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ABSTRACT
Field Programmable Gate Arrays (FPGAs) have gained in
commercial acceptance because they o�er instant manufac-
turing turnaround and low costs. However, FPGAs are con-
stantly hard pressed to keep up with the requirements of
the more complex and larger scale circuits which are being
targeted for them. Routability of a circuit depends on the
FPGA architecture, the placement, and the interconnection
complexity of the circuit to be placed and routed. This pa-
per explores the use of Rent's rule as a complexity metric for
improving the placement of circuits on a target FPGA archi-
tecture, such that routing resource utilization is improved. A
new simulated annealing based placement algorithm is pre-
sented and experimental results are presented to illustrate
the validity of the approach for certain example circuits and
the ISCAS benchmarks.
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1. INTRODUCTION
This paper addresses the problem of how to derive a good

placement such that the routing resources of a target FPGA
are best utilized. We propose the use of a well known met-
ric for interconnection complexity, i.e. Rent's exponent, for
placement. We show how a well known placement algorithm
i.e. simulated annealing as implemented in VPR [2], can
be modi�ed to use these metrics during the optimization
process. This approach has been implemented in a package
called MVPR, which is essentially VPR with a modi�ed
cost function.
The organization of this paper is as follows: Section 2 out-

lines the prior work in the problem. Section 3 describes the
problem statement and our CAD 
ow, analysis of the prob-
lem, the theoretical background for the metrics used in this
paper, and the methods used to calculate them. We dis-
cuss interconnect requirements in Section 4. Section 5 de-
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scribes the new placement algorithm used in MVPR. Sec-
tion 6 describes the experiments and the results that we have
obtained. In section 7, we present the conclusions derived
from our work.

2. PRIOR WORK
Various authors have tried to capture interconnection re-

quirements for routability of circuits. El Gamal [8] used a
stochastic model to estimate routability for channeled gate
arrays. This was extended by Chan et.al.[4] to FPGAs.
Alexander [1] used approximate solutions to a sequence of
Steiner Tree-on-a-graph problems for routing. Wu et al. [15],
[16] showed that simpli�ed variants of FPGA routing are re-
ducible to the graph coloring problem and used this result to
show the NP-hard nature of FPGA routing.
Wood et al.[14] estimated FPGA routability using boolean

satis�ability with BDDs, extending work that Devadas et
al. [6] had done for ASIC routing. However, the model is
impractical for large circuits due to the BDD size problem.
Exact methods for routability estimation are very hard to im-
plement. Hence we look at approximate or empirical methods
for routability estimation.
The best known empirical routability estimate is Rent's

rule. First observed by Rent at IBM, and also derived by sev-
eral others; e.g. Donath[7], Brown[3], the relation was �rst
studied extensively in large circuits by Landman and Russo
[11]. Following this, various methods have been proposed to
estimate Rent's exponent based on partitioning algorithms
[9] and interconnect behavior e.g. [12]. We calculate Rent's
exponent using both empirical analysis and analytical meth-
ods. In sections 3 and 5, we show how Rent's exponent is
used for achieving a good placement.

2.1 Rent’s Rule Overview
E.F. Rent of IBM published two internal memoranda in

1960 that contained the log plots of number of pins versus
number of circuits in a logic design, which tends to form a
straight line in a log-log plot, and yield the relationship:

N io = K:Ng
p (1)

Here, Nio is the number of pins or the number of exter-
nal signal connections to a logic block, Ng is the number of
logic gates in the block, p is the Rent's exponent, and K is
a proportionality constant, which is the average number of
interconnections per block.
We can further de�ne the Rent's exponent for a given archi-

tecture, pa, as the exponent of a characteristic function that
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captures the interconnection resource growth of an FPGA a'

la [5]. While this is, strictly speaking, not the same as the
Rent's function for a design, it serves to illustrate the idea.
We empirically determine pa by using the Rent's exponent
of a design with uniform interconnect growth, which best
utilizes the routing resources of the architecture.
Van Marck et al. [12] proposed a simple technique for es-

timating the local Rent's exponent for a design. The local
Rent's exponent is de�ned as the slope of the log-log plot
of number of interconnections from a block versus length of
interconnection. This technique �ts in very neatly with the
design philosophy of VPR's [2] placement algorithm, which
uses a linear function of wire length as a cost function for a
simulated annealing schedule. We show how the cost function
can be modi�ed to re
ect the placement requirements due to
local variations in interconnection complexity in Section 5.

