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Abstract. In this paper we shall address the paradigms of evolutionary and self-
repairing hardware using a new family of programmable devices, called
FIPSOC (Field Programmable System On a Chip). The most salient feature of
these devices is the integration on a single chip of a programmable digital
section, a programmable analog section and a general-purpose microcontroller.
Furthermore, the programmable digital section has been designed including a
flexible and fast dynamic reconfiguration scheme. These properties provide an
efficient framework for tackling the specific features posed by the emerging
field of evolutionary computation. We shall demonstrate this fact by means of
two different case studies: a self-repairing strategy for digital systems, suitable
for applications in environments exposed to radiation, and an efficient
implementation scheme for evolving parallel cellular machines.

1 Introduction

During the last years, the field of programmable logic has evidenced an increasing
interest in the addition of dynamic reconfiguration capabilities to conventional FPGA
architectures [1]. This is due to the necessity to provide resources which should allow
for handling efficiently such applications as programmable/customisable processors
or co-processors, adaptive signal processing architectures or custom computing
machines, among others. This has resulted in a variety of proposals, coming from
both the academic [2] and industrial [3], [4], [5] communities.

In this paper we shall concentrate our attention on the new family of devices
introduced in [5], which is called FIPSOC (Field Programmable System On a Chip).
The distinguishing characteristic of FIPSOC is the integration on a single device of an
FPGA, a set of analog programmable cells and a standard microcontroller. Since there
exists an efficient interface between the three sections of the device, it constitutes a
natural platform for the prototyping and integration of mixed signal applications.
Furthermore, a fast and efficient dynamic reconfiguration scheme has been included
in the programmable digital section. It permits to work with two independent (in
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terms of functionality) hardware contexts, being possible to switch between them in
just one memory access cycle (if the microcontroller handles the reconfiguration
process) or immediately through a hardware signal. Additionally, the physical
implementation of the configuration scheme for the programmable digital part permits
to modify the configuration of one context while the other is being used. As we shall
demonstrate by means of two case studies, these features make this device a good
candidate for handling the specific requirements associated with evolutionary
computation.

The organisation of this paper is the following: In the next section we shall provide
an overview of the general organisation and capabilities of the FIPSOC device,
focusing on the dynamic reconfiguration properties of its programmable digital part.
Then we shall present the first case study, which consists of the implementation of a
self-repairing scheme for digital systems, especially suitable for applications
operating in environments exposed to radiation. Afterwards, an efficient
implementation for parallel cellular machines will be introduced. Finally, the
conclusions and future work will be outlined.

2 Architectural Overview of the FIPSOC Device

Figure 1 depicts the global organisation of the FIPSOC device.

Fig. 1. Global organisation of the FIPSOC device.

As it can be seen, the internal architecture of the FIPSOC device is divided in five
main sections: the microcontroller, the programmable digital section, the configurable
analog part, the internal memory and the interface between the different functional
blocks.

Because the initial goal of the FIPSOC family is to target general purpose mixed
signal applications, the microcontroller included in the first version of the device is a
full compliant 8051 core, including also some peripherals like a serial port, timers,
parallel ports, etc. Apart from running general-purpose user programs, it is in charge
of handling the initial setup of the device, as well as the interface and configuration of
the remaining sections.
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The main function of the analog section, whose structure is depicted in figure 2, is
to provide a front-end able to perform some basic conditioning, pre-processing and
acquisition functions on external analog signals.

Fig. 2. Internal structure of the programmable analog section.

This section is composed of four major sections: the gain block, the data
conversion block, the comparators block and the reference block. The gain block
consists of twelve differential, fully balanced, programmable gain stages, organized as
four independent channels. Furthermore, it is possible to have access to every input
and output of the first amplification stage in two channels. This feature permits to
construct additional analog functions, like filters, by using external passive
components. The comparators block is composed of four comparators, each one at the
output of an amplification channel. Each two comparators share a reference signal
which is the threshold voltage to which the input signal is to be compared. The
reference block is constructed around a resistor divider, providing nine internal
voltage references. Finally, the data conversion block is configurable, so that it is
possible to provide a 10-bit DAC or ADC, two 9-bit DAC/ADCs, four 8-bit
DAC/ADCs, or one 9-bit and two 8-bit DAC/ADCs. Since nearly any internal point
of the analog block can be routed to this data conversion block, the microprocessor
can use the ADC to probe in real time any internal signal by dynamically
reconfiguring the analog routing resources.

Regarding the programmable digital section, it is composed of a two-dimensional
array of programmable cells, called DMCs (Digital Macro Cell). The organisation of
these cells is shown in figure 3.

