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Abstract— A two-stage optimization methodology is proposed
to solve the fixed-outline floorplanning problem that is a global op-
timization problem for wirelength minimization. In the first stage,
an attractor-repeller convex optimization model provides the rel-
ative positions of the modules on the floorplan. The second stage
places and sizes the modules using second-order cone optimiza-
tion. A Voronoi diagram is employed to obtain a planar graph and
thus a relative position matrix to connect the two stages. Overlap-
free and deadspace-free floorplans are achieved in a fixed outline
and floorplans with any specified percentage of whitespace can be
produced. Experimental results on GSRC benchmarks demon-
strate that we obtain significant improvements on the best results
known in the literature for these benchmarks. Most importantly,
our methodology provides greater improvement over other floor-
planners as the number of modules increases.

|. INTRODUCTION

Floorplanning is becoming increasingly important as a tool
to design flows in the hierarchical design [2]. Hoorplan-
ning dealing with fixed-dieis fixed-outlinefloorplanning, while
classical floorplanning handles variable-die. Fixed-outline
floorplanning attempts to pack all the modules within a given
fixed floorplan outline, and aims to simultaneously minimize
wirelength and overlap, and possibly also timing ([9]). It plays
an important role in state-of-the-art hierarchical methods to
multi-level fixed-die design of large scale ASICs and SoCs.
However, addressing the requirements of fixed-outline floor-
planning is significantly more difficult than for outline-free
floorplanning [2, 9].

Although there have been many studies on floorplanning,
most focus on area minimization for variable-die, and very
few existing floorplanners can tackle fixed-die floorplanning
by minimizing the total wirelength. Parquet [2] and Capo [1]
are two typical floorplanners for dealing with fixed-die con-
straints when minimizing total wirelength. Adya and Markov
[2] suggested a moving technique based on slack computation
and simulated annealing (SA) to optimize the wirelength by
using sequence-pair to represent the topology of a floorplan.
The fixed-outline is satisfied by using a better local search.
Capo [1] developed a floorplacer that effectively combines
min-cut placement with SA agorithm to form a fixed-outline
floorplanner. At the procedure of partitioning and placement,
fixed-outline floorplanning is compl eted while taking routabil -
ity into account. Most recently, several fixed-outline floorplan-
ners have been developed [4, 5]. Chen et a. [4] developed a
so-called IMF multilevel floorplanner using a two-phase tech-
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nique. IMF consists of atop-down partitioning phase that parti-
tionsfloorplan into subregions, and a bottom-up merging phase
that merges subregions. The total wirelength is optimized via
min-cut partitioning in the first phase and by SA-based fixed-
die floorplanning implemented in each subregion in the sec-
ond phase. The floorplanner IMFAFF incorporates the accel-
erative fixed-outline floorplanning (AFF) into IMF, and is 11
times faster than IMF but at the expense of an increase of 9%
in the wirdlength. Chen and Chang [5] proposed an adaptive
fast-SA scheme based on B* -tree floorplan representation. The
total wirelength can be effectively minimized by dynamically
varying the weights of the objective function of SA. Fixed-die
floorplanning is achieved by taking outline constraintsinto ac-
count. Zhan et al. [15] proposed an analytical approach for
fixed-outline floorplanning dealing with soft modul es that min-
imizes total wirelength in two phases. The wirelength and area
distribution density of modulesare minimizedin thefirst phase.
The overlap area and wirelength are optimized in the second
phase to achieve an overlap-free floorplan. There have been
few studies on fixed-outline floorplanning by convex optimiza-
tion. Moh et a. [11] formulated the floorplanning problem
as a geometric program and thus it is transformed into a con-
vex optimization problem to exploit the advantage of convex
optimization. Floorplanning with zero-deadspace ability is ac-
complished by SA.

Inthis paper, atwo-stage convex optimization method is pro-
posed for fixed-outline floorplanning. An important property
of convex optimization is that any local minimum is a global
solution of the problem. In the first stage, relative positions
of modules are obtained by globally minimizing an estimate
of the total wirelength through an attractor-repeller (AR) con-
vex optimization model. A relative position matrix (RPM) is
then built from the solution to the first stage, and the mod-
ules are placed and sized in the second stage while minimiz-
ing the total wirelength by a second convex model. The plac-
ing and sizing stage is formulated as an optimization problem
with linear and second-order cone (SOC) constraints. Overlap-
free and deadspace-freefloorplansare achieved in fixed-outline
floorplanning. Our model also produces floorplans with any
specified percentage of whitespace. To the best of our knowl-
edge, this is the first time that a completely convex-based
method is used for fixed-outline floorplanning. The proposed
convex-optimization-based model is particularly suitable for
fixed-outline floorplanning and can also be extended to clas-
sical floorplanning.



