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Abstract: The paper describes a framework and tools for automating the production .of designs
that can be partially reconfigured at run time. The approach involves several stages, including: (i)
a partial evaluation stage, which produces configuration files for a given design, where the number
of configurations is minimised during the compile-time sequencing stage; (ii) an incremental
configuration calculation stage, which takes the output of the partial evaluator and generates an
initial configuration file and incremental configuration files that partially update ‘preceding
configurations; and (iii) an optimisation stage for devices or systems supporting simultaneous
configuration of multiple components. While many of the techniques are independent of the
design language and device used, experimental tools have been developed that target Xilinx 6200
devices. Simultaneous configuration, for example, can be used to reduce the time for reconfiguring
an adder to a subtractor from time linear with respect to its size to constant time at best and
logarithmic time at worst. The tools have been used in developing a variety of designs, including

arithmetic, video and database applications.

1 Introduction

The run-time reconfigurability of field-programmable gate
arrays (FPGAs) provides them an increasingly competitive
edge over microprocessors which tend to be flexible but
slow, and over custom-designed integrated circuits which
tend to be fast but inflexible and in addition require a long
time to develop. Run-time reconfiguration has been featured
in a growing list of applications, including genomic-data-
base searching [15], neural networks [8], and Boolean-
satisfiability solving [33]. Products incorporating run-time
reconfiguration are beginning to reach the marketplace [4],
and some predict that even microprocessors will eventually
be implemented using reconfigurable hardware [3].

Although rapid advances have been made, many obsta-
cles remain to be surmounted before run-time reconfigura-
tion can become a common feature in FPGA-based
systems in general, and reconfigurable computing in parti-
cular. The major challenge is to improve understanding of
reconfigurable systems, and to provide facilities for devel-
oping and optimising them with much less effort and
specialised knowledge than is now required.
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The objective of the work described is to provide a
framework and tools for automating the exploitation of
such hardware features in run-time reconfigurable designs.
Although there has been work on simulating [28], optimis-
ing [24] and deriving [12] reconfigurable designs, the
development of practical compilation tools for such
designs is still largely unexplored. Pioneering research on
compilation tools for run-time reconfigurable systems has
been described by Bellows and Hutchings [1] and by
Gokhale and Marks [6]. The approach in this paper, in
contrast, is largely language-independent. Additional tools
based on ours are being developed for the Xilinx Virtex
FPGAs.

A prototype version of the tools reported in this paper has
been distributed to a number of institutions. It has been used
in developing a variety of designs, including computer
arithmetic [11], image interpolation [13], video processing
[18], augmented reality [22], and database searching [30].

The contributions of this paper can be seen in the
context of previous work on models, tools and devices.
For instance, while partial evaluation is not a new idea, the
prototype tools described are probably the first to apply it
to run-time reconfiguration based on an abstract model
[24]. Similarly, although wildcarding was invented by
Xilinx, the present authors are not aware of any analysis
of its effects comparable to the description in Section 7.
The tools for incremental configuration appear unique,
although there has been research on using wildcarding
for configuration compression [9].

2 Overview of framework

The authors are striving to develop design tools for run-
time reconfiguration that will become standard in future
synthesis systems. From experience, the desirable features
for such tools include:

(a) the ability to produce a wide range of implementations
that are globally or locally reconfigurable [14], covering
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Fig. 1 The six steps in the design framework

Dotted boxes indicate that they are specific to devices or systems supporting
partial reconfiguration or simultaneous reconfiguration

devices that provide special hardware for rapid reconfi-
guration;

(b) support for simulating, optimising and validating
designs at various levels of abstraction; and

(c) facilities assisting design reuse and performance analy-
sis so that optimal designs can be produced rapidly.

This section outlines a framework that meets the above
requirements. There are six steps in the framework: decom-
position, sequencing, partial evaluation, incremental
configuration calculation, simultaneous configuration
generation, and validation (Fig. 1). The first three steps
and the last step can be applied to any reconfigurable
design; step 4 is specific to devices or systems that support
partial reconfiguration, and step 5 is specific to those that
support simultaneous reconfiguration. Tools are being
developed for each of the six steps in the framework; a
more detailed illustration of the design flow for three of our
tools is shown in Fig. 2.

