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1 　Introduction

For field p rogrammable gate array ( FP GA )

design flow , t he routing of net s is difficult and
time2consuming. In commercial CAD tools ,t he ma2
jority of design time is spent in routing net s. Wit h
t he increasing size and complexity of FP GA de2
vices , CAD tools face t he challenge of achieving
good convergence of mapped designs in an accepta2
ble time f rame[1 ] . The prediction of wiring require2
ment s is t he p roblem t hat demands the most at ten2
tion. For FP GA design flow ,where t he routing re2
sources are fixed , t he most usef ul parameter de2
rived f rom t he estimation p rocess is t he peak rou2
ting demand ,i . e. routing channel widt h. Intercon2
nect p rediction is a difficult p roblem wit h applica2
tions spanning t he entire FP GA design flow. Relia2
ble interconnection estimates will help during
placement ,routing ,and also during FP GA architec2
t ure st udies[2 ] .

In t his paper ,we st udy t he problem of inter2
connection size p rediction for FP GAs. A technique
for estimating interconnection length considering
external interconnections is p resented. A method
for estimating FP GA channel widt h based on the
total interconnection lengt h of t he design is p ro2
posed as well .

2 　Interconnection length estimation

　　There have been many attempt s to p redict in2
terconnection lengths[ 3～8 ] . However , none of t hem
have considered interconnections connecting a gate
to t he out side of t he chip ( external interconnec2
tions) . In t his section ,we will p resent an improved
algorit hm that includes t he estimation of external
interconnections.

2. 1 　Design and partitioning models

A design can be rep resented by a set of inter2
connected blocks as in Fig. 1 (a) . A net t hat con2
nect s t he blocks wit hin t he design is called an in2
ternal net ,and a net t hat is connected to the out side
of t he design is called an external net . Every exter2
nal net is connected wit h exactly one pin. Thus t he
number of pins equals t he number of external net s.
The design is placed in a p hysical architecture ,
which can be modeled as a square Manhat tan grid
as in Fig. 1 ( b) . In t his grid ,each grid2point (cell)

corresponds to a location where one logic block of
t he design can be placed. Each pad corresponds to a
pin of the design. The gridlines correspond to t he
routing channels. All lengt hs are measured using a
Manhat tan met ric.
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Fig. 1 　Recursive partitioning scheme of the design (a)

and the physical architecture (b)

　　The design and p hysical architecture are parti2
tioned hierarchically into sub2designs and sub2ar2
chitect ures. Due to t he symmet ry of t he architec2
t ure ,each step in t he partitioning hierarchy divides
t he design and architect ure into four sub2part s.
Each sub2design ( sub2architect ure) at a hierarchi2
cal level consist s it self of four sub2designs ( sub2ar2
chitect ures) of equal size at the next (lower) level
of t he hierarchy ,as shown in Fig. 1. Each sub2de2
sign is paired wit h a sub2architect ure. The partitio2
ning and placement p rocess continues until each
logic gate is paired with one grid location. Let us
number t he recursion levels f rom K ( whole de2
sign) , K - 1 (four sub2designs t hat constit ute the
whole design) down to 0 (four sub2designs consis2
ting of only one logic gate) .

2. 2 　Estimation of external interconnection length

　　The lengt h of an interconnection between a
gate and a pin should be comp uted as t he lengt h
between t he cell where t he gate is placed and the
closest available I/ O pad location. Assuming the
square grids have side length 2λ,t he lengt h of each
external interconnection is bounded by 1 andλ. Ac2
curate estimates should take placement optimiza2
tion into account . An optimal placement st rategy
will make most external interconnections close to
t he chip border . In order to include t his message in
t he estimates , we first analyze t he interconnection
lengt h dist ribution of external interconnections.

The interconnection lengt h dist ribution shows t he
number of interconnections for each lengt h. By e2
numerating all possible external interconnections ,
we obtain t he interconnection lengt h dist ribution of
t he external interconnections (called architect ural
dist ribution) , which only depends on t he p hysical
architect ure. The dist ribution P ( l ) of a given
lengt h l is given by

P ( l) =
2λ+ 1 - 2 l

λ2 (1)

　　Next we will comp ute t he probability of an in2
terconnection of a given lengt h l to be assigned an
act ual placement . It depends on t he interconnection
complexity ,and thus on t he Rent exponent r. This
exponent is a measure of t he interconnection com2
plexity of t he design. It s value is bounded by 0 and
1. Since every cell in t he architect ure should have
t he same occupancy dist ribution ,the occupancy dis2
t ribution f ( l) of external interconnections should
be equal to the one for internal interconnections[3 ]

f ( l) ～ l2 r - 3 (2)

　　The interconnection lengt h dist ribution of ex2
ternal interconnections is the p roduct of it s archi2
tect ural dist ribution and it s occupancy dist ribu2
tion. Combining Eq. (1) and Eq. ( 2) , t he expres2
sion of average external interconnection lengt h L ext

is

L ext =
∑
λ

l = 1
l P ( l) f ( l)

∑
λ

l = 1

P ( l) f ( l)

=
∑
λ

l = 1
[ l2 r - 2 (2λ+ 1 - 2 l) ]

∑
λ

l = 1

[ l2 r - 3 (2λ+ 1 - 2 l) ]

(3)

　　The sums in Eq. (3) cannot be comp uted ana2
lytically as a f unction of λ. To obtain an analytical
form of t he average external interconnection
lengt h ,we approximate Eq. (3) by Eq. (4) , multi2
plied by a scaling factor .

