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Abstract : We study the problem of the prediction of interconnection dimensions for FPGAs,including estimating
interconnection length and channel width. Experimental results show that our estimates are more accurate than

those of existing methods.
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1 Introduction

For field programmable gate array (FPGA)
design flow , the routing of nets is difficult and
time-consuming. In commercial CAD tools,the ma
jority of desgn timeis spent in routing nets. With
the increasing sze and complexity of FPGA de
vices, CAD tools face the challenge of achieving
good convergence of mapped designsin an acceptar
ble time frame!* . The prediction of wiring require-
mentsisthe problem that demands the most atten-
tion. For FPGA design flow ,where the routing re-
urces are fixed,the most useful parameter de-
rived from the estimation process is the peak rou-
ting demand ,i. e. routing channel width. Intercon-
nect prediction is a difficult problem with applica
tions spanning the entire FPGA design flow. Reliar
ble interconnection estimates will help during
placement ,routing ,and al o during FPGA architec-
ture studies” .

In this paper ,we study the problem of inter-
connection sze prediction for FPGAs. A technique
for estimating interconnection length considering
external interconnections is presented. A method
for estimating FPGA channe width based on the
total interconnection length of the design is pro-
posed as well.

Article ID : 0253-4177(2006) 07-1196-05

2 Interconnection length estimation

There have been many attempts to predict in-
terconnection lengths’® ®. However ,none of them
have cons dered interconnections connecting a gate
to the outside of the chip (external interconnec
tions) . In this section ,we will present an improved
algorithm that includes the estimation of external
interconnections.

2.1 Design and partitioning model's

A design can be represented by a set of inter-
connected blocks asin Fig.1(a). A net that con-
nects the blocks within the design is called an in-
ternal net ,and a net that isconnected to the outside
of the desgniscaled an external net. Every exter-
nal net is connected with exactly one pin. Thus the
number of pinsequalsthe number of external nets.
The design is placed in a physical architecture,
which can be modeled as a square Manhattan grid
asin Fig.1(b). In this grid ,each grictpoint (cell)
corresponds to a location where one logic block of
the design can be placed. Each pad corresponds to a
pin of the desgn. The gridlines correspond to the
routing channels. All lengths are measured usng a
Manhattan metric.
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Fig.1 Recursive partitioning scheme of the design (a)
and the physical architecture (b)

The desgn and physical architecture are parti-
tioned hierarchically into sub-desgns and sub-ar-
chitectures. Due to the symmetry of the architec
ture ,each step in the partitioning hierarchy divides
the desgn and architecture into four sub-parts.
Each sub-design (sub-architecture) at a hierarchi-
cal level condstsitself of four sub-designs (sub-ar-
chitectures) of equal size at the next (lower) level
of the hierarchy ,as shown in Fig. 1. Each sub-de-
sgnispaired with a sub-architecture. The partitio-
ning and placement process continues until each
logic gate is paired with one grid location. Let us
number the recurson levels from K (whole de-
sign) , K- 1(four sub-designs that constitute the
whole design) down to O (four sub-desgns consis
ting of only one logic gate) .

2.2 Esimation of external interconnection length

The length of an interconnection between a
gate and a pin should be computed as the length
between the cell where the gate is placed and the
closest available 1/O pad location. Assuming the
square grids have sde length 2 ,the length of each
external interconnection is bounded by 1 andA . Ac
curate estimates should take placement optimiza
tion into account. An optimal placement strategy
will make most external interconnections close to
the chip border. In order to include this message in
the estimates,we first analyze the interconnection
length distribution of external interconnections.

The interconnection length distribution shows the
number of interconnections for each length. By e
numerating all posshle external interconnections,
we obtain the interconnection length distribution of
the external interconnections (called architectural
distribution) ,which only depends on the physcal
architecture. The distribution P (1) of a given
length | is given by

P(1) _A+1-2]

e (1)

Next we will compute the probability of anin-
terconnection of a given length | to be assgned an
actual placement. It depends on the interconnection
complexity ,and thus on the Rent exponent r. This
exponent is a measure of the interconnection conr
plexity of the design. Its value is bounded by 0 and
1. Snce every cell in the architecture should have
the same occupancy distribution ,the occupancy dis
tribution f (1) of external interconnections should
be equal to the one for internal interconnections'®

() 1P (2)

The interconnection length distribution of ex-
ternal interconnections is the product of its archi-
tectural distribution and its occupancy distribu-
tion. Combining Eq. (1) and Eq. (2) ,the expres
son of average external interconnection length Lext
is
A A

2r-2

IAZ|P(|)f(|) _ IAZU (A +1-21)]

Z[ P73 +1- 21)]

(3
The sumsin Eq. (3) cannot be computed ana
lytically as a function of A . To obtain an analytical
form of the average external interconnection
length ,we approximate Eq. (3) by Eq. (4) ,multi-
plied by a scaling factor.
A
[‘1|2"2(2\ +1- 1)dl

L'ext =)

