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1 Self-Reconfiguration

The limited I/O bandwidth in reconfigurable devices results in a prohibitively high re-
configuration overhead for dynamically reconfigured FPGA-based platforms. Thus, the
full potential of dynamic reconfiguration can not be exploited. Usually, any attainable
speed-up by executing an application on hardware is diminished by the reconfiguration
overhead. The self-reconfiguration concept aims at drastically reducing the reconfigura-
tion overhead by performing dynamic reconfiguration on-chip without the intervention
of an external host. Thus, using self-reconfiguration, a configurable device can alter
its functionality autonomously. Implementations based on self-reconfiguration promise
significant speed-up compared with conventional approaches [7, 8].

Self-reconfiguration was first introduced in [4, 5]. In [7, 8] self-reconfiguration was
proposed to be realized by altering the configuration bit-stream, that is, on-chip logic
accesses and alters the configuration bit-stream to reconfigure the device. Compared
with conventional implementations, significant speed-up was achieved for string match-
ing and genetic programming problems [7, 8]. However, the proposed approach in [7, 8]
can be realized only using multi-context configurable devices that allow on-chip manip-
ulation of the configuration bit-stream. In state-of-the-art FPGAs, direct manipulation
of the configuration bit-stream can only be performed by an external host. Moreover,
the complexity depends on the structure of the configuration bit-stream and the on-chip
configuration mechanism, and has not been analyzed thus far.

2 Our Approach

Our goal is to realize self-reconfiguration efficiently using state-of-the-art FPGAs. Since
on-chip manipulation of the configuration bit-stream is not allowed, our key idea is to
abstract the dynamic nature of a computation to embedded data memory (which is ac-
cessible on-chip). The dynamic nature of a computation corresponds to the dynamic
features of its implementation, that is, features that are likely to be altered at runtime.
Hence, instead of implementing logic that alters the configuration bit-stream, we imple-
ment logic that can control its functionality on-the-fly by altering on-chip data memory.
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Based on our ideas, we demonstrate efficient self-reconfigurable implementations for
string matching, shortest path, and genetic programming.

A self-reconfigurable implementation is problem-specific and consists of self-reconfigurable
logic and the corresponding control circuit. The functionality of self-reconfigurable
logic can be altered on-the-fly. The control circuit orchestrates the alteration of the
underlying functionality.
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Fig. 1. Conceptual representation of logiclets connected
by an addressable interconnect
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plementations can be ab-
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In a programmable interconnection network, each interconnection can be set “ac-
tive” or “inactive” depending on the computation requirements. Hence, based on the
run-time parameters, a new permutation of “active” interconnections can be derived.
Such a permutation can be represented as a bit-pattern (interconnect address) as shown
in figure 1. The bit-pattern can be stored in either embedded memory blocks or dis-
tributed memory. For example, if a distributed memory is used, each logiclet is asso-
ciated with a memory element to store the “active” interconnect address. This “active”
interconnect leads to the next logiclet in the function sequence. A number of such in-
terconnects are configured on the device at compile-time and one of them is tagged as
“active” during self-reconfiguration. As we demonstrate in the applications section, this
functionaity can be easily realized using a multiplexer.

On the other hand, if shared memory is used, an interconnection is represented
as a memory address. As a result,
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can exchange data by sharing the same

memory address. As we demonstrate in the applications section, this functionality can
be implemented using memory elements.

Self-reconfiguration is orchestrated by a control circuit. The control circuit is problem-
specific and determines the permutation of “active” interconnections as well as the
functionality of RAM-based
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. Thus, the underlying functionality is altered by

modifying the bit-patterns stored in on-chip memory. The complexity of the control
circuit is problem-specific and depends on the amount of dynamic modifications that
are supported by the implementation. It is important to note that our approach to self-
reconfiguration is significantly different from the approach adopted in [8, 7]. In [8, 7],
the logic structures are adapted on the device to achieve self-reconfiguration. On the



other hand, in our approach, pre-compiled logic structures are controlled on the device
to self-reconfigure the logic functionality.