In the first step of the framework, a design is decom-
posed into appropriate reconfigurable regions. This proce-
dure should take the following into account:

(i) trade-offs between maximising resource usage and
minimising reconfiguration overhead in both space and
time, and

(ii) chip boundaries when there is more than one device in
the implementation.

Methods [24] are available to guide the decomposition
step. The present work follows a library-based approach
[21] to facilitate reusing designs, and to simplify develop-
ment of configurations with compatible size, shape and
interface constraints for partially reconfigurable compo-
nents. At the end of this step, the design is captured as a
network with control blocks connecting together the possi-
ble configurations for each reconfigurable component,
together with the sequence of conditions for activating a
particular configuration for each control block.

In the second step, the activation sequence is used to
decide.which configurations are required at run time. For a
component with n configurations, there are n(n — 1) possi-
bilities of changing from one configuration to another. All
these configurations will need to be generated at compile
time if the activation sequence is not available, or alter-
natively the configurations will have to be produced on
demand at run time. If the number of configurations is too
large, one can return to the first step for an alternative
decomposition. Each control block will be mapped onto a
real or a virtual component — further explanations will be
given in Section 3.

During the third step, the actual configuration files are
produced by partially evaluating the design according to
the activation sequence. Inputs having a fixed value
throughout a configuration can be used to simplify the
hardware for that configuration; this process involves
propagating the constant values through the circuit, and
is sometimes called data folding [5]. Partial evaluation is
usually carried out at compile time, and the resulting
netlists are compiled by FPGA vendor tools (Fig. 2). Partial
evaluation can also take place at run time if the overheads
involved can be tolerated [30].

EDIF -
initial configuration
partial : EDIF File 1 FPGA vendor _15t conf\iﬁ'guration
evaluation ' ConfigDiff '
EDIF File 2 2nd configuration
file
FPGA vendor |~
tools 1st incremental
- configuration
EDIF File N o Nth configuration
Y file
[ J
FPGA vendor
tools
Mth incremental
Configuration
command R
file C routine
sequencing

hardware sequencer

Fig. 2 Tools for developing run-time-reconfigurable designs
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The fourth step, incremental configuration calculation,
concerns only devices or systems supporting partial recon-
figuration. The partial evaluation step results in complete
configuration files; the purpose of this step is to produce
incremental configuration files to minimise their size and
reconfiguration time. When this step is completed, each
reconfigurable component will be assigned an initial
configuration file and one or more incremental configura-
tion files.

The fifth step, simultaneous configuration generation,
concerns only devices or systems supporting simultaneous
reconfiguration of multiple-array cells, such as Xilinx 6200
series FPGAs. Although this step is application-dependent
and device-dependent, as shown below the reconfiguration
time can often be substantially reduced for regular circuits.

The sixth and final step, validation, involves checking
that the design behaves as expected and meets the
constraints on performance and resource usage. A compre-
hensive model of the reconfigurable component will be
useful here for two reasons. First, it can be used to
investigate the detailed behaviour of the device during
reconfiguration, for formulating efficient and reliable
reconfiguration methods. Secondly, it can be used to
validate more abstract models which contain less informa-
tion, but are more amenable to dealing with large designs.

Design tools for the first and last steps are based on
parametrised libraries [21] developed using the Ruby and
Rebecca tools [17], the Pebble system [23], and commer-
cial VHDL tools. These libraries and tools enable a high-
level and modular design approach to be supported for
design compilation [7], visualisation [20] and valida-
tion [26].

The following sections describe, in greater detail, the
prototype tools that we have been developing to support
the sequencing, partial evaluation, incremental configura-
tion calculation and simultaneous configuration generation
steps (Fig. 2). All the tools function and have been used in
developing the examples in Section 7. While most of the
techniques are device-independent, the tools currently
target Xilinx 6200 devices which support both partial
and simultaneous reconfiguration — the latter by a proce-
dure known as wildcarding [2]. Also, to maintain compat-
ibility with Xilinx 6200 design tools, the data files and the
results of the partial evaluation step are captured in the
EDIF format.