L′　ext =∫
λ

1
l2 r - 2 (2λ+ 1 - l) d l

∫
λ

1
l2 r - 3 (2λ+ 1 - l) d l

=

2λ+ 1
2 r - 1

×(λ2 r - 1 - 1) -
1
r
×(λ2 r - 1 - 1)

2λ+ 1
2 r - 2

×(λ2 r - 2 - 1) -
2

2 r - 1
×(λ2 r - 1 - 1)

(4)

　　In order to determine t he scaling factor , we
calculate t he external dist ributions using Eqs. (3)

and (4) for designs wit h different numbers of gates
and a Rent exponent r equal to 016. The result s can
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be seen in Fig. 2. This figure shows t hat wit h the
int roduction of a scaling factor equal to 0174 , the
estimate coincides wit h t he theoretical data for a
wide range of numbers of gates. We carry out many
experiment s for different r(014 ≤r ≤018) ,and find
t hat the scaling factor depends on r and equals
0115 r2 - 0106 r + 0172. The average value of the
scaling factor r is 0174. Therefore ,t he average ex2
ternal interconnection lengt h is approximately e2
qual to

L ext = 0174 L′　ext (5)

Fig. 2 　Evaluation of the approximation of the average

external interconnection length

2. 3 　Estimation of average interconnection length

　　Assuming the total gate number G equals 4 K ,
in which K is t he number of partitioning layers ,t he
average interconnection lengt h L of t he whole de2
sign is estimated by comp uting the average inter2
connection number N k and the average interconnec2
tion length lk of every layer .

L = ∑
K

k = 0

( N k l k ) / ∑
K

k = 0
N k (6)

Thus combining internal interconnection and exter2
nal interconnection ,we can comp ute the average in2
terconnection length of t he whole design as

L =
∑
K- 1

k = 0

( N k l k ) + Next L ext

∑
K- 1

k = 0

N k + Next

(7)

According to Ref . [ 3 ] ,
N k = 015 A G (1 - 4 r - 1 ) 4 k ( r - 1) (8)

l k = 2 k 2
3

× r - 1
r + 1

×32 r+2 - ( r + 4) 22 r+2 + (4 r + 7)
32 r+1 - (2 r + 7) 22 r + (4 r + 5)

+

1
3

× r - 1
r + 1

×42 r + 1 - 32 r + 2 + 3 ×22 r + 1 - 1
42 r - 32 r + 1 + 3 ×22 r - 1

(9)

The number of external interconnections N ext can
be obtained using the Rent rule ,

Next = A G r (10)

where A is t he average number of point2to2point
interconnections for a logic block and G is t he num2
ber of gates in t he design. Combining equations 4 ,
5 ,8 ,9 and 10 ,t he average interconnection lengt h of
t he whole design is obtained.

2. 4 　Validation

In order to validate our new external intercon2
nection lengt h estimates , we set up some experi2
ment s using several benchmark circuit s[3 ] . For each
of t he benchmark circuit s , t he total number of
gates G and t he Rent exponent r are p resented in
Table 1. Table 1 also shows t he experimentally
measured interconnection lengt hs L exp , t heoretical
interconnection lengt h estimate L D ,L ID and L using
Donat h’s technique , the improved Donat h’s tech2
nique , and our own technique , respectively. It is
clear f rom t he table t hat our estimates are closest
to t he experimental result s for all benchmark cir2
cuit s ,especially for t he design with low intercon2
nection complexity ( low r) . Compared to L D and
L ID , t he imp rovement s of our estimates are 29 %
and 5 % respectively.

Table 1 　Comparison of average interconnection length

No G r L exp
Donath[6 ]

Imp roved

Donath[6 ]
Our analysis

LD Error/ % L ID Error/ % L Error/ %

1 528 0. 59 2. 15 4. 02 47 2. 88 25 2. 72 21

2 576 0. 75 2. 85 5. 26 46 4. 13 31 3. 42 17

3 671 0. 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 　Channel width estimation for FP2
GAs

　　Recently , some effort s have been made to use
Rent’s Rule to address t he p roblem for FP GAs.
RISA [9 ] is an empirical interconnection estimation
met hod based on the wiring dist ribution map , de2
rived f rom a large number of randomly generated
optimal Steiner t rees. Lou’s Method[10 ] estimates
routing demand using t he ratio of t he number of
pat hs t hat use a specific routing region to t he total
number of possible pat hs. The f GREP[1 ] and
f GREP2 [2 ] met hods are new interconnection esti2
mation met hods based on t he concept of routing
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flexibility over the routing element s. In t his section
we propose our new estimation method , which is
very simple to understand and easy to comp ute.