3 Application Demonstration

In this section, self-reconfigurable implementations for string matching, shortest path,
and genetic programming are demonstrated. The implementations are based on the ap-
proach described in Section 2 and are realized using the Xilinx Virtex series of FPGAs.

3.1 String Matching

The string matching problem consists of finding all occurrences of a pattern in a text.
In our implementation, we consider the KMP string-matching algorithm [2]. The al-
gorithm begins by constructing an optimized finite state automata specific to the input
pattern. The optimization involves constructing pattern-specific back-edges in the finite
state automata. Then, the finite state automata performs the string matching on the input
text.

The pre-processing phase can be realized efficiently using self-reconfiguration. As
described in [8], the back-edges are constructed by using an OR-gate grid. By altering
the configuration bit-stream, the OR-gate grid is adapted to the input pattern. On the
contrary, in our implementation, the back-edges are abstracted as a look-up table. The
look-up table is realized using the embedded RAM blocks of the Virtex FPGAs. Each
state of the automaton corresponds to a memory address. Thus, a back-edge construc-
tion can be easily realized by altering the data contents of the corresponding address. In
Figure 2, a high-level view of our implementation is shown.
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Fig. 2. Our proposed self-reconfigurable KMP imple-
mentation

Unlike the self-reconfigurable
implementation in [8], our im-
plementation can be realized
using state-of-the-art FPGAs.
The back-edge representation
in our design results in sim-
ple control circuit for realiz-
ing self-reconfiguration. The
simplicity of the control cir-
cuitry leads to reconfiguration
time at least as fast as it is
claimed in [8]. In addition, the
clock rate achieved by our im-
plementation outperforms the
one achieved by [8]. This is
because the OR-gate grid de-
lay in[8] appears in the critical path of the design. On the contrary, in our design, look-
up-table access occurs in parallel with character comparison and does not affect the
critical path.

For a pattern size of six characters, our implementation achieved a clock rate of
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as opposed to
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in [8]. However, the performance analysis in [8] was



based on Xilinx 6200 series FPGAs. To make a fair comparison, we analyzed the per-
formance of [8] on Xilinx Virtex series FPGAs and our proposed implementation still
achieves a clock rate atleast twice as fast. Finally, our implementation requires less
hardware area since it replaces the OR-gate grid by embedded RAM blocks and requires
only one one comparator (in [8] the number of comparators required is proportional to
the length of the input pattern).

3.2 Single-Source Shortest Path
The single source shortest path problem is a classical combinatorial problem that arises
in numerous applications. For a given weighted, directed graph and a source vertex, the
problem consists of finding the shortest paths from the source to all the vertices of the
graph. In our implementation, we use the Bellman-Ford algorithm to solve the shortest
path problem. The Bellman-Ford algorithm [2] relaxes the weights of the edges in an
iterative fashion until the shortest paths to all the vertices of the graph are computed.

The key aspect of an FPGA-based implementation for solving the shortest path
problem, is the time required to adapt the hardware to an input graph instance. For ex-
ample, in [1], a very efficient implementation can be derived for a given graph instance
by exploiting the massive parallelism inherent in the Bellman-Ford algorithm. However,
a prohibitively high mapping time is also required to derive an efficient implementa-
tion. As a result, any consequent speed-up by executing Bellman-Ford using FPGAs
is diminished by the reconfiguration overhead. In [3], a domain-specific approach was
introduced that reduced significantly the reconfiguration overhead. Consequently, com-
pared with software-based implementations, constant speed-up was achieved. In both
[1] and [3], a host machine was used to adapt the hardware to the input graph instance
by altering the configuration bit-stream.

