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Abstract. In this paper we present experiments concerning the feasibility of
using genetic agorithms to efficiently build the global routing in lookup-table
based FPGAs. The algorithm is divided in two steps: first, a set of viable
routing aternatives is pre.computed for each net, and then the genetic algorithm
selects the best routing for each one of the nets that offers the best overall
globa routing. Our results ae comparable to other available global routers, so
we conclude that genetic agorithms can be used to build competitive globa

routing tools.

I ntroduction

With the increesing growth of the complexity of eectronic devices, the good
performance of synthesis tools is critical for the success of design and manufacturing
of non-trivid projects. Concerning the development of FPGA (Fidd Programmable
Gate Arrays) systems, one of the fundamental tasks of these tools is to perform the
routing of the circuit condrained to the limited resources avalable in the device
Although a lot of ressarch has been made in this area [4,5,6,7,89,10,11,1213], little
has been done concerning the dudy of the feadbility of usng genetic dgorithms [2,3]
to generate the required routing (see on [17] for a survey of genetic dgorithms used
for VLS design). With this purpose, in this work we developed a globd routing tool
based on the gpplicaion of a genetic dgorithm for sdection for viable routing paths
on a LUT -based FPGA. Results are very close to those of other available tools, so we
believe that, with further refinement, the genetic gpproach can became competitive
with current techniques.

1 This work was partidly supported by the Portuguese Ministry of Science and High
Education, under program POS|
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FPGA Architecture

The FPGA architecture we used to test our agorithm is Smilar to the one described in
[1] (see Fgure 1). In this model, there are four digtinct types of blocks, interconnected
by severd routing channels:

- L-Blocks — These blocks implement any logic function with N inputs. These inputs
ae equaly disgtributed over dl sides of the block, and a single output is provided
on the right sde of the block. We chose to sdect N=4 for al our experiments.
These blocks can dso be referred to aslogic cdls or logic blocks

- 10 Blocks — These blocks represent the input and output pins of the FPGA. Since
the number of pins in red FPGAs is far grester than those that fit dong the
square formed by the L-Blocks, we consider that multiple 1/O pins are contained
in ech 1/O block. In this work, we consider that two 1/O pins are available for
eech |/O block.

- C Block — These are the blocks through which the L and 10 blocks are connected
to routing channels. The number of dternative tracks to which a connection from
a L-block or 10-block can be made, characterizes these blocks. In this work, this
value was predefined to be equa to the width of the routing channel.

- S-Block — These blocks dlow switching the tracks between different routing
channds. Their Flexhility is defined as the number of different outputs to which
a given input can be connected. We use SBlocks with a Fledhility of 3 in this
work (seeFigure2).
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Figure 2 —S-Block configuration used in thiswork
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Genetic Algorithms

Genetic dgorithms (GA) are a group of stochastic optimization techniques [2,3].
These agorithms work with a set of candidate solutions to the problem (a population
of individuds, usng GA terminology) and seek to evolve them usng concepts
derived from geneics and naurd sdection. Each  individud holds  enough
information (the genes) to describe a possble solution to the problem. They are
evaduated regarding the quality of that solution (i.e. their fitness is computed), and a
probabilistic sdection method (based on the fitness of each individud) is used to find
group of individuds (tre parents) that will be used to create the next generation of the
populaion. They individuds of the new generation are created by applying genetic-
inspired transformations (operators) to the parents. Among these transformations we
can find mutations and crossover. The mutation operator does random changes to the
genes, while the crossover combines parts of the genes of two parents to cregte a
single individua. After multiple iterations, the quality of the population will increase,
and when a predetermined stopping condition is met, the solution for the problem will
be found on the genes of the best individud of the last generation.

1.Randomy initialize popul ation
2. Wil e stopping condition is not met
a) Eval uate popul ation
b) Sel ect parents
c) Crossover
d) Muitation
e) Substitute old popul ation

Figure 3—Simple Genetic Algorithm

There are, of course, multiple variants of this simple framework.

Global Routing for FPGASs

The synthesis of circuitsfor FPGAs can be decomposed in several steps:

1. Logic optimization — The circuits are optimized, shrunk and redundant logic is
diminated.

2. Technology Mapping — The eements of the circuit description are assigned to
specific cdasses of resources avalable in the actud FPGA. For example, logic
expressions arebroken into sub-expressons implemented in asingle logic block.

3. Placement — When there are multiple components in the FPGA capable of
implementing a specific aspect of the circuit description, a sdection needs to be
made about which one of them will be used (for example, wha logic blocks will
actudly be used to implement the sub-expressons generated by the technology
mapping?)