Il. FIRST STAGE CONVEX OPTIMIZATION MODEL

In the first stage, we adopt the AR model which is based on
atarget distance concept [3]. Let each module i be represented
by acircle of radius r;, where r; is proportional to ,/a;, the
square root of the area, a,;, of module i. The target distance
for each pair of circles,j is defined as ¢;; := o(r; + 1;)2,
where o > 0 is a parameter. Furthermore, a generalized tar-
get distance is defined as T;; := li_ \wheree > Oisa

cijte’
sufficiently small number, and c¢;; is the connectivity between
modules: and j. Themotivation for this definition can befound
in [3]. A piecewise function F;;, which is convex and continu-
oudly differentiable, is defined as

ti
j d>Yis Yj 2ycitij —1, 0<Dj; <Ty

where D;; = (x; — ;)% + (y; — y;)°. Let (x4, y;) and (z;, y;)
denote the coordinates of the centers of modules and j. The
AR model inthefirst stageis:

Dy

min
(43,y5),wr hr 1<izj<n ij
s.t.
1 1
T +r; < awp andr;, —x; < Ewp, Vi (1)

1 1
Yi + 1 < §hF andr; —y; < 5/11?7 Vi

Wi <wp <wy, WY < hp <hP,

where hr, wp are the height and width of the floorplan; hlgw,
Ry, wiew, and w} are the lower and upper bounds of the
height and width of the floorplan, respectively; and K isapa
rameter selected empirically.

Without theterm — K In (D;; /T;;) informulation (1), it was
proven that this problem is convex [3]. By solving formulation
(2), the solution of the first stage provides relative positions
within the floorplan for al the modules represented by circles.

I11. NON-OVERLAP CONSTRAINTS AND
RELATIVE POSITION MATRIX

If (zi,9:), (zj,v5), wi, hi, wj, and h; are the coordinates,
widths and heights of two rectangular modules, respectively,
the overlap-free constraints for each pair of modules can be
expressed as

1 . 1

glwitwy) < lwi —a5| iy —ys| < 5(hi +hy) o

2
1 . 1

Slhithy) <lyi—y;| it fas — 2] < 5 (wi +wy).

These non-overlap constraints for each pair of modules can
be expressed as separation in the z-direction:

1
Ozi(wi+wj)_|xi_$j|v ©)
or separation in the y-direction:

1
025(hi+hj)_|yi_yj|~ (4)
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Fig. 1. Relative positions of two modules separated horizontally and
vertically.

It is noted that the constraints (3) and (4) are digunctive,
nonlinear and non-convex. Once relative positionsfor the mod-
ules have been obtained from the first stage, we may eliminate
the symbols of absolute values from inequalities (3) and (4),
thus linear constraints are obtained. A relative position matrix
is built with entries that represent the relative positions among
modules:

If module i is horizontally separated from module 7, “1” is
used to represent this case as an entry in RPM, where thereis
only one constraint separated in the z-direction as (3). We use
“11" to express that module i is on the left of module j (Fig.
1A). The following inequality is satisfied: 0 > & (w; + w;) —
(x; — x;). “12" is used to denote that module i is on the right
of module 5 (Fig. 1B). The following inequality is satisfied:
0> 5(wi +wy) — (x; — ;).

If module: isvertically separated from module 7, “2" is used
to represent this case, in which thereis only one constraint sep-
arated in the y-direction as (4). We use “21” to express that
module i is above module j (Fig. 1C). The following inegqual-
ity is satisfied: 0 > 2(h; + hj) — (vi — y;). “22" isused to
expressthat modulei isbelow module j (Fig. 1D). Thefollow-
ing inequality is satisfied: 0 > 3 (h; + h;) — (y; — i)

If we have the relative positions of two module separated
diagonadlly (Fig. 2), aruleis defined to determine how the two
modules are separated. If Ay > Az, then these two modules
should be separated in the y-direction axis. If Ax > Ay, then
these two modul es should be separated in the z-direction.