As it can be deduced from this figure, it is a large-granularity, 4-bit wide
programmable cell. The sequential block is composed of four registers, whose
functionality can be independently configured as a mux-, E- or D-type flipflop or
latch. Furthermore, it is also possible to define the polarity of the clock (rising/falling
edge) as well as the set/reset configuration (synchronous/asynchronous). Finally, two
main macro modes (counter and shift register) have been provided in order to allow
for compact and fast realisations.
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The combinational block of the DMC has been implemented by means of four
16x1-bit dual port memory blocks (Look Up Tables – LUTs – in figure 3). These
ports are connected to the microprocessor interface (permitting a flexible management
of the LUTs contents) and to the DMC inputs and outputs (allowing for their use as
either RAM or combinational functions). Furthermore, an adder/subtractor macro
mode has been included in this combinational block, so as to permit the efficient
implementation of arithmetic functions.

A distinguishing feature of this block is that its implementation permits its use
either with a fixed (static mode) or with two independently selectable (dynamic
reconfigurable mode) functionalities. Each 16-bit LUT can be accessed as two
independent 8-bit LUTs. Therefore it is possible to use four different 4-LUTs in static
mode, sharing two inputs every two LUTs, as depicted in figure 3, or four
independent 3-LUT in each context in dynamic reconfigurable mode. Table 1
summarises the operating modes attainable by the combinational block of the DMC in
static mode and in each context in dynamic reconfigurable mode.
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Fig. 3. Organisation of the basic cell (DMC) in the programmable digital section.

Table 1. Functionalities of the combinational block in static and dynamic reconfigurable
modes.

Static mode Dynamic reconfigurable mode
• 4 x 4-LUTs (sharing 2 inputs

every two LUTs)
• 2 x 5-LUTs
• 1 x 6-LUT
• 1 x 4-bit adder
• 2 x 16x2-bit RAMs

• 4 x 3-LUTs
• 2 x 4-LUTs
• 1 x 5-LUT
• 1 x 4-bit adder
• 2 x 8x2-bit RAMs
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Furthermore, since the operating modes indicated in table 1 are implemented in
two independent 16x2-bit RAMs (8x2-bit RAMs in dynamic reconfigurable mode), it
is possible to combine the functionalities depicted in this table. For instance, it is
possible to configure the combinational block in order to provide one 6-LUT and one
16x2-bit RAM in static mode or two 3-LUTs and one 4-LUT in dynamic
reconfigurable mode.

The multicontext dynamic reconfiguration properties have been provided also for
the sequential block of the DMC. For this purpose, the data stored in each register has
been physically duplicated. In addition, an extra configuration bit has been provided
in order to include the possibility of saving the contents of the registers when the
context is changed and recover the data when the context becomes active again.

In order to enhance the overall flexibility of the system, an isolation strategy has
been followed when implementing the configuration scheme of the FIPSOC device.
This strategy, depicted in figure 4(a), provides an effective separation between the
actual configuration bit and the mapped memory through an NMOS switch. This
switch can be used to load the information stored in the memory to the configuration
cell, so that the microprocessor can only read and write the mapped memory. This
implementation is said to have one mapped context (the one mapped in the
microprocessor memory space) and one buffered context (the actual configuration
memory which directly drives the configuration signals).

The benefits of this strategy are clear. First, the mapped memory can be used to
store general-purpose user programs or data, once its contents have been transferred
to the configuration cells. Furthermore, the memory cells are safer, since their output
does not drive directly the other side of the configuration bit. Finally, at the expense
of increasing the required silicon area, it is possible to provide more than one mapped
context to be transferred to the buffered context, as depicted in figure 4(b). This is the
actual configuration scheme which has been implemented in the FIPSOC device, and
it permits to change the configuration of the system just by issuing a memory write
command.

�E��D�

Fig. 4. (a) Configuration scheme. (b) Multicontext configuration.

In addition to this configuration scheme, an efficient interface between the
microcontroller and the configuration memory has been included in the FIPSOC
device, as depicted in figure 5.

As it can be seen, the microcontroller can select any section in the array of DMCs
(the shaded rectangle depicted in figure 5), and, while the rest of the array is in
normal operation, modify its configuration just by issuing a memory write command.
Therefore, the dynamic configuration strategy included in the FIPSOC device shows
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two main properties: it is transparent (i.e., it is not necessary to stop the system while
it is being reconfigured) and time-efficient (since only two memory write cycles are
required to complete the reconfiguration, one to select the logical rectangle of DMCs
to be reconfigured and one to establish the actual configuration for these elements).

