










SAE of 84187, which is outperformed more than 95% of the times. The
SA used for these tests has a size of 8×8 PEs.

Fig. 9 shows some of the results obtained at the end of the evolution
for different evolution lengths.

3.3. Evaluation of results and conclusions

The implementation described in [4] is able to evaluate 2000 can
didate solutions per second. The current EA requires 960 000 evalua
tions to complete (although a shorter evolution with fewer evaluations
can still yield acceptable results). Therefore, the time required to evolve
is 480 s (8 min). This long evolution time limits the amount of appli
cations for this system; for example, it may be unsuited for adaptive real
time applications requiring very fast adaptations.

The evolution time could be reduced by simply reducing the number
of generations performed by the EA, but this would affect the quality of
the obtained filter. Therefore, the system needs to be optimized in order
to achieve a considerably shorter evolution time.

The current EA shows a quick progress at the beginning, but this
progress is slowed down at the end. This may be because this kind of EA
tends to get stuck at local optima, and once this happens it will typically
take a long time to find a better solution. Therefore, finding strategies to
avoid local optima or minimize their effect may improve the efficiency
of the EA.

In the next sections, several modifications are applied to this system
in order to reduce the evolution time.

4. Hardware improvements

4.1. Reconfiguration engine improvement

In order to overcome the drawbacks of the reconfiguration engine
described in Section 3.1, a new engine targeting fine grain re
configuration has been designed. The main difference with the former
one is that, rather than relying on ICAP readback for the modification of
a fragment of a whole CLB column, the new engine simply rewrites all
the PEs of the column, leaving to the software the task of memorizing
which PEs were on that column before. Therefore, the software will
only have to pass a list of memory addresses where the partial bit
streams of the respective PEs are stored.

In order to access the partial bitstream data quickly, the external
DDR2 SDRAM has been replaced with an internal block RAM (BRAM),
which can be accessed in arbitrary order at one word per clock cycle.
This type of memory is much more limited in size than the external
DDR2 SDRAM; however it is enough for fine grain reconfiguration ap
plications, given the small size of the PEs, which can be stored in as
little as 128 KB.

The reconfiguration engine has been simplified and optimized, and
operates at a speed of 200 MHz. This, together with the removal of the
readback stage, have made the reconfiguration time 4 times shorter.

4.2. PE optimization: LUT reconfiguration

Another optimization of the hardware system has involved re
designing the PEs so that they all have the same structure, differing only
on the logic configuration. This removes the need of reconfiguring the
interconnections, needing only to reconfigure the lookup tables (LUTs)
that implement the logic functions of the circuit, which amounts to only
8 of the 36 configuration frames needed to reconfigure a whole CLB
column in the Virtex 5 family, thus making the reconfiguration time
considerably shorter. Additionally, it removes the need of special
routing considerations, which allows implementing the whole PE in a
size as small as 2× 1 CLBs, needing only 128 CLBs to implement an SA
of 8× 8 PEs.

This new version of the PEs was developed in collaboration with
Prof. Roland Dobai from the Brno University of Technology. The
structure of these PEs is shown in Fig. 10, and is implemented in 16
LUTs (2 per each output bit), 8 FFs and two 4 bit carry chains, all of
which fits on 4 Virtex 5 slices. By providing the right LUT configuration,
this PE structure can implement all of the functions in Table 1. In order
to further reduce the amount of logic to reconfigure, unused LUT inputs
are tied to zero; this reduces the number of frames to reconfigure to 3 (1
for the first LUT and 2 for the second one) rather than all 8 of them.

The input selectors on the north and west borders of the SA are
implemented in a similar way (Fig. 11) and changed using DPR as well,
rather than using actual multiplexers which would require additional
logic for changing their control registers. In order to simplify the
system, only 3 of the 9 pixels from the input window are fed to each
input selector; the remaining 6 are obtained by delaying this input by a
varying amount of clock cycles. Input selectors are pipelined in order to
be synchronous with the pipelining of the PEs.

The output selector is built by cascading LUTs as shown in Fig. 12,
and is pipelined as well. This way of pipelining the PEs, inputs, and
output is done in order to synchronize the circuit so that data from

Fig. 9. Some of the results obtained during different runs of the evolution, after 60 000
(left), 240 000 (middle), and 960 000 (right) candidate solution evaluations (7500,
30 000, and 120 000 generations).

     















7. Conclusions

In this article, multiple optimizations applied to an evolvable
hardware system in order to accelerate its evolution have been de
scribed. Combining the improvements in hardware, EA, and paralleli
zation techniques, a total speedup of the evolution of 280 times has
been achieved, going from 480 seconds to only 1.73 s and achieving
speeds of 139 000 evaluations per second. Table 3 summarizes the
individual contribution of each improvement to the reduction in evo
lution time.

As can be seen, the biggest improvement in terms of time comes
from the improvement of the reconfiguration engine and the SA opti
mization. The optimization of the EA also provides an important
speedup. These two changes are independent, since the former sig
nifies a reduction in the time used in each evaluation whereas the latter
reduces the overall number of evaluations. The parallelization im
provement also adds an important boost to the system performance,
although in this case it is dependent on the other two improvements: it
comes at the cost of a higher resource usage, which has been possible
thanks to the reduction in SA resource usage; and relies in the reduction
of reconfiguration times and EA parallelizability.

This article demonstrates that, although achieving a high evaluation
speed is important in order to reduce evolution times, an efficient EA
can also mean a great speedup, with the additional advantage that the
latter does not involve performing changes in the hardware. Therefore
it would be worth considering to analyze the current EA for a finer
parameter tuning (number of concurrent evolutionary runs, interval
between exchanges, variable mutation rates...) or to implement other
evolution techniques such as crossover.

It should be noted that, although this work has been done on a
Virtex 5 FPGA, most of its results are relevant to other platforms: LUT
based reconfiguration and array parallelization can be performed on
newer FPGAs such as the 7 series (and are already done by some au
thors [22]), and the EA improvements are independent of the platform.
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