IV. RELATIVE POSITION MATRIX AND
VORONOI DIAGRAM

In this section, the construction of the RPM is discussed.
The nine-module apte circuit from the MCNC benchmark is
used to show how a RPM is generated. The relative position
graph of apte isillustrated by dashed circles obtained from the
first stage as Fig. 3A. The RPM is an m x m non-negative,
symmetric matrix with zeros on the principal diagona; m is
the number of modules. The information in the correspond-
ing upper triangular matrix is sufficient. Therefore, the RPM is
usually expressed as an upper triangular matrix. The represen-
tation such as “11”,“21” of each entry of the matrix has been
described in the previous section.

Fig. 2. Relative position of two modules separated diagonally.



0o 11 11 12 11 11
0 12 12 12 12
0 12 12 11

RPM = 0 11 11 ©)
0 11
0

A one-dimension six-module case is given as an examplein
Fig. 4 to show how a sparse relative position matrix (SRPM)
can be built up. The relative position for these six modules will
be arranged on one row. With the notation above, the RPM is
shownin (5).

The distances between modules are obtained from the rel-
ative position of modules and included in a distance matrix
(DM), which indicates the intervals among modules. The DM
for the one-dimension six-module case in Fig. 4 is constructed
based on the distance between modules shown in (6). A pa-
rameter § is defined to discriminate among the distances be-
tween modules. Those modules with distance at least § from
any given module are not significant for the relative position of
the module. If module 1, for instance, is the current modulein
Fig. 4, and § = 2, its neighboring modules within a distance of
0 aremodules 3, 4, and 5. Modules 2 and 6 are located farther
than § from module 1 thus the relative positions between mod-
ule 1 and module 2, as well as between module 1 and module
6 are considered insignificant. The insignificant distances have
been highlighted in the first row in the DM in (6).

0 4 2 1 1 3
0 2 5 3 1
0 3 1 1

DM = o 2 4 (6)
0 2
0

By replacing those entries by zeros, a sparse DM (SDM) is
formed as (7). The RPM shown in (5) becomes SRPM in (8)
by substituting less significant entries of RPM by zeros. For
instance, DM(2,4) = 5 denotesthat theinterval between module
2 and module 4 is 5. It is only necessary to record the relative
position if two modules have distance less than 3. Therefore,
the element in the SRPM corresponding to (2,4) is recorded to
be zero, i.e.,, SRPM(2,4):=0. The mechanism of construction
of DM and SRPM for one dimension can easily be extended to
the two-dimension case.

o o0 2 1 1 O
0 2 0 0 1
0 o0 1 1
SDM = 0 2 0 (@)
0 2
0
0O o 11 12 11 O
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0 0 12 11
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0 11

A
8. 9
7-
1 6
5e
2 .
3 4
B

Fig. 3. Example for the apte circuit. A: The relative position graph, its
Voronoi diagram and Delaunay triangulation; B: The final floorplan.
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Fig. 4. An example of one-dimension (one-row) six-module case.
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A planar graph that can reflect the relationship of relative
position of modulesis needed to build up aRPM for the second
stage use. An efficient solution to convert the relative position
graph into a planar graph is to employ the Voronoi diagram
(VD) obtained from the Delaunay triangulation (DT) [8]. Note
that the DT of sites S is the geometric dual of the VD of S. A
VD induces a subdivision of the total area of the layout.

The central points of the circlesin the relative position graph
are regarded as sites of the DT. By connecting any two central
points, i.e. sites, with aline segment, aDT is formed from the
relative position graph. In Fig. 3A, the relative position graph
consisting of the dashed circles obtained from the first stage
is converted into its corresponding DT illustrated by fine lines
and corresponding VD depicted by black bold lines.

As can been seen, by using the VD (see Fig. 3A), the lay-
out is partitioned into nine cells that represent the relationship



of relative position of nine modules. After solving the second
stage optimization model described in the following section, a
zero-deadspace fixed-outline floorplan can be obtained as Fig.
3B for the apte circuit.

V. SECOND STAGE CONVEX OPTIMIZATION MODEL

So far, a high-quality solution with regard to the relative po-
sitions of modules has been obtained from thefirst stage. Inthe
second stage, we determine the precise locations and dimen-
sions of the modules while minimizing the total wirelength.
We focus on fixed-outline floorplanning, and use a Second-
Order Cone Programming (SOCP) formulation, which mini-
mizes wirelength, and yields deadspace-free and overlap-free
floorplans.

