IDS
peatersh; andb;, i < j. We say that ID§ dominates IDg and IDC for each IFR. It also signals to the iterative deletion
or IDS,, < IDS,, if and only if IDC,, is completely in the Qrocedure in Fig. 5 thab; should be assigned te, where
northeast region of IDE. When IDS, dominates ID§, every £i, = {e¢ = (b;, ¢)} is the input edge set.
CRB in IDS,, dominates at least one CRB in IRSIn other While the other steps are fairly straightforward, Steps
words, there exist some repeater assignments that constitute eand 7 require further explanation. The procedure
monotone path. In order for the eventual repeater assignmdit§/IDC _Updates updates the ID$S and accordingly
to preserve the monotone property, we maintain the followidC,,. Consider deleting a CRB frorsi,,; we do not have to
relaxed monotone property update D%, if that CRB is not originally in ID$,. Now, we
consider the case when we delete a CRB from,ID$ the
IDS shown in Fig. 8, for example, we have three ordered CRBs:
2We use the notatiohX, ") for coordinates to avoid any confusion with theCi» €j» andcy. When we delete; from the IDS, we search for
notationz: andy used for denoting optimal repeater placement in Section Ill.new members of the IDS from within the darker shaded region
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L. for each ¢ € Ej, do minimum of the numbers of the columns and rows in JDS.

2. mark c deleted; If (X, —1, Y. —1)does not dominate the two adjacent CRBs,
3. if Sy, =0 then then no deletion of CRBs i, , , is required. We can achieve
4. Violation Flag «+ TRUE; a speedup by taking advantage of the geometrical properties of

5. else /* Check if the next IFR becomes empty */ IFRs. As mentioned in IlI-D, all IFRs are octilinear in shape.

6. IDS/IDC_Changes « IDS/IDC_Updates(Es,, Sh,, Ss,,,): Therefore, we can define &, , a—1-slope lineY’ = —X +

7. Ey,, + {c’ €Sy, that violates RMP}; M such that for each € S, ,, X + Yo = M. me when
o X, +Y. —2 > M do we have to perform a binary search.

8 if £y, , = 0 then In | h t .
a general, we have to verify the new contour betwegand
? Violation_Flag < FALSE; cx, which does not invade the northeast region of JDCafter
10.  else deletingc;.

1L Violation_Flag ¢ Monotonicity Update Procedure(Ey, ,); The algorithm outlined in Fig. 9 illustrates how the deletion

12. if Violation Flag = TRUE then of a CRB of; affects the IFRs of repeatebs, ; > ¢ in net

13.  for each ¢ € £, do N. Such a deletion also affects the IFRs of repedigrg < 4
14. mark ¢ undeleted: in netN. Similar to the algorithm in Fig. 9, we develop an al-

15.  un-do IDS/IDC_Changes; gorithm to perform monotonicity updates of IFRs fgr j < i

by defining theindependent dominating sef S, as follows:
1) all CRBs in the independent dominating set are mutually
Fig. 9. Monotonicity update procedure. independent; 2) other than self-dominance, CRBs ffnuo
not dominate CRBs from the independent dominating set; and

defined by the rectangles bounded Ky, X, — 1, Y., and 3) every CRB fronts, is dominated (self-dominance included)
Y., — 1, assuming that every CRB occupies a unit square. by at least one CRB from the independent dominating set. The

The new IDS members can be computed by Sweeping eittredependent dominating set also defines an independent domi-
rowwise fromY., toY,, —1 or columnwise from¥_., to X.., nating contour, which dominates all CRBs in the southwest re-
Let ¢, be the first CRB that we encounter when we sweep rowion of the contour. As the algorithm to update the independent
wise fromY,, to Y., — 1 such thatX., < X.,. Then, any re- dominating contours of preceding repeaters is very similar to
maining new IDS members lie in the rectangular region defindde algorithm in Fig. 9, we do not present its details here.
by X.,, X, —1,Y. +1,andY,, —1. When we sweep column-
wise, we search for the first CR8 such that’.. < Y.,. Then,
the next new IDS member, if any, lies in the rectangular region V. EXPERIMENTAL RESULTS
bounded byX, +1, X, —1,Y.,,andY,, —1.