Let =
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(4)
In order to determine the scaling factor ,we
calculate the external distributions usng Egs. (3)
and (4) for designs with different numbersof gates
and a Rent exponent r equal to 0. 6. The results can
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be seen in Fig. 2. Thisfigure shows that with the
introduction of a scaling factor equal to 0. 74 ,the
estimate coincides with the theoretical data for a
wide range of numbersof gates. We carry out many
experiments for different r(0. 4<r<0 8) ,and find
that the scaling factor depends on r and equals
0.15r* - 0. 06r + Q. 72. The average value of the
scaling factor r is 0. 74. Therefore ,the average ex-
ternal interconnection length is approximately e
qual to

Lex =0 74L'e)<t (5)
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Fig.2 Evaluation of the approximation of the average
externa interconnection length

2.3 Esimation of average interconnection length

Assuming the total gate number G equals 4",
inwhich Kisthe number of partitioning layers,the
average interconnection length L of the whole de-
sgnis estimated by computing the average inter-
connection number Ny and the average interconnec-
tion length |« of every layer.

L= ki(wk)/kim (6)

Thus combining internal interconnection and exter-
nal interconnection ,we can compute the averagein-

terconnection length of the whole design as
K-1

(Nklk) + Next Lex
LZ t L ext

K-1
kZ Nk + Nex
According to Ref.[3],

N = 0. 5AG(1 - 47 ) gD (8)

W2 -1 032 (r+ 4222 4 (41 +7)
Ik =2 x X 2r+1 2r
3 T r+10 3. 2r+7)2% + (4r + 5)

_l. r - 1 42r+1 _ 32r+2 + 3 X 22r+1 _ ﬂ

3 v+l #ogiazxe 11 O
The number of external interconnections Ne« can
be obtained usng the Rent rule,

L =

(7)

Ne« = AG' (10)
where A is the average number of point-to-point
interconnectionsfor alogic block and Gisthe num-
ber of gatesin the desgn. Combining equations 4,
5,8,9 and 10 ,the average interconnection length of
the whole design is obtained.

2.4 Validation

In order to validate our new external intercon-
nection length estimates,we set up some experi-
ments using several benchmark circuits'® . For each
of the benchmark circuits, the total number of
gates G and the Rent exponent r are presented in
Table 1. Table 1 also shows the experimentally
measured interconnection lengths Lep , theoretical
interconnection length estimate Lo ,Lp and L using
Donath’ s technique ,the improved Donath’ s tech-
nique,and our own technique, regectively. It is
clear from the table that our estimates are closest
to the experimental results for all benchmark cir-
cuits,especialy for the desgn with low intercon-
nection complexity (low r). Compared to Lo and
Lo ,the improvements of our estimates are 29 %
and 5 % regpectively.

Table 1 Comparison of average interconnection length

Improved .
Donathl6] Our anayss
No G r | Lep Donathl6]
Lp | Error/ %| Lip | Error/ %| L | Error/ %
1 528 10.59| 2.15]4.02 47 2.88 25 2.72 21
2 57610.75] 2.85]5.26 46 4.13 31 3.42 17
3 6710.57] 2.63|4.07 35 2.89 9 2.76 5
4 1239[0.47] 2.14[3.76 43 2.45 13 2.42 12
5 2148|0.75| 3.50(7.37 53 5.74 39 4.96 29
6 1024|0.40] 1.96(3.28 40 2.02 3 2. 00 2
7 1024|0.50] 2.21(3.79 42 2.60 15 2.55 13
8 1024]|0.60] 2.58 [4.61 44 3.32 22 3.16] 18
Average 44 20 15

3 Channd width esimation for FP-
GAs

Recently ,some &forts have been made to use
Rent’ s Rule to address the problem for FPGAs.
RISA™ is an empirical interconnection estimation
method based on the wiring distribution map ,de
rived from a large number of randomly generated
optimal Steiner trees. Lou’ s Method™” estimates
routing demand usng the ratio of the number of
paths that use a specific routing region to the total
number of possble paths. The fGREP" and
f GREP2!”) methods are new interconnection esti-
mation methods based on the concept of routing
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flexibility over the routing elements. In this section
we propose our new estimation method,which is
very dsmple to understand and easy to compute.

3.1 Proposed model

Recently ,it has been found that routability is
the best predicted by estimating total wire length
inacircuit rather than the average wire length™" .
Assuming the number of logic blocks N needed to
realize a design in FPGA equals 4“ ,we can obtain
the total wire length

K-1

Liota = kZ(Nk|k) + Next Lext (11)

For 2D idand-style FPGA s with one-unit-long

wire segments™ channel width W is given by
K-1

N | + NeX Le)(
. _ JZ( klk) t L ext
2N 2 x 4%

where N, Ik, Nex and Le« can be obtained usng e
quations 8,9,10 and 5.