3 Partial evaluation

The basic idea behind the way run-time reconfigurable
regions are specified is straightforward [24]. A block that
can be configured to behave either as 4 or as B is described
by a network with 4 and B sandwiched between two
control blocks C and C’ (Fig. 3). C and C’ are responsible

Fig. 3 Static network modelling a design that can behave either as A or
as B, depending on the control blocks C and C'
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Fig. 4 Original and partially evaluated circuits

a Original circuit using an RC_Mux to specify a reconfigurable region
b Partially evaluated circuit when MUX_SEL =0
¢ Partially evaluated circuit with MEX_SEL =1

for routing the data and results from the external ports x
and y to either 4 or B at the desired instant; the choice can
be determined by run-time conditions. Possible control
inputs to C and C’ are not shown in Fig. 3. Note that x
and y can be multibit wires.

The current implementation of the partial evaluator
maps C to a fan-out and C’ to a virtual multiplexer,
called an RC_Mux (Fig. 4), which is used to select
between components 4 and B. At compile time, the
select value MUX_SEL can be specified; as a result,
either block 4 or B is instantiated, and the RC_Mux is
removed. If the MUX_SEL value is not specified at
compile time, a netlist in the EDIF format for each block
will be produced and compiled separately, and each will
then be loaded into the FPGA on demand at run time. The
RC_Mux can have more than one input in order to describe
reconfiguration between multiple components, and each
input and output can be a multibit bus,

One advantage of using the RC_Mux to model run-time
reconfiguration is that the circuit can be simulated without
modification, since the behaviour of RC_Muxes can be
modelled by normal multiplexers. This approach also
covers the possibility that the RC_Muxes are mapped
onto actual multiplexers, provided that enough chip area
is available [24]. Since a library-based approach to
adopted, the locations of input and output ports of the
components connected to the RC_Mux are known and will
be extended to match those for the largest component.

At compile time, the partial evaluator searches for an
instance of an RC_Mux. When one is found, the instance is
removed. If the value of the select line of the RC_Mux is
given, the unselected block is only removed if it is
connected to just the RC_Mux; that is if it has a fan-out
of 1. The output of the selected block is then connected to
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the component that was connected to the output of an RC_
Mux, and the net names are resolved. The initial config-
uration is compiled using the largest component connected
to the RC_Mux, so that sufficient chip area is reserved for
the reconfigurable units. Since the connected components
are selected from a parametrised library, their sizes, shapes
and interface constraints are known before the design is
processed by vendor tools. This process is continued until
all the RC_Muxes have been dealt with.

4 Compile-time sequencing

If the sequence of configurations is known at compile time,
the number of different incremental configurations that
need to be generated can be reduced from n(n — 1) to m,
where m is the number of times an RC_Mux select line is
changed. As shown in Fig. 2, a command file is used to
specify the sequence of configurations. Additional
commands can be given in order to use this file for
simulation as well as for compilation.

The configuration sequence is specified in the command
file by assigning a value to a net in the circuit connected to
the select lines of an RC_Mux or to registers within the
FPGA. If the net is connected to one or more select inputs
of an RC_Mux, this means that a new configuration
corresponding to the selected hardware should be loaded
into the FPGA. If the net is connected to a register within
the FPGA, a register-read or register-write should be
performed. The number of clock cycles can also be
specified so that the time between reconfigurations is
known.

The output of the sequencer tool is either a C routine or a
hardware sequencer. The C routine is generated by trans-
lating the commands in the command file to their equiva-
lent C functions. At run time, the C routine can be used as
a template and other functions can be added. If very fast
reconfiguration is needed, the sequencer can be generated
partially or completely in hardware as a state machine [30].

5 Calculating incremental configurations

Since Xilinx 6200 FPGAs support partial reconfiguration,
it is possible to minimise the size of configuration files and
to reduce reconfiguration time by calculating incremental
configuration files. A program called ‘ConfigDiff’ (Fig. 2)
was written to calculate the incremental configurations
between two successive configurations for the Xilinx
6200 FPGA.