Although the number of columns or rows that the algorithm We have implemented our repeater block planning algorithm
has to sweep varies, we are able to amortize the operation ¢iging C on a SUN UltraSPARC Il machine. In this section, we
such that the runtime complexity of a CRB deletion operation pgesent the details of our experimental set up and the results ob-
O(1). The cost of marking a CRB as deleted, be it a IDS memb&@ined. The interconnect and repeater parameters and the Elmore
or not, is charged to the CRB itself. In the following analysiglelay model have been described in Section Ill-A. The values
we assume that the algorithm performs a rowwise sweep afteee Table I) used for these parameters are basedds am
deleting a IDS member. If sweeping a row produces a new ID&chnology in [25].
member, we charge the operation cost to that CRB. An IDSWe report the results of our repeater block planner for six
member, once created, will not be involved in any sweepiddCNC [26] benchmark circuits. The relevant details of these
operation again. The next time it is charged with an operatitd@nchmarks are shown in Table Il. In this paper, we focus on
cost again is when it is marked deleted. If the sweep producssving the problem of repeater block planning for two-pin
no new IDS member, then we charge the cost to a previoughngle source, single sink) nets. As the benchmark files do not
deleted CRB, which is located at the eastmost boundary of thevide information on signal direction, we choose the first pin
rectangular region. For the example used in the preceding ttedbe the source and all the others to be sinks and decompose a
paragraphs, we charge the cost of sweeping rows befiteea multiple terminal net into a set of two-pin nets. This may not
Y., — 1to CRBs with coordinate§X., —1, Y,), ---, (X, — be good especially for path based timing optimizations, but it
1, Y. —1). Such CRBs will not be charged with another sweeprovides a sufficiently good model of the input to a repeater
as they now lie outside the northeast region of the IDC. Therglock planner. We ignore all single pin, power, and ground
fore, every CRB is charged at most twice, i@(1). interconnects. The initial floorplans of the MCNC benchmark

Propagating the change in the contour from ID® IDC,,,, ~ circuits used for this paper were obtained from [27] and are the
may turn out to be slightly more costly. Using the example isame as those used in [1]. These floorplans were generated by
Fig. 8, letc, be the CRB that is ordered beforg in the new running simulated tempering using an improved Monte-Carlo
IDS afterc; is deleted. If X, — 1, Y. —1)isinthe northeast technique [28].
region of IDG,,, ,, then we have to update IRC,. As IDS;, Since the MCNC benchmarks do not come with any timing
is ordered, we can perform a binary searcliflog |IDS,,,,|) information, we assign target delays to the two-pin nets as fol-
to find the two adjacent CRBs in IRS , whoseY -coordinates lows. We ignore all two-pin nets whose lengths are smaller than
sandwichY, — 1. Note that|IDS,,, | is no greater than the the critical lengthZ.,;, [18], above which repeater insertion