Regarding the routing resources, the array of DMCs which constitutes the
programmable digital section of the FIPSOC device is provided with 24 vertical
channels per column and 16 horizontal channels per row. The routing channels are not
identical, and have different lengths and routing patterns. Switch matrices are also
provided to connect vertical and horizontal routing channels. There are also special
nets (two per row and column) which span the whole length or height of the array,
and whose goal is to facilitate the clock distribution.

In the next sections we shall show through two case studies how these properties
can be efficiently exploited so as to handle the specific features of evolutionary
computing systems.

Fig. 5. Microcontroller interface for dynamic reconfiguration.

3 Case Study I: Self-Repairing Hardware for Space Applications

Digital circuits operating in space are subject to different types of radiation, whose
effects can be permanent or transient [6]. The former are due to particles which get
trapped in the silicon/oxide interface and appear only after long exposure to radiation,
while the later are caused by the impact of a single charged particle (single event
effects, SEE) in sensitive circuit zones.

An interesting type of SEEs corresponds to the so-called Single Event Upset
(SEU), which is responsible for non-destructive changes (bit flips) of information bits
stored by digital circuits [7]. Though there have been proposals to overcome this kind
of transient errors by including self-test techniques in programmable logic systems
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[8], the lack of efficient (in terms of time) reconfiguration mechanisms in commercial
devices has prevented their use for real-time self-repairing applications.

The specific features included in the FIPSOC device which were explained in
previous sections make it a natural candidate to overcome these limitations. In a first
approach, it could be possible to map the entire digital application in the array of
DMCs in dynamic reconfigurable mode. In this way, while one context is active and
performing its functionality, the microprocessor can write in the other context the
same configuration and then perform a context swap. Since the contents of the
registers can be saved when the context is changed, a clean duplicate of the original
system is thus obtained. If this process is performed periodically, this hardware
refresh scheme could permit to correct automatically the errors induced by SEUs,
with no need to stop the system.

However, the probability of an error induced by SEUs is proportional to the surface
of the sensitive area in the system, which is related to the amount of internal memory.
As a consequence, bearing in mind that the functionality of the DMCs is based on
SRAM, this would impose very a short hardware refresh period to prevent errors,
thus forcing the microcontroller to be used exclusively for testing purposes.
Furthermore, an eventual transient error affecting a register could not be detected
using this strategy, since it requires that the contents of the registers are held when the
context swap is performed.

To overcome these problems, the self-testing and repairing strategy depicted in
figure 6 is proposed.
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Fig. 6. Proposed self-testing and repairing strategy.

As it can be deduced from this figure, the basic principle of the self-repairing
strategy consists in using the array of DMCs in dynamic reconfigurable mode and
duplicating the functionality of the digital system in both hardware contexts. Both
contexts are used with the same input signals in consecutive time windows (the
signals clk_0 and clk_1 depicted in figure 6 are the global clock signals of the digital
system mapped in the FIPSOC device), and their outputs are compared for
equivalence, being the latch and comparator depicted in figure 6 implemented also in

351Feasible Evolutionary and Self-Repairing Hardware



the array of DMCs. In this way, after a new set of input signals is presented to the
system, they are processed by the copy of the digital system stored in context 0 and its
internal state is advanced one step by activating the global clock signal (clk_0). Then,
the outputs of the system are stored by means of a register activated by the clock
signal en_0. Afterwards, a context swap is performed, but in this case the data stored
in the registers of the DMC is not transferred between contexts. Once the input signals
have been processed by the second context and its state advanced (by activating the
clock signal clk_1), its outputs are compared (activating the en_error signal) against
those produced by context 0, and if they are different an error signal is activated.

In the case the error signal is activated, the microcontroller fixes one of the two
hardware contexts and, while it is still processing new inputs, refreshes the other one.
Then the operation is inverted, so that the sequence depicted in figure 6 can be started
again.

There is still a source for potential errors, constituted by the comparator stage of
figure 6. Its influence can be however alleviated by implementing it in dynamic
reconfigurable mode and forcing the microcontroller to refresh periodically the non-
active context. Since the sensitive area is in this case much lower, the refresh period
can be set long enough, so as to reduce the load over the microcontroller.
Furthermore, since the microcontroller is able to access any input or output in the
array of DMCs, the register and comparator stages can be actually implemented by
the microcontroller, but at the expense of augmenting the time period required to
process the input signals. As a consequence, if the programmable digital section is
able to handle an operating frequency four times higher that the input frequency
(since four steps are required between two successive new sets of input signals), it is
possible to include a self-testing and repairing mechanism with almost no area
overhead. In this way, the effect of SEUs caused by radiation is minimised, thus
increasing the overall reliability of the application.