Suppose it is necessary to reconfigure a design from
configuration current to configuration next. For this
purpose, the incremental configuration will consist of
two parts. The first will obviously be the regions which
are specified in next but not in current; these correspond to
functions which are not in the current configuration, and
the cells involved will therefore need to be included in the
incremental configuration. The regions in current but not
in next correspond to functions which are no longer
required, so the cells involved should be configured to
unused logic. Since in most cases the sequence of config-
urations is known at compile time, only the necessary
incremental configurations are calculated.

6 Simultaneous configuration generation

Xilinx 6200 FPGAs have a feature called ‘wildcarding’
which allows more than one cell within a column to be
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written to simultaneously with the same data [2]. This is
performed by supplementing the address decoder with a
wildcard register. During configuration, a logic 1 in the
wildcard register indicates that the corresponding bit in the
row address is to be taken as a ‘don’t-care’; in other words,
the address decoder will match addresses where this bit is a
lorad.

An extension to ‘ConfigDiff” was written to take advan-
tage of the wildcarding feature. Wildcard optimisation was
performed by first building a look-up table. For the Xilinx
6216 device, this table was constructed by enumerating
each of its 64 row addresses with all 64 wildcard values.
Each location of the look-up table is a 64-bit value; each
bit indicates which of the 64 rows would be written, given
an address and a wildcard value. A function is provided to
search the look-up table for the best wildcard value, given
the rows which need to be written to simultaneously with
the same data. Since there may not always be an exact
match between the rows that need to be written to and the
rows that actually will be written to, this function returns a
64-bit value indicating which rows will be affected. The
configuration file is processed by repeatedly applying the
best-match function on a column of cells, until there are
three cells or fewer that are configured with the same data
— because of the overheads involved, it is not economical
to apply wildcarding to three or fewer cells. Since the
current implementation applies wildcarding to a single
column of cells, the number of combinations is small
enough that the optimal wildcard value can be obtained
by exhaustive search.

7 Run-time-reconfigurable design examples

To evaluate the effectiveness of simultaneous reconfigura-
tion, wildcard optimisation was tested using two examples
from available parameterised design libraries [21] which
have very different properties. The first example illustrates
reconfiguration from one regular structure, an n-bit adder,
to another regular structure, an n-bit subtractor. In the
worst case, simultaneous reconfiguration reduces the
reconfiguration time from linear to logarithmic time; in
the best case, the reconfiguration time is constant (Fig. 5).
The second example illustrates reconfiguration between
irregular designs using a 64-bit pattern matcher. These
examples, both of which have been tested on a Xilinx 6200
FPGA in a PCl-based platform [24], are described in more
detail below.

35 T T T T T T
30t .
3 o5t i
[}
3
§20 without wildcarding 4
®
5
215 max (with wildcarding) b
g i
[§] -
10} .
5 - ¥ T
min (with wildcarding)
0 1 1 1 1 1 1
0 5 10 15 20 25 30 35

size of adder/subtractor

Fig. 5 TVariation of time against design size for reconfiguring a multibit
adder to become a subtractor
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7.1 Adder/subtractor example

In a Xilinx 6200 FPGA, an n-bit ripple adder/subtractor
using only localised routing can be implemented using 6n
cells. The size of this adder/substractor can be reduced by
33% if the adder is changed into a subtractor using run-
time reconfiguration; this can be achieved by inverting one
of the input bits of each adder component, and also
changing the carry-in to the adder array from a logic 0 to
a logic 1.

Without wildcarding, it takes n cycles to reconfigure the
n-bit adder to the n-bit subtractor. This linear configuration
time is shown in Fig. 5. When using wildcard optimisation,
the best-case reconfiguration time, which takes a constant
time of four cycles, occurs when » can be expressed in the
form 2™. The worst-case reconfiguration time, which
occurs when n=2" — 1, is due to the inability to apply
a single wildcarding to a large number of address bits, and
multiple wildcarding is needed. An expression can be
derived for the worst-case reconfiguration time in terms
of the number of configuration cycles [25]; for the present
adder/subtractor example, this expression is 3log,(n+ 1)
—2 where # is the adder size. This logarithmic configura-
tion time is shown in Fig. 5 by a broken line above the
actual results. Since the best case occurs when n=2" and
the worst case occurs when n =2" — 1, the worst case can
be improved by reconfiguring an additional cell to maxi-
mise wildcarding.