16. return Violation_Flag;
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TABLE | TABLE 1II
PARAMETER VALUES FORINTERCONNECT, REPEATER DRIVER, AND SINK COMPARISON OFREPEATERBLOCK PLANNING SOLUTIONS
Description Value Circuit volET - | Nrep| Cumax | 8A|TCPU (s)
r | wire resistance per unit length (Qum) [0.075 apte
¢ |wire capacitance per unit length (fF/um)|0.118 pi=Lpy=0) 122/50 176 10.77 | 1.44 17
T, |intrinsic repeater delay (ps) 36.4 pr=0pp=1 120/52) 176 | 1109 1.44 1.5
- . . p1=p2=05| 121/51| 176| 11.00 |1.44 1.2
C;/C} | sink/repeater input capacitance (fF) 23.4 1 102770 185 oo 0.23
Ry/R, | driver/repeater output resistance (£2) 180 xerox
pi=1,p2=0| 368/87| 354| 22.02|124 8.0
TABLE I p1=0,p2=1| 361/94| 354| 34.98|1.24 7.0
DETAILS OF MCNC BENCHMARKS pr=p2=05| 361/94| 354| 19.74|1.24 75
Circuit |Modules | Nets | 2-Pin Nets (1] 260/195 | 399 -1 138 0.53
apte o) 7 172 1h y 0| 185/41| 258| 30.68 | 1.03 2.1
n=4Lp2= . . .
xerox 10, 203 453 pi=0,pa=1| 175/51| 258 32.56|1.03 23
hp 11) 83 226 pL=ps=05| 169/57| 258| 31.36|1.03 22
ami33 33) 123 363 1] 131/95| 280 -1124 0.48
ami49 49| 408 545 ami33
playout 622506 2150 pr=1,pa=0| 326/37| 243| 54.27|1.44 4.2
p1=0,pa=1| 324/39| 243| 61.24|1.44 47
can be used for delay reduction. For each net, we then com- pr=p2=05 3247391 2431 5171 144 39
pute the optimal delay;,,; obtainable by repeater insertion [18] [1.] 305758 | 667 -| 136 163
and then randomly assign a target delay between 1.05 and 1.20 amid9
xT.p: @sin [1]. As we generate these timing constraints on our ~ P1=1,p2=0| 497/48] 287| 1566104 8.5
own, a direct comparison between our method and [1] may not P1=0p2=1| 496749 287 1999 1.04 72
be fair even though we do use their results for reference in the P1=p2=0.5| 496/49| 287| 15.74|1.04 7.0
fo”owing discussion. 1] 412/133 946 -10.78 3.25
In Table 111, we report the following results from our repeater playout
block planning algorithm: 1) ratio of number of nets for which pi=1,p2=0]| 2053/97| 1090 | 274.44 | 1.32 63.0
the delay constraint is met to the number of nets for which the  p; =0,p, =1|2017/133 | 1090 | 281.73 | 1.32 62.1
delay constraint is not satisfied ET/NOT M ET; 2) the total p1=p2=052020/130 | 1090 | 253.36 | 1.32 66.2
number of repeaters inserted to meet timing constraiits; p; [1] 15337617 | 4263 -10.84 13.98

3) the maximum tile congestiabthax; 4) the chip area increase
6 A expressed as a percentage of the original chip area; and 5)
CPU time required, TCPU. We also include the results for theae the beginning of the planning step [27]. As a result, net
benchmark circuits reported in [1]. lengths become longer and more repeaters are required. In our

Compared to [1]M ET is significantly higher. The successalgorithm, we expand the channels only when required. There-
rates of meeting the timing constraints (or completion ratefyre, our net lengths are “shorter” in general and we require a
range from 71% (for apte) to 95% (for playout). The averagamaller number of repeaters to meet the timing constraints.
completion rate is 85%. On the other hand, the average compleThe results in Table Il also show that our algorithm is able
tion rate for the same examples in [1] is 67.5% and the conwo reduce routing congestion. With = 1 andp, = 0, the
pletion rates range from 58% (for Xerox and HP) to 84% (fasbjective function is oriented toward the reduction of conges-
ami33). Our completion rates are higher for all benchmark cition cost, whereas setting = 0 andp, = 1 causes the re-
cuits in Table II. peater block count to be minimizeg, = p> = 0.5 represents

In Table Ill, we report an identicaNgz» under three dif- a solution with a tradeoff between the two contradictory cost
ferent combinations of; andp, for each benchmark circuit functions. Table Ill shows that routing congestion levels can be
even though the completion rates are different. The completilmwered when they are accounted for during repeater block plan-
rates are different because some nets cannot meet the timiimgg. In Xerox, for example’y1ax for p; = 0andp, = 1 (i.e.,
constraints after we expand the floorplan to accommodate the objective of minimizing the number of repeater blocks) is
repeater blocks along the boundaries of circuit blocks (see Sabout 50% higher than th@y;4x for p; = 1 andp> = 0 (i.e.,
tion 1IV). In fact, all entries inNggp, Cnvax, andsA include  the objective of minimizing the routing congestion). Clearly, if
nets that do not meet the timing constraints after floorplan ethie design is routing-limited, the actual completion rates for the
pansions. former case will be reduced accordingly. However, the average

Table Ill also shows that we generally require a smalléncrease in chip area due to repeater insertion is 1.25%, which
number of repeaters to achieve a higher completion rates camhigher than the 1.05% average increase reported in [1]. More-
pared to [1]. In [1], all channels between blocks are expandeder, the runtimes of our algorithm are higher than those in [1].
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VI. CONCLUSION Theorem 1:For D}, > DI, (n, L), the width of the FR for

i < n) of the netN is

\/2(Dgt DN (n, L))(n — i+ 1)(4)