4. Routing — The communication resources avalable in the FPGA ae used to
connect adequately dl the components of the circuit. Idedly, the routing should
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use the smdlest routing channd width and have minimum source-to-Snk distance,
to maximize circuit speed.

Some gpproaches combine some of these steps or further refine them into additiond
iterations. The last step is sometimes separated in globa and detailed routing. The
objective of the globd routing sep is to ensure a baanced occupation of avalable
channels. The globd router decides which routing channds will be used, without
deciding about spesific track usage indde those channds. Detaled routing will
complete the process, by making the necessary track assignments within those
channels. Frequently, it may be impossible to perform detailed routing with the same
channd width found by the globd routing because of regtrictions on the flexibility of
SBlocks (the routing anomaly, see [14]), so the globd routing channd width is
actudly alow bound for the width of the routing channds after detailed routing.

EiE SN
| = ] H=

- [o o)

M O U0 Of L e
] ‘

i

Figure4- Global vs. detailed routing

For further details about previous work on globa and detaled routing, see
[45,6,7,89,10,11,1213]. For information regarding other geps of the synthesis
process, please consult [14, 15, 16).

TheRouting Algorithm

We used atwo-step gpproach for building the global routing:

1. For each net of the circuit, generate a set of
alternative routing paths.

2. Find, for all nets, the conbination of
alternative routing paths that offers the best
overal | gl obal routing

This approach dlows using different optimization techniques for esch step. We
developed three different heuristics for creating the dternate routing paths, and
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used a genetic dgorithm for meking the optimization described in step 2, according
to the objectives of thiswork.

Generation of alternaterouting paths

The generation of the dternate paths is made with the following agorithm:
For each net,

1. Cenerate one routing path that connects all nodes
in net

2. While the desired nunber of alternate paths isn't
met, build new routing path by randonmly selecting
and nmutating one of the previously built paths

This dgorithm will first generate one mode net. All other dternative paths are
deviations from this model net. The raionde behind this option is that it should be
more efficient to build dternate solutions by making minor changes to pre-exising
ones than re-computing anew net from scratch.

Computing the model routing path for each net

We deveoped three different agorithms for computing the firss mode routing. Two
ae grgph-based search techniques and the other is based on a heurigtic dgorithm for
computing rectilinear Steiner trees. The first graphbased technique is smply a greedy
search from the source node to each snk node. This agorithm is fast but offers, as
could be expected, poor quaity solutions. The other graph agorithm is based on
Dijkstras dgorithm [18] for finding the shortest path between two nodes. Every
source/sink is connected sequentidly using Dijkstras dgorithm, and the cogt of
previoudy taken segments is reduced. This agorithm offers reasonable performance,
but is not as good as our heurigic for computing near optima rectilinear Steiner trees
(RST). A RST is the shortest rectilinesr tree connecting a given st of points.
Computing a RST ingead of using graphtransversd agorithms eiminates the
problem of having to route multipoint nets as groups of source/snk paths. The
performance of those agorithms is very dependant on the order by which those paths
ae procesed, and it isn't clear how to determine what the optima order is, dthough
some heurigic can be used (i.e longest paths first). Our approach to computing the
RST for a given st of points is based on a hill-climbing seerch dgorithm that finds an
optima partition of those points into smaller RST, as explained bellow and illustrated
inFigure5, where a tree representation of the decomposition is presented.

The points are partitioned across horizonta and verticd axis that transverse de
median point of esch s, sharing one point to ensure a connected net is built. This
partitioning is gpplied recursvely untii no more than a predetermined number of
points (for illustration purposes, this number is 3 in Fgure 5 ae contained in every
partition. The rectilinear tree a the nodes is built by condtructing an axis dong the
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median (verticad or horizonta) point, and connecting al other nodes to that is by
transversal segments.
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Figure 5— Example of decomposition of point set into multiple RSTs

Figure 6 - (non-optimal) Rectilinear treeresulting from the decomposition
illustrated in Figure5

The actud decompostion is dependant on whether a vertical or horizontd axis is
chosen on each node of the decomposition tree. This information can be represented
linearly by a vector2 where the first dement represents the arientation of the axis on
the root node, and the remaning informaion is split in hadf and interpreted
accordingly by the left and right descendants of the root. For example, for the specific
decomposition shown inFigure5, thisgtring is“hvvhhhh” for the root node.

