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Abstract. A genetic algorithm approach for
segmented channel routing in field programmable
gate arrays (FPGA’s) is presented in this paper. The
FPGA segmented channel routing problem (FSCRP)
is formulated as a special case of a matrix row

matching problem which is known to be NP-complete.

The goal of FSCRPS is to find a conflict-free net
assignment in the tracks within the channel with the
minimum routing cost. Simulations on 30 benchmark
instances show that GA is able to obtain better
solutions compared to the gradual neural network
(GNN) approach.

1 Introduction

A Field Programmable Gate Array (FPGA) is a
general-purpose, multi-level programmable logic
device that is customized by the end users. FPGAs
combine the benefits of custom VLSI with the
advantages of standard logic IC’s. The FPGAs have
become a new approach to ASIC design, which can
dramatically reduce manufacturing turn-around time
and cost for low volume manufacturing.

FPGAs exist in many forms. Row-based
architecture is one of the major FPGA architectures,
which has been very promising and thus well-studied
[1]-[12]. The row-based FPGA architecture is similar
to the traditional mask-programmable gate arrays,
where rows of logic cells are separated by routing
channels. Each inputs and output of the cells are
connected to a dedicated vertical line called vertical
segment along a column of the channel. The
horizontal line laid out along a row or track of the
channel is usually divided or segmented into several
intervals called horizontal segments by programmable
switches. Programmable switches are located at the
crossing points of vertical and horizontal segments,
called cross-fuses, and also between two adjacent
horizontal segments in the same track, called anti-
fuses. Each switch can provide a low resistance
bidirectional interconnection between the two
crossings or adjoining segments as required. A net or
interconnection between logic cell pins and/or
external I/O pins can be realized by combining
vertical and horizontal signal lines using
programmable switches in the routing channel [1, 5].
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In a segmented FPGA routing channel, the tracks
are divided into segments of varying lengths. It
allows each net to be routed using a single segment of
the appropriate size in the same track. Greater routing
flexibility is obtained by joining limited numbers of
adjacent segments in the same track end-to-end using
programmable switches. It has been demonstrated that
a well-designed segmented channel needs only a few
tracks more than a freely customized channel, and
hence segmented channel routing is very important
for FPGA design [5].

The FPGA Segmented Channel Routing Problems
(FSCRP) is a special type of detailed net routing in
the VLSI design process. The main task in channel
routing is to connect pins of signals in a rectangular
segmented routing channel without conflict. Channel
routing on row-based segmented FPGA is different
from traditional channel routing in which the routing
resources can be freely customized by proper mask to
obtain the desired connections. Segmented FPGA
channel routing is more restricted because the routing
is constrained to the wiring segments with predefined
length and position in the channel [3, 4]. FPGA
routing is carried out by programming the switch
elements, such as the cross-fuses and anti-fuses, to
provide the low  resistance  bidirectional
interconnections. However any programmed switch
will produce significant resistance and capacitance
(RC) in the signal path. Propagation delay added by
each RC stage of programmed switches in the signal
path is one of the major factors in FPGA performance
[12]. Hence the reduction of routing cost which
affects the propagation delay by the programmed
switches becomes very important. As a result, in
order to achieve good performance, the number of
switches used in routing a net must be restricted
carefully to reduce the routing cost.

2 Previous Work

The FSCRP is known to be NP-complete [21].
Various routing approaches based on evolutionary
strategies and neural networks have been proposed. In
[2], Gamel ez al. presented the row-based segmented
channel FPGA architecture. Greene et al. [3]-[5]
formulated the FSCRP and proved that the FSCRP
can be adequately solved in practice, although this
problem is NP-complete in general. The first known
theoretical results on the combinatorial complexity



and algorithm design for segmented channel routing
are presented by Roychowdhury, Greene, and Gamal
in [5].

In [6], Burman et al. presented the staggered non-
uniform length segmentation model for high
performance FPGA. In this model, a channel is
partitioned into several regions. In each region, a
certain number of tracks with equal length segments
are allocated, and the segments are arranged in a
staggered fashion. However, the segment length is not
the same in different regions but varies regularly
across the regions. They also developed a greedy
heuristic algorithm called FSCR for this model. They
showed that this model and the algorithm can
drastically improve the longest net delay and average
net delay as compared to the conventional uniformly
segmented model. In [9], Pedram et al. studied the
design problem of FPGA channel segmentation
architecture and developed analytical models of
routability of row-based FPGA based on the
staggered non-uniform length segmentation model.
They demonstrated that for the connections using
probabilistic models for the origination point and
length, the routability of an FPGA with properly
designed segment length and distribution can be
nearly as efficient as mask-programmable channel
architecture.