3. 1 　Proposed model

Recently ,it has been found t hat routability is
t he best p redicted by estimating total wire lengt h
in a circuit rat her than t he average wire lengt h[11 ] .
Assuming t he number of logic blocks N needed to
realize a design in FP GA equals 4 K ,we can obtain
t he total wire lengt h

L total = ∑
K- 1

k = 0

( N k l k ) + Next L ext (11)

　　For 2D island2style FP GAs with one2unit2long
wire segment s[12 ] ,channel widt h W is given by

W =
L total

2 N
=
∑
K- 1

k = 0

( N k l k ) + Next L ext

2 ×4 K (12)

where N k , lk , N ext and L ext can be obtained using e2
quations 8 ,9 ,10 and 5.

3. 2 　Validation

In order to validate our new model ,we set up
some experiment s using 20 benchmark circuit s
f rom MCNC. For each of t he benchmark circuit s ,
t he total number of CLBs and the Rent exponent r

are p resented in Table 2. The result s are also tabu2
lated in Table 2. W VPR , W GI , W GE , W F , W F2 and W

are , respectively , t he channel widt h p redicted by
V PR’s detailed router , Gamal’s model in which
t he average interconnection estimation only consid2
ers internal interconnections , Gamal’s model in
which the average interconnection estimation con2
siders internal and external interconnections , t he
f GREP met hod , t he f GREP2 met hod ,and our new
model . The W VPR in t he Table 2 is different f rom
t he literat ure[1 ] . The number of I/ O pads per row
(column) in Ref . [ 1 ] is 1 (io rat = 1) in t he FP2
GA architecture description file. We set io rat =
2 ,in line wit h current commercial FP GAs[13 ] .

Table 2 　Comparison of channel width

Benchmark

circuit
# CLBs r W VPR

Gamal f GREP f GREP2 New model

W GI Error/ % W GE Error/ % W F Error/ % W F2 Error/ % W Error/ %

Alu4 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. 80 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

Dsip 1370 0. 52 8 8. 16 2 8. 09 1. 1 7. 56 5. 5 7. 61 4. 9 6. 33 20. 9

Elliptic 3604 0. 71 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. 80 16 19. 71 23. 2 17. 06 6. 6 12. 97 18. 9 13. 12 19. 5 13. 98 12. 6

Frisc 3556 0. 74 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

S298 1931 0. 49 9 7. 44 17. 3 7. 40 17. 8 7. 59 15. 7 8. 34 7. 3 5. 78 35. 8

S38417 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

Spla 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

　　W GI ,W GE ,W F ,W F2 ,and W are compared with the
experimental results W VPR . Compared to W GI ,W GE and
W F ,the improvements of our estimates are 12150 % ,
6175 % ,and 1112 % , respectively. In addition , the im2
provement of W GE is 5175 % compared to W GI . This re2
sult further validates the accuracy of the average inter2

connection length prediction described in section 2. Al2
though the error of our estimates is 1 % larger than
that of W F2 ,our estimates can save much time by mak2
ing the computations more easily.
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4 　Conclusion

We have presented t he problem of intercon2
nection prediction for FP GAs. In t he interconnec2
tion lengt h estimation , we int roduce t he external
interconnection estimation. The result s show t hat
our estimates are closest to the experimental re2
sult s. Compared to t hat of Donath’s technique and
t he improved Donat h’s technique , t he improve2
ment s of our estimates are 29 % and 5 % respective2
ly. Also ,we propo se an FP GA channel width esti2
mation met hod based on t he total interconnection
lengt h of t he design. Compared to W GI , W GE and
W F , t he improvement s of our estimates are
12150 % , 6175 % , and 1112 % , respectively. Al2
t hough t he error of our estimates is 1 % larger t han
t hat of W F2 ,our estimates can save much time by
making t he comp utations more easily.

In conclusion ,using our new methods ,the estima2
tions of the interconnection length and the channel
width for FPGAs are very easy and accurate.
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准确的 FPGA 互连长度和通道宽度估计 3

高海霞 　马晓华 　杨银堂

(西安电子科技大学微电子研究所 , 西安　710071)

摘要 : 提出了一种新的 FP GA 互连预测算法 ,包括互连长度估计算法和通道宽度估计算法. 实验结果表明 ,与现有
算法相比 ,该估计算法能获得更准确的估计结果.
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