SOCPisaspecia class of convex programming problems, in
which a liner objective function is minimized subject to SOC
constraints [10]. As a specia case of convex optimization,
SOCPs have attracted much attention recently [10]. In this
section, a new model is formulated by applying SOCP tech-
niques to incorporate area and aspect ratio constraints. SOCP
problems can be efficiently solved by specialized interior-point
methods. Additionally, the digunctive constraints in (3) and
(4) are replaced by linear constraints using SRPM. Using the
SRPM instead of the full RPM results in fewer constraints for
the second stage model, and thus in faster computation of the
solution.

Also known as quadratic, ice-cream or Lorentz cone, a stan-
dard SOC of dimension n is expressed as [10]

]

whereuw € R" 1.t € R, and the SOC defines a convex set.
The standard form of SOCP may be expressed as follows:

ueR" ! teR,|ull < t} , (10)

min g7z

st.
fluill| < t;y Vi=1,..,L (11
u; =Aix+b;, Vi=1,..,L
ti=clo+d;, Yi=1,..,L,

where the optimization variable is x € R", g € R" isthe
objective function, 4, € R™~V*" p, e R%~! ¢ € R,
d; € Ryu; € R" 1 t; € R, and ||ul| < tisthe standard SOC
constraint.
A. Area Constraints

The area constraint, w; h; = a;, for each soft module can be
relaxed as w;h; > a;. For a; > 0, this area constraint can be
formulated as an SOC constraint:

wih; > a;
< h? + 2hsw; +w? > (h? — 2hw; +w?) + 4a;

= bt wi 2 (s —w)? + (20/a)?

hi—wi
| ()

, Vi
2

(12)

B. Aspect Ratio Constraints

The aspect ratio 5; for module i is defined as 5, =
max{h;,w;}/ min{h;,w; }. To avoid excessively narrow mod-
ulesin either direction in the floorplan, we assume that the as-
pect ratio of module ¢ must be bounded above by a given value
B: > 0.

If given wlov = hlov = | /a; /3%, where a; = w;h;, then
w; > wlov > 0, w? > a;/B5, Brw? > ai, B > hijw;.
Similarly, as h; > hlew > 0, therefore, 87 > w; /h;. With
inequality 37 > h;/w; and w;h; = a;, weobtain 3 > h?/a;.
Further, we obtain a;3; > h?. Combining inequdity 3; >
w?.

The aspect ratio constraint of height of every module de-
noted by inequality a,;3; > h? can be formulated by an SOC
cone constraint as follows.

Vi

wiBl = W ai+ 87 = ||(4 P
7 (2 (2 21?/1 5

The aspect ratio constraint of width of every modul e denoted
by inequality a;3; > w? can be, similarly, formulated by an
SOC congtraint as follows:

L Vi
2

a; — B
aiﬁ;f>wf<:>ai+ﬁf>H<7’ 7’>

2w7;

By incorporating the SOC constraints abovefor the areaand
aspect ratio of the modules, the complete problem of minimiz-
ing the total wirelength for fixed-outline floorplanning is for-
mulated as:

min > cijL(xi, xj,yi,yj)
(z4,y4),wihi 1<i<j<n
st.
1_ 1 1- .
xi+§wi < EU)F and yi+§hi < §hF Vi,
1 1 1 1- .

wlo? < w; < w® and Kl < hp <P Vi, (13)

<2 7111) 2§hz+wz VZ?
< 2h; > 2§al+@’ Vi,

a; — B}
Qwi 9

wherel < i < j < n,and wr and hp arethe fixed width and
height of the floorplan, and L is the rectilinear distance |z; —
z;| + ly; — y;|, between modules i and j. Obviously, L is not
alinear function, thus we need to linearize it. By defining u =
|z; —x;| andv = |y; —y,| and substituting for L using v and v,
the objective function of (13) becomes >, ;. ,, ¢ij(u + v).
The following four constraints are enforced in (13): v > x; —
Tju >z —x, 0>y —y; andv >y — v

Now we obtain aconvex SOCP model that can be efficiently
solved using the commercially available conic software pack-
age MOSEK [12]. Note that the non-overlap constraints are
not shown in (13). They areincluded in this formulation in the
form of linear constraints derived from the SRPM.