(12)

3.2 Validation

In order to validate our new model ,we set up
some experiments usng 20 benchmark circuits
from MCNC. For each of the benchmark circuits,
the total number of CLBs and the Rent exponent r
are presented in Table 2. The results are al 0 tabu-
lated in Table 2. Wver ,Wa ,Wee ,We ,Wr and W
are, respectively , the channel width predicted by
VPR’ s detailed router , Gamal’ s model in which
the average interconnection estimation only consd-
ers internal interconnections, Gamal’' s model in
which the average interconnection estimation con-
siders internal and external interconnections, the
f GREP method ,the f GREP2 method ,and our new
model. The Wver in the Table 2 is different from
the literature!™ . The number of I/ O pads per row
(column) in Ref.[1] is1 (io_rat =1) in the FP

GA architecture description file. We set io _ rat

2.,inline with current commercial FPGAs ™! .

Table 2 Comparison of channel width

Benchmark Gamal f GREP. f GREP2 New model
circuit #CLBY 1| Wye Wal Error/ % | Wece Error/ % WEe Error/ % | We Error/ % W Error/ %
Alud 1522 [0.67] 11 13.07 18.8 12.56 14.2 9.97 9.4 9.80 10.9 9.95 9.5
Apex2 1878 [0.72] 12 15.33 27.8 14.35 19.6 10.54 12.2 10.92 9 11.47 4.4
Apex4 1262 |0.80f 14 19.71 40.8 17.06 21.9 11.96 14.6 12.12 13.4 13.98 0.1
Bigkey 1707 [0.51 7 7.91 13 7.86 12.3 7.47 6.7 7.76 10.9 6.14 12.3
Clma 8383 |0.63] 13 14.67 12.8 14.44 11.1 11.06 14.9 11.92 8.3 11.31 13
Des 1591 |0.65] 8 12.27 53.4 11.88 48.5 8.07 0.9 8.31 3.9 9.38 17.3
Diffeq 1497 {0.60 9 10.47 16.3 10.27 14.1 8.09 10.1 8.88 1.3 8.07 10.3
Dsp 1370 [0.52 8 8.16 2 8.09 1.1 7.56 5.5 7.61 4.9 6.33 20.9
Hliptic 3604 ]0.71f 13 14.85 14.2 13.99 7.6 10.46 19.5 10.53 19 11.15 14.2
Ex1010 4598 [0.68] 12 17.94 49.5 17.44 45.3 10.73 10.6 11.39 5.1 13.73 14.4
Ex5p 1064 |0.80f 16 19.71 23.2 17.06 6.6 12.97 18.9 13.12 19.5 13.98 12.6
Frisc 3556 |0.74f 16 16.33 2.1 15.07 5.8 11.76 26.5 12.37 22.7 12.10 24.4
Misex3 1397 [0.75] 12 16. 86 40.5 15.43 28.6 10.02 16.5 10.72 10.7 12.42 3.5
Pdc 4575 [0.77] 19 25.85 36.1 23.86 25.6 16. 16 14.9 16.24 14.5 19.11 0.6
298 1931 {0.49 9 7.44 17.3 7.40 17.8 7.59 15.7 8.34 7.3 5.78 35.8
38417 6406 |0.57 9 11.58 28.7 11.49 27.7 8.90 1.1 8.76 2.7 8.97 0.3
S38584.1 | 6447 |0.55] 9 10.72 19.1 10. 66 18.4 8.94 0.7 8.68 3.6 8.31 7.7
Seq 1750 |0.75[ 13 16.86 29.7 15.43 18.7 10.38 20.2 10.99 15.5 12.42 4.5
Sla 3690 |0.78] 16 18.52 15.8 16.45 2.8 11.87 25.8 12.87 19.6 13.37 16.4
Tseng 1047 [0.57 8 9.53 19.1 9.40 17.5 7.38 7.8 7.43 7.1 7.36 8
Average 24.01 18.26 12.63 10.51 11.51

Wa ,\Wee ,\Wr ,Wr ,and W are compared with the
experimental results Wver. Compared to Wa ,Wee and
WEe ,the improvements of our estimates are 12 50 %,
6 75%,and 1 12 %, regectivdy. In addition,the inr
provement of Weeis5 75 % compared to Wea . Thisre
sult further validates the accuracy of the average inter-

connection length prediction described in section 2. Al-
though the error of our estimates is 1% larger than
that of Wr ,our estimates can save much time by mak-
ing the computations more eadly.
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4 Conclusion

We have presented the problem of intercon-
nection prediction for FPGASs. In the interconnec
tion length estimation,we introduce the external
interconnection estimation. The results show that
our estimates are closest to the experimental re-
sults. Compared to that of Donath’ s technique and
the improved Donath’ s technique, the improve
ments of our estimates are 29 % and 5 % respective-
ly. Also ,we propose an FPGA channel width esti-
mation method based on the total interconnection
length of the design. Compared to Wa ,We and
We, the improvements of our estimates are
12 50%, 6. 75%, and 1 12 %), respectively. Al-
though the error of our estimatesis 1 % larger than
that of Wr ,our estimates can save much time by
making the computations more easly.

In condusgon ,usng our new methods ,the estima
tions of the interconnection length and the channe
width for FPGAs are very easy and accurate.
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