In [1], Funabiki et al. proposed a novel gradual
neural network (GNN) approach for the FSCRP,
which is believed as one of the best methods to
simultaneously resolve the constraints and optimize
the objective function. The GNN approach consists of
a binary neural network and a gradual expansion
scheme. The neural network satisfies the constraints
of the problem by solving a motion equation, while
the gradual expansion scheme minimizes the cost by
gradually increasing the number of activated neurons.
Although the GNN approach can solve the FSCRP
efficiently, the GNN may be trapped in local optima.

Genetic algorithms (GA) are robust stochastic
search algorithms analogous to the biological
evolution process [15]. During the last years, GA has
become more and more popular in the domain of
search, optimization and machine learning. In many
areas they are superior to other classical optimization
techniques. GA has been widely and successfully
used in various routing problems, e.g., VLSI channel
routing [14], [16]-[20]. In this paper, we apply GA to
solve the FSCRP and show that solutions with
significantly better qualities can be obtained.

3 Problem Definition of the FSCRP

In this paper, we follow Funabiki’s problem
definition of the FSCRP [1]. The channel routing
problem is formulated as a row assignment problem
where each net is assigned to one of the tracks within
a channel without constraints violation. Each net
within a channel may occupy at most one track due to
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the technology constraint which does not allow
connecting anti-fuses in an L-shaped fashion [13].

In the FSCRP, a routing channel composed of M
tracks with L columns, an M X L anti-fuse matrix F
for the segment formulation and a set of N nets are
given as input. Each net is described as a pair of the
leftmost and rightmost columns to be connected,
denoted by left; and right; for net i (i = 1, ..., N). The
goal of the FSCRP is to find a conflict-free net
assignment in the tracks within the channel with the
minimum routing cost. The routing cost is given by
the total number of anti-fuses programmed in the
channel routing for simplicity. The routing cost w;
associated with net i’s assignment to track j is
calculated by:

right;~1
wy= 2.1,
k=left;
where f is the jkth element of anti-fuse matrix F, and
fxG=1,..,M,and k=1, ..., L)is 1 if an anti-fuse is
located between columns & and (k+1) on track j, and
0 otherwise.

Let x; be a binary variable with x;= 1 for net i’s
assignment to track j and x; = O for no assignment.
Then, the FSCRP is formulated as follows:

Definition 1: Given a channel of M tracks with an
anti-fuse matrix F and a set of N nets

{Ueft,, right)),...,(left; , right )} , the FSCRP
requires to
N M
Minimize ) W, X;
i=1 j=1
M

Subject to inj =1 and
=
M N
Z Zdiijijxkj =0
=1 k=1(k=i)

fori=I,.., N
dy; is 1 if nets i and k must share the same segment on
track j, and 0 otherwise. dy; can be defined by

If f,,=1for Ipe {l,..,L} with
right, < p <left, or right, < p <left,, then
d, =0, ¢lsed, =1.

4 Proposed Genetic
FSCRP

4.1. Representation of Chromosome

Algorithm for

The Permutation Encoding is used to represent the
assignment of nets. For a channel routing problem of
N nets with M tracks and L columns, the chromosome
will consist of N scalar values. Each scalar value in
the chromosome represents the position (track) where
the corresponding net is located.

We represent each net in a chromosome by a
scalar value from O to M-1 which represents the
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number of the track located. With this representation,
each of the net is assigned to one and only one of M
tracks. Each chromosome which consists of N scalar
values represents a solution of channel routing for N
nets. In case /-th net is assigned to j-th track, the

scalar value assigned for /-th netisa;, = j.

4.2. Objective Function

The goal of the FSCRP is to find a conflict-free
net assignment in the tracks within the channel with
the minimum routing cost. In this paper, the total
fitness value is evaluated by the routing cost and
constraints violations in the channel routing.

The routing cost is defined as the total number of
programmed anti-fuses used in a channel routing. The
routing cost is formulated as follows:

fx) =Zzwﬁxv

i=1 j=1
where the routing cost w;; associated with net # i’s

assignment to track # is  calculated
right; -1

by:wy = 3 f
k=left;

The constraints are defined as the following:

¢ One net can be assigned to only one track;

e Two nets can not share the same segment in a
track.