Saq—l—ﬁ: V1,




TABLEI
RESULTSWITH OUR MODEL WITH |/O PADS FIXED AT THE BOUNDARY OF THE CHIPS

Circuit Zero-whitespace 5% whitespace 10% whitespace 15% whitespace
CPU time(s) HPWL CPU time(s) | HPWL CPU time(s) | HPWL CPU time(s) | HPWL
n100 55.89 197490 55.32 200490 55.96 203700 55.03 207180
n200 1026.43 356520 1129.14 362070 990.79 367880 881.39 373840
n300 1654.70 477800 1669.590 485180 1428.92 492830 1461.95 500910
TABLEII

COMPARISONSFOR HPWL WIRELENGTH AMONG CAPO, PARQUET(PQ), IMF, AND IMFAFFWITH |/O PADS FIXED AT THE BOUNDARY OF THE CHIPS
(10% WHITESPACE)

Circuit Our Parquet Capo IMF IMFAFF
HPWL HPWL Imprv HPWL Imprv HPWL Imprv HPWL Imprv
n100 203700 242050 | 15.84% 224390 | 9.22% 207852 | 2.00% 208772 | 2.43%
n200 367880 432882 | 15.02% 385594 | 4.59% 369888 | 0.54% 372845 | 1.33%
n300 492830 647452 | 23.88% 522968 | 5.76% 489868 | -0.60% 494480 | 0.33%

V1. EXPERIMENTAL RESULTS

We use the cligue model for transforming hypergraphs to
two-pins nets and the half-perimeter wirelength (HPWL) to
measure the quality of al our floorplans. For a set of mod-
ules with total area A and maximum whitespace fraction +, as
well as given aspect ratio o for a fixed outline, the height H ¢
and width W of the chip can be given asfollows[2]:

Wr = /(1 +7)4/a.

The proposed methodology is applied to the standard GSRC
benchmark to demonstrate its effectiveness and flexibility. In
this section, our model is compared with severa state-of-the-
art floorplanners: Parquet [2, 14], Capo [1], IMF and IMFAFF
[4].

All the modules are chosen to be soft moduleswith fixed ar-
eas and variable dimensions, and (as an approximation) all the
pins are assumed to be at the center of the modules. The multi-
pin nets are transformed into cliques using the clique model.

The first stage was solved using the optimization package
MINOS[13] viathe modeling language AMPL [7] accessed on
the NEOS server [6]. The second stage was solved by MOSEK
[12] onaLinux SUN Fire-V890 server with 16 1200-MHz pro-
cessors and 32 GB RAM. We report only the CPU time for
the second stage. Because solving the first stage takes signifi-
cantly lesstime than the second stage, the CPU timefor thefirst
stage is negligible. The final total wirelength was computed
by HPWL to compare the quality of the floorplans obtained.
For these instances of fixed-outline floorplanning, we respect
the dimensions of the floorplans provided in the GSRC bench-
marks, so that the fixed layout areais a sum of the area of all
of the modulesincluded in a circuit if there are no whitespace.
We chose a=1in (14).

Firstly, we compare our model with Parquet [2, 14], Capo
[1], IMF and IMFAFF [4], where |/O pads were shifted to
the boundary of the chips. In our experiment, 1/0O pads also
were fixed on the boundary of the chips for comparison. We
use the three largest circuits n100, n200, and n300 from the
GSRC benchmarks. All reported wirelengths were measured
using the HPWL, which was also used by Parquet, Capo, IMF

Hp =+/(1+7v)A«a (149

and IMFAFF. Each circuit was run once and the floorplans ob-
tained are reported in Table |. For al the circuits, our model
can achieve complete area utilization, i.e., zero-deadspace, in a
fixed-outline. The results of Parquet, Capo, IMF and IMFAFF
described in [4] only stated that the whitespace allowed is less
than 15%. Therefore, we chose our case of 10% whitespace to
compare with these floorplanersfor HPWL wirelengthin Table
I1. Our model can obtain better wirelength solutions than Par-
quet, Capo, IMF and IMFAFF, except IMF for n300a circuit.
Our model gives an improvement of 0.33% to 23.88% in terms
of the total wirelength in comparison with these floorplanners.
Parquet and Capo can handle hard modules and soft modules.
Our methodology is currently focused on the soft modules but
in principle it is applicable to the hard module case. We are
uncertain which kind of modules IMF and IMFAFF used.

Secondly, our model is compared with the Chen and Chang
model (CC) [5], and Parquet [2, 14], with the I/O pads fixed
a the locations originally given by the benchmarks. In fact,
in this case, the experimental results of Parquet were also re-
ported in [5] for comparison. In our experiments, the HPWL
wirelength computation method and the model itself are the
same as above, but |/O pads werefixed at the original locations
in the benchmarks for comparisons.