Similarly to [1, 3], our implementation is also based on the Bellman-Ford algorithm
but it does not require the intervention of a host machine to adapt to a graph instance.
The dynamic characteristics of a graph can be efficiently represented by its adjacency
matrix and stored in on-chip memory. The relaxation of the edges can be achieved by
reading and updating the memory contents repeatedly according to the Bellman-Ford
algorithm. In Figure 3, the proposed implementation is shown (the control circuitry is
not included).
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Fig. 3. Our proposed self-reconfigurable Bellman-Ford al-
gorithm implementation

Our implementation
requires at most as much
reconfiguration time as
in [3]. Furthermore, it
requires less hardware
area and can scale more
efficiently that the im-
plementation demonstrated
in [3]. Regarding execu-
tion time on hardware,
our implementation also
outperforms the one pro-
posed in [3] since it requires
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less number of clock cycles while achieving a faster

average edge relaxation rate. In Table 1, the indicated data correspond to a graph with



weights of 16-bit precision. The average edge relaxation time for [3] is based on an im-
plementation using Xilinx XC6200 FPGAs. However, we have implemented the same
design as in [3] using Xilinx Virtex FPGAs, and our proposed implementation still
achieves an average edge relaxation rate at least twice as fast.

Implementation Avg. edge relaxation time Number of clock cycles Area
[3]
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Table 1. Performance Comparison with [3]

3.3 Genetic Programming

Genetic Programming (GP) realizes a learning system by employing the Darwinian evo-
lution principles to evolve a population of computer programs. GP consists of an evolu-
tion and a fitness evaluation phase that are executed repeatedly. The fitness evaluation
phase decides which programs survive while the evolution phase evolve the survived
programs. The fitness evaluation phase is the most computationally intensive phase in
GP. By mapping the fitness evaluation phase onto reconfigurable hardware, significant
speed-up is possible compared with software-based implementations [6].

In [7], self-reconfiguration was exploited to demonstrate a design where both the
evolution and the fitness evaluation phases are executed on the reconfigurable device.
Since both the phases of Genetic Programming algorithm were executed on the device,
the reconfiguration overhead due to the limited I/O bandwidth was effectively elim-
inated from the critical path to the solution. The programs are represented as binary
trees of fixed interconnection. During the evolution phase, the configuration bit-stream
data corresponding to each tree-node is modified according to the evolution directives.
As a result, the functionality of each tree-node can be switched based on a pre-defined
function set.
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Fig. 4. Our proposed self-reconfigurable tree template and
node implementation for Genetic Programming

In our implementation,
each node of the binary
tree is based on the con-
ceptual model shown in
figure 1. The binary tree-
nodes are realized as shown
in figure 4. The func-
tion set members for a
GP application are real-
ized as
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. Further-

more, each function set
member is represented by
a data word of length log� where � is number of
members in the set. Each
binary tree can thus be
represented as a data word of length

�
log � where

�
is the number of nodes in the

tree. This data word representation (i.e. bit-pattern) is stored in distributed memory and



is used to alter the functionality of the tree-nodes. Thus, self-reconfiguration is realized
by modifying the bit-pattern in accordance with the evolution semantics.

Each tree-node in our design is more complex and requires more hardware area than
in [7]. However, in our design, self-reconfiguration can be achieved by using state-of-
the-art FPGAs and does not rely on specific device architectures. Finally, a preliminary
performance analysis indicates that our implementation can be as fast as the one demon-
strated in [7].

4 Conclusions

In this paper, we proposed an approach to realize efficient self-reconfigurable imple-
mentations using state-of-the-art FPGAs. Our key idea is to abstract the dynamic nature
of a computation. Using our approach, we demonstrated self-reconfigurable implemen-
tations for string matching, shortest path and genetic programming. Our implementa-
tions outperformed the contemporary implementations for string matching and shortest
path while performing atleast as well as the contemporary implementation for genetic
programming.

The USC MAARCII project (http://maarcII.usc.edu) is developing novel mapping
techniques to exploit dynamic reconfiguration and facilitate run-time mapping using
configurable computing devices and architectures. The goal is to alleviate the long map-
ping time required by conventional CAD tools. Computational models and algorithmic
techniques based on these models are being developed to exploit self-reconfiguration
using FPGAs.
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