In this paper, we have presented a repeater block pIannmS ith repeater
algorithm that uses the concept of IFRs to do repeater clus- Wer — 2.
tering. The assignments of repeaters to repeater blocks are = "%~

re(n+1)
routability-driven and, thus, we are able to avoid regions of proof: Let D(l)\ll)t(n L) denote the optimal delay for a net

high routing congestion. Experimental results show that oy of length L inserted with» repeaters. Also, lebN (n, L+
technique performs significantly better than existing repeat@r) denote the optimal delay for the same net (i.e., sdtpe
planning methods. andcC,), but with a difference o in its wirelength. First, we
consider the difference in the optimal delays of the two config-
APPENDIX urations
PROOFS OFTHEOREMS1 AND 2 DN

opt

(n, L+ W)~ Dgp(n, L)
We consider a nelN of length L optimally inserted withn, = D(Ry, Cy, 5, y) — D(Rq, Cy, )
repeaters. We denote the optimal placement of the first repeater P AW Pk
by z%, the distance between two optimally placed repeaters by + (n — D[D(Rs, Cy, yiyw) — D(Ry, Cy, y1)]
y¥, and the distance between the last repeater and the sink by + D(Ry, Cs, 25 1w) — D(Ry, Cs, 21
3. The expressions forz andy} are given by (3) and (4), by 0 LW by &0 ZL)-
respectively, and} = L — (n — 1)y} — z}. From (2)~(4) W
In the following Iemma and theorems, we deal with repeaters =} .y — ] =¥, w — YL = Z[ow — 2L = T
displaced from their optimal locations. As a result, the d'Sta”C‘?ﬁerefore we can rewrite the difference betvvéle;r the optimal
between the driver and the first repeater, between repeaters, @@st as
between the last repeater and the sink change. We capture
resultant change in the delay by the following expression: 25“5“( L+W)=Dipi(n, L)

W W
- _ = ARy, Cyp, ——, o “DA(R,, Gy, —— i
AR, C,w, 1) =D(R, C, 1 +w) — D(R, C, 1) <d, b, nH,xL)Jr(n ) <b, b nH,yL)
rc

2 . .
p W A ek rCu () +A<Rb, c., nﬂﬂ zz). @)
where . We splitN into two subnetfN; andN, at theith repeater.
w change in net length; Therefore, the length dN is L1 = z} + (¢ — 1)y} and the
! or!gmal n_et length; sink of N is theith repeater olN. The length ofN, is Ly, =
R d.rlver resistance; (n — %)y} + =7 and the driver olN; is thei-repeater. There are
C sink capacitance; ; :

i—1repeatersiiN; andn—:repeatersiiN,. Asyy , 27 ,z7,,
andy;, correspond to the distances between optlmally placed
repeaters ifN, the following equalities hold:

D(R, C,1) Elmore delay in (1).
The coefficient ofw in (5) has an interesting property sum-
marized in the following lemma.

Lemma 1: The coefficient ofw in (5) satisfies the following Furthermore YL, = #1, = T, =YL =YL ®)
equalities:
a vf, =z and zj, =z} ©)
rexy, + Rac+rCy =reyp + Ryc+1Ch Let theith repeater olN be displaced by a distand®& from
o ] its optimal location ¥ being positive toward the sink) and the
=rezp + Reet vl ©6) remaining repeaters be placed optimally with respect to the dis-
Proof: From (2)—(4), we can show that placed repeater. Therefore, the length®NefandN, change by
W and—W, respectively. The delay of such a configuration is
rexy, +RactrCy D(n, L) = DY (i—1, L1+ W)+ DN2(n—i, Ly— W) +T}.
rc c-n C T rT-n

_ From (7) and (8)
= L+ Ry+ Rq+ Cs+ C
n+1 nrl Tl T ntl " DNl( —1, Li+W)

opt

- n7—f1 L= = T = + - ch) +RyctrCh Dg)lt( —1, L1)+A <Rda C, ?’ x21>
= reyr+LRyc+rCy w
and —i—(i—l)A <Rb, Cy, PR y’;1>
rezt +Rye+1Cs D(l)\lpi( —i, Lo—W)