3. FPGA PLACEMENT PROBLEM
In this section, we describe the problem and the approach

taken to solve it.

3.1 Problem Statement
Given an FPGA with a 2-D mesh architecture, with Rent's

exponent, pa, and a design mapped to k-input LUTs, having

Rent's exponent, pd, �t the design in the architecture such
that the area of the design is minimized subject to the con-
straint of a given bounding box aspect-ratio requirement.
Some of the architecture LUTs will be left unused, so that

there may be enough routing resources to interconnect the
design's computing LUTs. The goal is to decide which of the
architecture LUTs should be left unused. As will be shown
later (See Section 5), for a good placement algorithm, this is
mainly true for cases where pd > pa.

3.2 Analysis
The problem that we have to solve is to integrate knowl-

edge of the interconnect complexity of a given design into
the FPGA placement process. For a given architecture, the
possible variables that we have during the placement process
are as follows:

1. Position of LUT in FPGA fabric: This corresponds to
the mapping of the design LUT to a speci�c LUT in
the FPGA fabric. The placement process should be
such that the interconnect requirements of the design
LUTs are taken into account when doing the mapping.

2. Size of the FPGA fabric: This parameter warrants fur-
ther examination. Let us call a Minimum Size fabric,
a geometric area, with aspect ratio corresponding to
the required aspect ratio, such that the number of the
LUTs in that area are approximately equal to the num-
ber of LUTs in the design. For example, a design with
100 LUTs and an aspect ratio of 1, would require a
minimum FPGA fabric of 10x10 LUTs.

We should increase the fabric to an appropriate size based
on the di�erence in Rent's exponents to intelligently place
the design on the new sized fabric. In a sense, we change the
routing resource growth of the architecture to match that of
the design. We do this by choosing the right LUTs to be
mapped to. The fact that we leave certain LUTs untouched,
is, equivalent to making sure that the routing resources of

these LUTs are advantageously used for other LUTs in the
placed design.
The methodology we used for our CAD 
ow is shown in

the Figure 1.

Routing & Placement

VPR

Tech-mapped Ckt Arch Description

Design Netlist

Technology mapper
       V-Pack

Benchmark SuiteRandom Benchmark 
Generator -gnl

Figure 1: Basic FPGA CAD 
ow

3.3 Rent’s exponent for the Design
Finding the Rent's exponent for a given design is relatively

easy using the method proposed by Van Marck et al. [12].
Their method proposes using the net length distribution as
a means to calculate the relation between interconnection
complexity and block count. They describe a Local Rent's
exponent for �ne grain estimation of circuit complexity and
methods to calculate it. We use this metric in our method-
ology.
For a block in a design, vi, and for a given interconnect

length, lj , we count the number of interconnections Nj , of
length lj from that block vi (i.e. both input and output nets),
and �nd the best-�tting line on the log(Nj) versus log(lj).
The local rent's parameter is de�ned as the slope of this de-
rived function. This local rent's parameter, pld, of the design
is a good measure of the local interconnection complexity
of the circuit. The global Rent's exponent p

g
d, which is the

exponent de�ned by Rent's rule, is computed by taking the
sum of all the interconnection length distributions over all
the blocks or LUTs, and will equal the one de�ned by Land-
man [11], only if the design has a uniform interconnection
complexity.

4. FPGA INTERCONNECT ANALYSIS
Programmable interconnect is the dominant contributor to

die area and cycle time in FPGAs. To support large, active
functional density, the LUTs must be richly interconnected.
In this section, we analyze interconnect growth with circuit
size and establish a relationship between FPGA size and rich-
ness of FPGA interconnect. Figure 2 shows the features and
a canonical LUT tile of conventional mesh-type FPGA ar-
chitectures.