Then the total number of constraints violated for
all nets assigned in a channel routing is formulated as
follows:

N M N
P(x)=z z Zdiijijxkj fori=1,..,.N
=1 j=1 k=1(k#i)

We use one of the most popular techniques in
genetic algorithms for tackling constraints: a fitness
function with penalty terms. The penalty term
introduces a penalty on the individual if the individual
does not meet the constraints. In the paper, the final
fitness function with a penalty term is expressed as
following:

F(x)= f(x)+W e P(x)
N M

N M N
SDWRERLADY Y 2y

i=1 j=1 i=l  j=1k=1(k#i)

where W represents the penalty coefficient. The
choice of appropriate value for the penalty coefficient
W is dependent on the problem. It may be different
for a different problem. In this paper, the penalty
coefficient W is selected based on the results of
experiments. With various penalty coefficients W to
solve a typical instance, the value which gives the
best performance is selected as the final value of
penalty coefficient W.
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4.3. GA Operators

The selection strategy is responsible for choosing
the parents among the individuals of the population to
produce the offspring. Binary tournament selection is
used for the selection process in this paper. Two
individuals are taken at random from the population
and compared with each other. The better individual
is selected from the two, after which the two
individuals are immediately replaced into the
population for the next selection operation.

We use the single-point crossover operator that
gives high-quality routing parts of the mates an
increased probability of being transferred to their
descendants. Mutation operators perform random
modifications on an individual. The purpose is to
overcome local optima and to exploit new regions of
the search space. The mutation operator in this
algorithm works as follows. Random value change —
one of the scalar values in a chromosome is randomly
selected, and the value of the bit selected is changed
randomly one of the values between 1 to M track,
which represents that the track of the net randomly
selected is randomly assigned to another track.
Elitism is implemented to prevent the loss of highly
fit chromosomes.

The following is a summary of GA parameters
used in this paper, which are selected based on
experiments:

e Selection probability: 0.90

¢ Crossover probability: 0.85

e Mutation probability: 0.005

e Penalty coefficient: 2

5 Simulations for Performance

Evaluation

The GA approach is evaluated on the benchmark
of Funabiki’s GNN method [1]. We generated 30
FSCRP instances with same statistical distribution as
used by Funabiki [1]. The Staggered Non-uniform
Length Segmentation model is used in the simulation.
Burman et al. proposed this new channel
segmentation model for high performance FPGAs in
[6]. In this paper, the unit segment length S indicates
the length of the shortest segment, which is equal to
the number of columns of the shortest segment in the
channel, and the unit segment length is increased in a
staggered fashion by S columns in every four tracks.
For example , if tracks 1 to 4 have a segment length S,
then tracks 5 to 8 have a length 25, and so on. The
offset parameter is set to the one fourth of the
corresponding segment length in the region. As for
the net list, the leftmost column of a net is randomly
generated with a uniform distribution and the net
length is randomly generated with a gamma
distribution. This condition comes from the results
analyzed in [9].



For each instance, a total of 50 or 100 simulation
runs is repeated by using different initial populations,
and the minimum, maximum routing costs, average
routing costs and the standard deviation of solutions
are used for performance evaluation. 10 instances and
corresponding performance using the GNN approach
[1] are used for comparison with the GA approach.
The comparison results are shown in Table 1. The
routability (routing ratio) is defined as the ratio of
number of total feasible solutions in total simulation
runs.

The results show that the GA is superior to the
GNN in terms of best cost, average cost, standard
deviation of cost distribution and routability. The
comparison between the best, worst, and average
solution quality in Table 2 shows that GA is able to

deliver better solution qualities compared to the GNN.

The smaller standard deviations obtained by GA
compared to the GNN also show that the GA method
is less sensitive to the initial conditions.

6 Conclusions

In this paper a GA approach is presented for the
FPGA segmented channel routing problems. After the
study of the results we have reached to the following
conclusions: The algorithm gives good distributions
and feasible routing solutions in the FSCRP and is
verified as a practical algorithm to solve the FSCRP.
The comparison between GA and GNN methods
indicates that GA is superior to GNN method which
is considered as one of the best published methods for
the FSCRP.

It was also observed that the runtimes of GA are
largely depends on setting of parameters. Further
improvements can be done through the parallelization
of fitness function evaluation as our future work.
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TABLE 1
Routing Cost of Soulutions by GA and GNN
GA GNN
Instance| Routing | Avg [ Min | Std | Routing | Avg | Min | Std
—s | Ralip | cost | cost| dov | Rao | costlcost| dev
¥ 100 | 1419 11 | 207 | 096 |2407] 17 | 331
) 100 |1800] 16 | 114 | 092 |2655| 22 | 240
#3 100 |1208] 8 |198| o069 |2335] 17 | 246
# 100 |1071] 7 | 193] o095 |1981| 12 | 368
# 100 |1428] 11 [153| 090 |21.08] 15 | 279
® 09 | 158 11 | 277 047 |2651] 20 | 304
# 100 |185| 17 | 103 | o056 |2846| 25 | 219
8 0% |149| 13 | 161 008 |2850| 24 | 335
# 080 [1705] 15 | 130 | 027 |2430| 19 | 299
#0 | 100 |1244] 9 |219] 075 [2253] 16 | 336