=rc(L—(n—1)y} —27)+ Rpct+rC;
re c-n c c c-n
= L R R C C,
n+1 +n+1 b+n+1 d+n+1 +n+1 ’

= reyl+Rpc+1rCh. O

. . -W .
= Dol\II>2t( n—, L2)+(7’L—L)A <Rb7 va HT7 yLz)

t+1
—
ARy, Gy, ——, 25, ).
+ < b n—i+1 7L2>
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Therefore source and the sink from their original positions, respectively.
The delay for this configuration of repeaters is

- w
D(n, Ly=DZ(n, L) + A <Rd, Cy, —, le)
¢ D :D(Rd7 Cln xz) + A(Rdv va w1 — Wo, xz)

w
i — DA Ry, Cp, —, yF
#6-0a (R 6 T, ) + 3 ID(Rs, Gy, ) + AR, Co, iy — i, 1)

: -w x
+(7’L—'L)A <Rb7 Cln +17yL2> +D(Rb’ Cs’zz)+A(Rb’ Cs, Wpy1 — Wy, 22)4‘”%
w re T
_ * N 2

+A<Rb, 057 m, ZL2>. —Dopt(n L) 2 ;(wz‘_wz‘fl)

Expanding theAs and substituting'} for x7 , vf for yz, + (rexf + Ryc+ vCy ) (w1 — wo)
andyj,, and~} for 27 , we obtain .

Dln, L) - DYy, 1) o Rt 1G) ) s — )

+ (rezf + Ryc+ 1Cs)(wng1 — wy).

2
—i. l(%) <¥) + (rea}, + Rac+1Cy) <¥)
Making use of the fact that “displacements} = w41 =
) W 0 and that the second last term of the preceding equation is a
+ (6 = D(reyr + Roc +rCh) <T> telescopic sum, we derive the following expression for the last
) three terms of the preceding equation:
(D) (=51)
2 n—i+1

5 - * R ;C W
= (n=9)(reyi, + Roc +7Cy) n—i+t1 which sum to zero because of the equalities in Lemma 1.
So, we obtain

+(n—it+1)- (rexy, + Ryc 4+ rCp)wy + (reyi + Rye+ rCy) (wy, — wy)

— (rez} + Rye + rCo)wy,

w
— (rez} + Rye +rCy) <m> . o L
D =DJ (n, L)+ = 5 Z(wi—wi,l)Q.
i=1

Making use of the equalities in Lemma 1

Dn, L) - DN (n, L) To meet the timing constraid®}y,, we needD < Df,. There-
fore
- (erte)
2 i n—i+1 5 (w; —wi—1)? < Dpy, — DY (n, L).

Therefore, the maximum displacement for tfte repeater =1
without violating the timing ConstramlDt . IS In the following, we derive the width of the IFR/1rr . Let W be
the maximum difference between andw;_; for 2 < i < n.
\/ (DN, — Opt(n L))(n —i+1)(4) S0, [w; — wi_1| < W for2 < i < n, jwy — wo| < W/2, and
W< (n+ 1)re . |wp41 — wy,| < W /2. To find an upper bound fdi/, we solve

for the following:
Hence Weg for theith repeater is

re 2 A% N N
W o \/2(D%§t—Dopt(n L))(n — i +1)(i) 2 '{(” DOV 2 < 2) } < Prge = Dol 1)
FR — < ° .
(n+Ljre Therefore
= N
Theorem 2:For DY, > D{ (n, L), the width of the IFR W<2. \/ngf Dopi(n, L)
for theith repeateri( < n) of the NetN is - re(2n — 1)
DN _ DN (n L) By the definition of IFR,Wirgr is the maximum value otV
Wirr = 2 - \/ tgt opt . for which the timing constraint is satisfied. Hence, the result

re(2n —1) follows. O

Proof: Consider the naN of lengthL havingn repeaters
as shownin Fig. 2. Lat; be the displacement of thith repeater
from its optimal position {; being positive toward the sink). The authors would like to thank Professor J. Cong, D. Z. Pan,
Let wp = 0 andw,41 = 0 denote the “displacements” of theand T. Kong of UCLA for providing the floorplans of the MCNC
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