4.1 Minimum FPGA Fabric Calculation
We now look at how interconnect requirements and FPGA

fabric size are related. As we have discussed before, the
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Figure 2: Conventional FPGA Architectural De�ni-
tions.

best characterization to-date which empirically estimates in-
terconnect requirements is Rent's Rule (Equation (1)).The
amount of interconnect we need to provide depends upon
the connectivity of the FPGA. If pd > pa, we cannot simply
map the design net-list on top of the device LUTs. We have
to estimate how much larger the FPGA must be than the
number of LUTs in the design in order to accommodate the
highly connected design.
Let us call this scaling factor C. In order for the FPGA to

accommodate the design, it must have enough i/o bandwidth
into each lower-level partition. If we denote the interconnect
requirements at the top level for the design as Niod and for
the architecture as Nioa , then the above requirement is sum-
marized in Equation (2):

Niod � Nioa (2)

The only way to accommodate the requirement in Equa-
tion (2) with a �xed pa is to scale up the size of the available
FPGA area. Since the average number of interconnections
for a design is �xed before and after it has been placed-and-
routed,Kd = Ka. Now, applying Equation (1), the above
means:

Kd:N
pd
g � Kd(C:Ng)

pa (3)

Solving this relation for equality, at the tight bound :

N
pd
g = (C:Ng)

pa (4)

N
pd
pa
g = C:Ng (5)

C = Ng

pd
pa
�1

(6)

We assume here, that once we can accommodate intercon-
nect requirements at the top level of hierarchy of the design,
all other levels are also accommodated as well.
With the above discussion, we conclude that for a given

FPGA with �xed channel width, and a given aspect ratio
A, the FPGA fabric size should be scaled by C, which is
calculated based on the relationship between pd and pa. The
X- and Y- dimensions of the FPGA fabric are calculated
based on the required aspect ratio A, as done in VPR [2].

5. MVPR’S PLACEMENT ALGORITHM
MVPR uses a simulated annealing algorithm [10] for place-

ment [2]. VPR uses an approximation of the total net length
for a particular placement as the cost function. Using the lo-
cal Rent's exponent measure that is described in Section 3,

we derive a modi�ed cost function, that attempts to take
into account the di�erence in the interconnect complexity
for a design LUT and the available routing resources for a
particular placement.
We begin by calculating the local Rent exponent, pld for

every LUT in the circuit. Since the FPGA that we are tar-
getting is a 2-D mesh, we can make the assumption that
Rent's exponent is uniform throughout the architecture and
hence conclude that the local Rent's exponent, pla, is the same
as the global Rent's exponent, pga or pa.
For every placement, we calculate the absolute di�erence

between the local Rent's exponents jpld � plaj and use this
to scale the cost function using the bounding-box lengths.
In other words, for every iteration of the simulated anneal-
ing, the cost associated with the change in the net lengths
is modi�ed by the cost associated with changing the local
Rent's exponent.
The cost of this calculation is not signi�cant since, we need

to do a calculation of the local Rent's exponents for all the
blocks only once. Following the initial calculation, the local
Rent's exponents are calculated only for those blocks that
can participate in a swap. This initial global calculation
takes O(nlog(n)) time, since we have to do a sort of the
net-lengths to calculate the distribution. Following this, we
need to update it only for the blocks and associated nets that
are swapped in an iteration of the anneal.
The cost function is now:

NnetsX

n=1

(1 + jpldn � paj) (wire lengthn) (7)

where pldn corresponds to the local Rent's exponent for the

nth block, and wire lengthn corresponds to the wire length
of the n-th wire. In our experiments, the wire length is es-
timated using the estimation method implemented in VPR
[2].
Here we provide a qualitative analysis of the modifying

factor jpldn � paj. Again, the e�ects are di�erent depending

on the value of pldn � pa. We see two cases:

� pld � pa: In this case, the interconnect requirements
of the design is less than the routing resources of the
architecture. So, at �rst glance, this is uninteresting.
However, as the Figure 3 shows, the design may have
regions with di�erent local interconnect requirements.
As shown in the �gure, R2 has complexity less than
R1, while R is a global metric that does not capture
this. In such a case, during the iterative placement
process, a swap of LUTs that tries to ensure that this
variation in interconnect requirement is minimized will
have less cost than a swap that assumes that all inter-
connect requirements are uniform. Hence, a more �ne
grain approach to interconnect complexity comparison
is done.