Our modd allows the flexibility to have any amount
of whitespace. Not only can our model implement zero-
deadspace floorplanning, but also it implements any percentage
of whitespace, by setting the whitespace fraction ~y to the de-
sired value. Our test results for zero-deadspace and 5% whites-
pace are reported in Table 111, and the comparisons with CC
model and Parquet for 10% and 15% whitespace, are listed
in Table IV and Table V, respectively. The data of zero-
deadspace and 5% whitespace cases for CC model and Par-
quet are not available in their papers. The results reported
in their papers were obtained by defining the maximum per-
centage of whitespace as 10% and 15%. However, the spe-
cific percentage of whitespace they adopted was not pointed
out in the papers. Therefore, we compare our experimental
results under both percentages of whitespace, 10% and 15%,
with theirs. Table IV shows that our model achieves improve-
ments of 9.55%, 11.65%, and 15.79% in the total wirelength



TABLE 111
RESULTSWITH OUR MODEL (I/O PADSFIXED AT THE LOCATIONS GIVEN
BY THE BENCHMARK)

Circuit Zero- 5%
whitespace whitespace
n100 285070 287560
n200 506070 510700
n300 584640 591320
TABLE IV

COMPARISON WITH Parquet4.5(SP) AND CC, 10% WHITESPACE (1/0
PADS FIXED AT THE LOCATIONS GIVEN BY THE BENCHMARK)

Circuit Our Parquet4.5 cC
HPWL || HPWL | Imprv || HPWL | Imprv
n100 || 290010 || 335600 | 13.58% || 320600 | 9.55%
n200 || 515320 || 635500 | 18.91% || 583300 | 11.65%
n300 || 597900 || 760500 | 21.38% || 710000 | 15.79%

compared to CC model for n100, n200, and n300, respectively,
with 10% whitespace. In comparison with Parquet, our model
further improves the total wirelength by 13.58%, 18.91%, and
21.38% for n100, n200, and n300, respectively, with 10%
whitespace. It is a superior feature that our model can pro-
duce greater improvement in terms of the total wirelength with
increasing number of modules compared with the other two
floorplanners (see Table IV and Table V). Particularly com-
pared with Parquet, the total wirelength is reduced by 13.58%
to 21.38% from n100 to N300, respectively.

Our methodology is also compared with the model of Zhan
et a. [15] (in short, ZFS). The floorplans with 15% whites-
pace obtained by Zhan et a.'s model and Parquet4 dealing with
soft modules are reported in [15]. Table VI lists the compari-
son result when 1/0O pads are fixed at the original locationsin
the benchmarks. Table VI again shows that for soft modules,
we can produce greater total wirelength improvement as the
number of modules increases compared with these two floor-
planners.

A very important feature of our methodology is that not only
do the dimensions of the floorplansin our experiments comply
with the original ones provided in the GSRC benchmark, but
al so zero-deadspace floorplans can be obtained. Thus, our ap-
proach is able to guarantee compl ete area utilization in a fixed-
outline situation.

VIl. CONCLUSION

We proposed a two-stage completely convex optimization
methodology for floorplanning that can be applied to both clas-
sical floorplanning and fixed-outline floorplanning. Computa:
tional results on the GSRC benchmark demonstrate that our
methodology clearly outperformsthe results reported in the lit-
erature. Our methodology guarantees compl ete area utilization
in afixed-outline situation, and it also produces floorplanswith
any specified percentage of whitespace. Most importantly, our
methodology provides greater improvement over other floor-
planners as the number of modules increases.

TABLEV
COMPARISON WITH Parquet4.5(SP) AND CC', 15% WHITESPACE (1/0
PADS FIXED AT THE LOCATIONS GIVEN BY THE BENCHMARK)

Circuit Our Parquet4.5 cC
HPWL || HPWL | Imprv HPWL | Imprv
n100 || 292430 | 335600 | 12.86% || 320600 | 8.79%
n200 || 519890 | 635500 | 18.19% || 583300 | 10.87%
n300 || 604420 | 760500 | 20.52% || 710000 | 14.87%
TABLE VI

COMPARISON WITH ZF'S AND Parquet4d WITH 15% WHITESPACE (1/O
PADS FIXED AT THE LOCATIONS GIVEN BY THE BENCHMARK)

Circuit Our ZFS Parquet4

HPWL || HPWL HPWL | Imprv
292430 || 291628 342103 | 14.52%
519890 || 572145 630014 | 17.48%
604420 || 702822 770354 | 21.54%

Imprv
-0.28%
9.13%
14.00%

n100
n200
n300
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