The smple linear representation of the decompodtion is important, because it
endbles us to use a smple hill-dimbing optimization dgorithm for finding the
partition that offers the smalest length rectilinear tree. Figure 7 shows the rectilinear
trees computed for a random point set with different values for maximum points per
leaf. The dashed rectangles represent the points contaned in a single leef. (These trees
are not optimal; they just represent a possible result of the algorithm.)

Generating mutationsfrom modd path

Deviations from a mode routing path are built by applying a mutation to previoudy
built nets. The agorithm is based on the idea of generating an intersecting rectangle
over the model network and rerouting the internal connections on the borders of that
rectangle. For space condderations, some detals are omitted (eg. handling nodes

2 Although padding may be required for unbalanced decomposition trees.
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internal to the rectangle, or multiple branches), but the genera idea is illustraed in
Fgure 8.

Figure 7- Rectilinear treesfor random set of points, with maximum of 4
pointsper leaf (Ieft) and 8 points per leaf (right).
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Figure 8- Generating alternative routing paths.

GeneticAlgorithm

The genetic dgorithm decides among the possble dternate routes which ones will be
used in the globa routing. Each individua (solution) is represented only by an integer
vector. Each pogtion of this vector is associated to a net of the circuit, and in that
position it is held an index that identifies what is the chosen routing dternative for
that net.

3 Actualy, some auxiliary data is aso kept in each individuad to help to speed up some
computations. That detail isn't relevant to understand the main operation of the algorithm, so
it isleft out of the description.
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After some tuning tests, the following configuration was found to offer the best
results for the GA:

- Population size: 50

- Maximum number of generations: 2500

- Mutation rate: 8%

- Crossover rate:80%

- Elitism: 4individuds

- Lamarckian learnind

Results

We usad circuits from LGSynth93 test suite [19] to benchmark our dgorithm. A st of
30 circuits of diverse complexity was chosen. The circuits were placed usng VPR
[10] and our tool was used to generate the global routing. For comparison purposes,
VPR was aso used to globally route the same circuits. A single run of both tools was
used for dl circuits. The test machine was a Pentium 3 processor a 866MHz with 384
MB RAM STheresultsare presented in Table 1.

As we can see, athough VPR offers dightly better esults, both in terms of CPU
time and track number. However, results are reasonably closs and in some cases the
AG atudly computed a better solution. We bedieve the smal difference in
performance can be further reduced if other heuridtics for net generation are tried and
more exhaugtive tuning is made.

Additiondly, the AG seems to have a very lage peformance advantage when
compared with reported results for older globa routers [11], which suggests that our
gpproach seems vaid and worthy of further devel opment.

Conclusions and future work

Our main goad was to investigate the feesbility of congructing a globd router for
FPGAs using genetic agorithms. We believe that our results show that this dass of
dgorithms is worthy of condderation when designing this kind of tools. Results seem
to sugged that the AG offers performance that is comparable with that of other known
agorithms, dthough in the current implementation it is on average dightly inferior.
However, this diffoeence in peformance isn't very dgnificant, and further
improvement of the agorithm may offer better results. Although some tuning tests
were made, a more exhaustive set of tests might reved some better parameterization.
Also, one improvement that might sgnificantly improve efficiency would be to
generate dternative routings dynamicaly, only when judged necessary, instead of
pre-computing afixed-size set of aternate paths. Further work could aso be done by
adapting the dgorithm to use architectural festures of current FPGAS, like routing
segments of heterogeneous size.

4 A quick, non-exhaustive locad search is conducted for each individual, and if any
improvement is found it the individua is changed accordingly.
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Circuit Channel | Channel | CPU(s) | CPU(s)

Width Width

(VPR) (AG) (AG) (VPR)
pdc 20 20 4299 8154
ex1010 11 13 2609 952
spla 16 17 1881 2654
s298 9 10 1247 814
seq 13 14 1158 278
alud 11 11 807 184
misex3 12 12 661 210
ex5p 15 14 518 824
aped3 13 12 558 134
pair 8 9 476 59
C6288 6 6 89 11
i8 9 9 200 95
table5 11 12 109 33
cordic 10 10 99 68
C3540 8 9 40 27
i9 6 7 116 27
x3 6 6 273 12
vda 9 9 77 35
s1238 7 7 43 13
e64 9 8 158 45
planet 6 7 29 14
i7 4 5 12 93
mm9b 7 7 a2 8
i6 5 5 13 61
alu2 7 7 33 8
too-large 7 8 8 8
C880 8 7 31 5
example2 6 6 48 3
terml 5 5 4 4
misex2 5 5 1 1
TOTAL 269 277 15639 14834

Tablel. Resultsfor LGSynth93 test suite benchmark
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