� pld > pa: In this case, the algorithm has the freedom
to move into the direction of changing the interconnect
complexity of the architecture. This is facilitated by
the increased area fabric that we allow for placement.
The algorithm has the freedom to choose certain LUTs
in this fabric so that pa is changed by the \elimination"
of certain LUTs from the fabric, such that it is closer
to pd.
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Figure 3: Interconnect complexity variations

6. EXPERIMENTS
In this section, we detail the various experiments that we

conducted on our tool and the data that we collected from
them. We used three architectures, all of which use the sub-
set switch and 4-input/1-output LUTs. The track segmenta-
tion is the only parameter changed (1, 0.5:0.5 distribution of
1 and 2 segments, and 2). For the ISCAS benchmarks, only
the architecture with segmentation of 1 was used.

6.1 Rent’s exponent for the FPGA
Finding the Rent's exponent analytically for a given FPGA

architecture is a diÆcult problem. Prior research in this area
(see Section[2]), indicates that this is beyond the scope of
this paper. However, it is still possible to �nd the Rent's
exponent for a given architecture, pa, empirically.
We de�ne network utilization as, the ratio of used intercon-

nect to the available interconnect in the FPGA after place-
and-route. We use the idea that, given an architecture de-
scription and a good place-and-route tool, the interconnec-
tion complexity of the circuits that best utilize the routing
resources on the FPGA, is a close measure of the available
interconnection complexity on the FPGA.
In other words, we place-and-route various designs with

various known rent's exponents on the target FPGA archi-
tecture and �nd the function between the rent's exponent of
the placed circuits and the network utilization of the FPGA.
The maximum value of this function is taken as the Rent's
exponent of the architecture pa.
We generate random benchmark designs of uniform inter-

connection complexity, for a constant gate count and a range
of Rent's exponents (0:1 < pd < 0:9), using gnl [13]. The
size of the circuits (about a 1000 LUTs) and the number of
routing tracks was chosen (7) in order to minimize the e�ect
of small circuit size and granularity of the tracks. The re-
sulting data from the above empirical methodology is plotted
and the graphs are shown in the Figures 4(a),4(b), and 4(c).

6.2 Random Benchmark Circuits
34 benchmark circuits with a uniform interconnect distri-

bution throughout the circuit was generated using gnl and
was used as the benchmark set for the following experiments.
All the circuits have 1000 LUTs and have varying Rent's ex-
ponents from 0.2 to 0.9.

6.2.1 Routing Efficiency
In this experiment, we tried to determine whether the track

utilization required to place-and-route a design changes with
the new placement methodology. The same benchmark cir-
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cuits were used for this experiment. The channel width was
�xed to the minimum channel width required to place-and-
route all the circuits.
The results are shown in the Figure 5. The results are

shown for all the 3 architectures evaluated. As we can see,
as pd increases, the track utilization as a fraction of available
tracks and utilized tracks follow a bell shaped curve for both
VPR and MVPR. However, in the case of MVPR, the
routing utilization eÆciency is higher than that of VPR, by
as much as 10-15%, in all cases, except for extreme values of
pd. The results in terms of area per LUT are shown in the
Figure 7.

6.2.2 Area Requirements
In this experiment, we tried to determine whether the area

required to place-and-route a design changes with the new
placement methodology. The channel width was �xed to the
minimum channel width determined from the previous ex-
periment to place-and-route all the circuits. The results for
area utilization are presented in absolute numbers i.e. as
total transistor equivalents and per LUT used.
The results in terms of total area are shown in the Figure

6. The results are shown for all the 3 architectures evaluated.
As we can see, as pd increases, the area utilization in absolute
terms increases for both VPR andMVPR. However, in the
case of VPR, the area requirement is as much as 25% higher
than for MVPR, especially for cases, where pd > pa. We
see that the area change is not signi�cant for the architecture
where segmentation is 2. This could be because due to track
segmentation having e�ects on the routing that we have not
considered.