4 Case Study II: Evolution of Parallel Cellular Machines

Cellular Automata (CA) are dynamical systems whose behavior can be considered
discrete both in terms of space and time [9]. It means that they consist of an array of
cells, which are determined to be in one of a finite set of possible states, and whose
update is performed synchronously in discrete time steps depending on local
interaction rules.

As it was pointed out in [9], non-uniform CA (i.e., those in which the local
interaction rules are not necessarily the same for every cell in the array) are of
particular interest because they exhibit universal computation properties.
Furthermore, by introducing the cellular programming paradigm, it is possible to
make the non-uniform CA coevolve locally in order to solve a specific task. The
dynamics of such a system can be divided in three main stages:
• Initialisation: The rules of the cells included in the array are initialised randomly.
• Execution: The cells interact locally, updating their state depending on its previous

state and on their neighbors’ current state. During this stage no change is produced
in the rule associated with each cell.

• Evolution: Each cell is evaluated against a specific fit function and its rule is
modified depending on the number of fitter neighbors.
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It has been possible even to provide a hardware implementation for this principle
[9], [10], thus demonstrating the possibility of attaining online evolution. In this
section we shall demonstrate that the features included in the FIPSOC device offer an
interesting alternative to cope the realisation of the dynamics inherent to parallel
cellular machines. Recalling the configuration possibilities of the combinational block
included in the DMC, it is possible to provide simultaneously in dynamic
configurable mode the functionality of some logic functions (two 3-LUTs or one 4-
LUT) and a 8 x 2-bit SRAM block, as depicted in figure 7.

Since the functionality of the cells in the CA is quite simple (a 3-LUT is enough
for the one-dimensional synchronisation task handled in [9]), the combinational
section of a DMC configured in this way can perform the rule of each cell in the CA
during both initialisation and execution phases. The section configured as a SRAM
cell plays an important role during the evolution stage of the CA. During this phase,
depending on the number of fitter neighbors, the rule of each cell has to be modified
for the next execution stage. It can be accomplished by an evaluation unit, able to
determine the fitness score of each cell and its immediate neighbors and then to write
the SRAM section accordingly. Once this modification is completed, the hardware
context is changed, so that now the SRAM section of the previous context is used as a
combinational function and the combinational function of the previous context is now
the SRAM section.
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Fig. 7. Functionality of the DMC combinational block in dynamic reconfigurable mode.

Since the functionality of this evaluation unit is the same for every cell in the array,
it could be possible to implement the evolution stage in a sequential fashion, one cell
at a time. However, since very wide multiplexers have to be implemented, this
solution results in a high area penalty, and usually, as in the realisation proposed in
[9], this unit is included locally in each cell of the CA. In the FIPSOC device, these
wide multiplexers can be virtually emulated by means of the dynamic reconfiguration
scheme depicted in figure 4(b), which affects not only the configuration of the
functional units, but also that of the routing resources. In this way, while one cell in
the CA is evaluated and updated, the microcontroller can modify the configuration of
the routing resources, so that in the next time step a context load is performed and the
same evaluation/update process is performed for the next cell in the array. This
strategy is depicted in figure 8, where we have represented with solid lines the actual
connections between blocks and with dotted lines the virtual connections to be
configured.
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Using this virtual multiplexing strategy it is thus possible to obtain an reasonable
trade-off between the cost of the system (since the overall complexity of the cells is
lower) and its performance (the evolution phase is performed sequentially). It is
therefore suitable for those applications where cost is the most limiting factor or
where the system is able to cope with the additional timing penalty. As it can be easily
deduced, this strategy gives an efficient solution to overcome the communication
bottleneck inherent to massively parallel systems, like Artificial Neural Network
models.
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Fig. 8. Virtual multiplexing strategy by dynamic reconfiguration of the routing resources

5 Conclusions and Future Work

In this paper we have considered the hardware implementation of evolvable systems,
taking as a reference a new programmable device, the FIPSOC chip, which includes a
programmable digital section, a flexible analog section and a microcontroller.

After reviewing the main features of the device, especially those related with its
dynamic reconfiguration properties, we have demonstrated its suitability for evolvable
systems by means of two case studies: a self-repairing strategy for space applications
and the implementation of the principles corresponding to evolving parallel cellular
machines. Our current work is concentrated in finishing the last physical details of the
device prior to fabrication, as well as in the development of tools able to aid the user
in the management of the dynamic reconfiguration features of the system.
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