7.2 Pattern-matcher example

The second example is a 64-bit pattern matcher. The
structure of the reconfigurable version of the pattern
matcher is shown in Fig. 6 [5]; this design takes up
64 x 2 =128 FPGA cells, whereas a design including an
additional shift register for storing the pattern and an
additional row of comparators will be twice as large.

The test for the worst-case configuration time is
performed by changing the pattern matcher to match the
1’s complement of the number it was previously matching,
so that all 64 cells in the column are reconfigured. An
experiment involving 10 000 test cases was conducted,
during which the pattern matcher was constructed to match
a 64-bit random constant. The results from this test are
shown in Fig. 7. Without wildcarding, it takes 64 write
cycles to reconfigure the pattern matcher. With wildcard-
ing, it takes on average around 53 cycles, saving around
17% of the reconfiguration time. Since this analysis

MUX_SEL

=111

Fig. 6 Multibit pattern matcher
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Fig. 7 Worst-case analysis of reconfiguring a 64-bit pattern matcher
using wildcarding

assumes the worst case, in practice there will usually be
some regularity in the matching pattern to remove the need
for reconfiguring every bit of the pattern matcher, resulting
in a shorter reconfiguration time. However, it will be harder
to apply a wildcard of 32 or 16 bits if there are fewer cells
to reconfigure.

This example illustrates a common technique for dealing
with irregular designs. Since it is impractical to generate
the circuits for matching all possible 64-bit patterns,
instead the two possible configurations were produced for
each of the 64 gates in the design (Fig. 6). The wildcarding
for the complete configuration file was then computed from
configuration data for each of the 64 gates. This technique
reduces the number of configurations from 264264 — 1)~
34x10°® to 64 x2=128. Sometimes, the wildcard
computation cannot be carried out at compile time
because, for instance, the matching pattern is not available.
Under these circumstances, it may be possible to compute
the wildcarding at run time, provided that this can be
achieved with acceptable efficiency.

8 Concluding remarks

A framework and the associated tools have been presented
for developing run-time reconfigurable designs, and their
benefits and costs are demonstrated in two applications.
The framework is capable of supporting a wide variety of
FPGAs, including those with special support for rapid
reconfiguration such as facilities for partial and simulta-
neous reconfiguration. The tools are compatible with
existing industry-standard tools for simulation and synth-
esis, and their effectiveness has been illustrated using two
examples. A library-based approach is adopted which
simplifies physical conformance of configurations for a
reconfigurable component; it also facilitates design reuse
and performance analysis. The framework is supported by
the Rebecca [17] and Pebble [23] systems, which provide:

(i) a path for formally verifying reconfigurable design
optimisations; and

(ii) additional tools such as those for mixed-level symbolic
simulation and visualisation [19].

To be successful, such toolsets for run-time reconfigur-
able designs must include facilities that can exploit device-
specific features whenever possible. For instance, the
present work has shown that the wildcard capability of
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Xilinx 6200 devices can result in a substantial reduction in
reconfiguration time.

In related work, a tool has been developed which
automates the identification of reconfigurable regions and
mapping of reconfigurable regions [29]. Two successive
circuit configurations for a partially reconfigurable system
are matched to locate the components common to them.
Such components will not be reconfigured when the
second configuration replaces the first, hence reducing
reconfiguration time. This tool has been integrated with
the tools described in this paper.

Current and future work is focused on refining and
extending the framework and tools to cover further appli-
cations and devices, such as Xilinx Virtex FPGAs [16].
Run-time support is also being improved [31], providing
an interface to higher-level tools [32], including support
for platforms containing multiple and heterogeneous
processing elements [10] as well as systems with both
hardware and software [27].
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