6.3 ISCAS benchmarks
The ISCAS89 benchmarks were evaluated solely for the

purpose of determining whether circuits with varying require-
ments in local interconnection complexity would be placed
better with MVPR or not. The circuits were placed and
routed on an architecture with a segmentation of 1. The re-
sults are shown in Table 1. The results for MVPR versus
VPR are almost the same except that we get a decrease in
wire length and an increase in routing utilization for some
of the benchmarks. We get better routing utilization using
MVPR, even when we do not resize the circuit, as compared
to VPR. However, this is only about 2%�5%. The problem
seems to be that variation in local interconnect complexity
is not being suÆciently weighted in the optimization, since
the benchmarks with uniform interconnect complexity show
a marked improvement with MVPR.

7. CONCLUSION
In this paper, we presented a new simulated annealing ap-

proach for taking into account interconnect complexity issues
during placement.
This algorithm is able to reduce the area overhead by

10-15% on the selected architectures. It also increases the
resource utilization by about 25%, without any signi�cant
increase in run-times. We also show analytically, that the
FPGA fabric required for placement can be sized to a opti-
mal value depending on the relationship of pd and pa. Con-
sequently, we can conclude that using interconnection com-
plexity to guide placement is a worthwhile approach.
However, this approach is highly dependent on accurate

estimation of Rent's exponent. We have not explored the
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Table 1: Results for ISCAS Benchmarks
Circuit vpr mvpr vpr avg. mvpr avg. vpr mvpr vpr mvpr

Trk Trks wire len. wire len area/LUT area/LUT util% util%
C2670 4 5 5.82 4.79 1102.63 1368.11 0.19 0.12
C3540 6 7 7.99 8.10 1634.53 1878.25 0.68 0.58
C432 4 4 5.18 4.96 1159.77 1159.77 0.76 0.72
C499 5 5 6.68 6.26 1447.80 1447.80 0.69 0.65
C6288 4 4 5.41 5.29 1121.00 1121.00 0.69 0.67
C7552 5 5 7.30 7.56 1371.93 1371.93 0.48 0.50
C880 5 5 5.83 5.52 1424.67 1424.67 0.69 0.66
alu2 5 5 6.64 6.70 1400.11 1400.11 0.63 0.64
alu4 5 5 7.69 7.57 1387.26 1387.26 0.70 0.69
s1196 4 4 5.28 5.09 1115.68 1115.68 0.63 0.61
s1238 4 4 5.26 5.37 1115.68 1115.68 0.63 0.65
s1423 3 3 3.11 3.18 871.17 871.17 0.49 0.51
s208.1 2 2 2.40 2.43 626.65 626.65 0.57 0.58
s344 2 2 2.50 2.51 616.65 616.65 0.56 0.57
s349 2 2 2.76 2.64 616.65 616.65 0.63 0.60
s382 3 4 3.12 3.04 890.14 1136.63 0.46 0.34
s38417 4 4 4.22 4.05 1090.68 1090.68 0.51 0.49
s400 3 3 3.54 3.25 890.14 890.14 0.56 0.51
s420.1 3 3 2.76 2.83 887.66 887.66 0.45 0.46
s444 3 3 3.17 2.90 887.66 887.66 0.49 0.45
s526 3 3 3.76 3.62 887.66 887.66 0.59 0.57
s526n 3 3 3.78 3.94 887.66 887.66 0.54 0.56
s641 4 3 2.43 2.51 1124.41 873.88 0.28 0.26
s713 3 3 2.81 2.78 880.09 873.88 0.48 0.31
s838.1 3 3 2.84 2.86 876.05 876.05 0.47 0.47
s838 3 3 2.78 2.82 874.92 874.92 0.45 0.45
s953 4 4 4.61 4.60 1116.86 1116.86 0.55 0.55
Average 3.67 3.68 4.27 4.08 1048.38 1066.85 0.53 0.54

issues of how this placement will a�ect timing or power con-
sumption. Second order e�ects of the assumptions that we
have made have not been considered on the placement re-
sults. However, the size of the circuits considered are large
enough to bring in some measure of con�dence that this is a
reasonable approach.
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