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Abstract

One of the major overheads in reconfigurable
computing is the time it takes to reconfigure the
devices in the system.  This overhead limits the
speedups possible in this exciting new paradigm.  In
this paper we explore one technique for reducing this
overhead: the compression of configuration
datastreams.  We develop an algorithm, targeted to
the decompression hardware imbedded in the Xilinx
XC6200 series FPGA architecture, that can radically
reduce the amount of data needed to transfer during
reconfiguration.  This results in an overall reduction
of almost 4 in total bandwidth required for
reconfiguration.

Configuration Compression

When FPGAs were first introduced in the mid 1980s
they were viewed as a technology for replacing
standard gate arrays for some applications.  In these
first generation systems, a single configuration is
created for the FPGA, and this configuration is the
only one loaded into the FPGA.  A second generation
soon followed, with FPGAs that could use multiple
configurations, but reconfiguration was done
relatively infrequently [Hauck97].  In such systems,
the time to reconfigure the FPGA was of little
concern.

Many of the most exciting applications being
developed with FPGAs today involve run-time
reconfiguration [Hauck97].  In such systems the
configuration of the FPGAs may change multiple
times in the course of a computation, reusing the
silicon resources for several different parts of a
computation.  Such systems have the potential to
make more effective use of the chip resources than
even standard ASICs, where fixed hardware may
only be used in a portion of the computation.
However, the advantages of run-time reconfiguration
do not come without a cost.  By requiring multiple
reconfigurations to complete a computation, the time
it takes to reconfigure the FPGA becomes a
significant concern.  In most systems the FPGA must
sit idle while it is being reconfigured, wasting cycles
that could otherwise be performing useful work.  For
example, applications on the DISC and DISC II
system have spent 25% [Withlin96] to 71%

[Wirthlin95] of their execution time performing
reconfiguration.

It is obvious from these overhead numbers that
reductions in the amount of cycles wasted to
reconfiguration delays can have a significant impact
on the performance of run-time reconfigured systems.
For example, if an application spends 50% of its time
in reconfiguration, and we were somehow able to
reduce the overhead per reconfiguration by a factor
of 2, we would reduce the application’s runtime by at
least 25%.  In fact, the performance improvement
could be even higher than this.  Specifically, consider
the case of an FPGA used in conjunction with a host
processor, with only the most time-critical portions of
the code mapped into reconfigurable logic.  An
application developed for such a system with a given
reconfiguration delay may be unable to take
advantage of some optimizations because the
speedups of the added functionality are outweighed
by the additional reconfiguration delay required to
load the functionality into the FPGA.  However, if we
can reduce the reconfiguration delay, more of the
logic might profitably be mapped into the
reconfigurable logic, providing an even greater
performance improvement.  For example, in the
UCLA ATR work the system wastes more than 75%
of its cycles in reconfiguration [Villasenor96,
Villasenor97].  This overhead has limited the
optimizations explored with the algorithm, since
performance optimizations to the computation cycles
will yield only limited improvement in the overall
runtimes.  This has kept the researchers from using
higher performance FPGA families and other
optimizations that can significantly reduce the
computation cycles required.

Because of the potential for improving the
performance of reconfigurable systems, developing
techniques for reducing the reconfiguration delay is
an important research area.  Previously, we have
presented methods for overlapping reconfiguration
with computation via configuration prefetching
[Hauck98].  In this paper we consider method for
reducing this overhead: the compressing of
configuration streams in order to reduce the
bandwidth requirements of reconfigurable systems.
By grouping together identical functions in a
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mapping, such as the individual cells in a multi-bit
adder, and configuring all cells with common data,
significant compression factors can be achieved.

Xilinx XC6200 FPGA

The target for our compression work is the Xilinx
XC6200 series FPGAs [Xilinx97].  This FPGA has
special hardware called Wildcard Registers that can
be viewed as decompressors for configuration data.
However, to the best of our knowledge there is no
compression algorithm that can efficiently use this
hardware.  In this paper we present an algorithm for
configuration compression that targets this special
hardware.  We will first briefly describe the features
of Xilinx XC6200 series FPGA.

The XC6200 FPGA is an SRAM based high-
performance Sea-Of-Gates FPGA optimized for
datapath designs.  All user registers and SRAM
control store memory are mapped into processor
address space, thus making it easy to configure and
access the chip’s state.  The XC6200 can handle the
8-bit, 16-bit and 32-bit data writes.  A simplified
block diagram of the XC6216 is shown in Figure 1.
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Figure 1.  XC6216 simplified diagram.

The XC6200 provides several types of programming
control registers: (1) Device Configuration Register,
which controls global device functions and modes.
(2) Device Identification Register, which controls
when the computation starts.  Usually the ID
Registers are written in the final step of the
configuration.  (3) Map Register, which can map all
the possible cell outputs from a column onto the
external data bus.  By correctly setting the map
register, the state register can be easily accessed
without complicated mask operations.  (4) Mask
Register, which can control which bits on the data
bus are valid and which bits are ignored.  (5)
Wildcard Register, which allows some cell
configuration memories within the same row or
column of cells to be written simultaneously.  Since
the Wildcard Registers are the primary architectural
feature used by our algorithm, we will give more
details for the Wildcard Registers.

There are two Wildcard Registers, Row Wildcard
Register and Column Wildcard Register, which are
associated with the row address decoder and the
column address decoder respectively.  Each register
has one bit for each bit in the row address or the
column address.  The Wildcard Registers can be
viewed as “masks” for the row and column address
decoder.  Let us consider the effect of the Row
Wildcard Register on row address translation (the
Column Wildcard Register has the same effect on
column address translation).  A logic one bit in the
Row Wildcard Register indicates that the
corresponding bit of the row address is a wildcard,
which means the address decoder matches rows
whose addresses have either a “1” or a “0” on the
wildcard bits.  Thus, the number of cells that will be
configured at the same time is 2n if there are n logic
one bits in the Wildcard Register.  For example,
suppose the Row Wildcard Register is set as
“010001” and the address to the row address decoder
is set as “110010”.  In this case the row decoder
selects rows 100010, 100011, 110010, and 110011.
If these locations share the same computation, and
thus would need to be configured with the same
value, all four could be configured with a single write
operation.  Thus, by using Wildcard Registers faster
configuration could be achieved.

The Wildcard Registers and the address decoder can
be viewed as a configuration decompressor.  Given a
compressed configuration file, which has Wildcard
Register writes followed by address writes, the
address is decompressed such that several cells with
the same function get configured simultaneously.
The Wildcard Registers can inform the address
decoder which bits in the address can be Wildcarded
and which bits cannot.  Theoretically, up to 4096
cells can be configured by only 3 writes (two
Wildcard Registers writes and one address write) if
we assume all 4096 cells share the same function.
With this “decompressor” hardware available, there
is the potential to achieve significant reductions in
the required configuration bandwidth.  The key is
how to find an algorithm that can efficiently use this
decompression hardware.  In this paper we will
present one such algorithm.

Configuration Compression Algorithm

Given a normal configuration file, our algorithm will
generate a new configuration file that performs the
same configuration with fewer writes by using the
Wildcard Registers.  Our algorithm contains two
stages.  In the first stage of the algorithm, we assume
that writes to the wildcard registers are free, and thus
seek to find the minimum number of writes necessary
to configure the array for a given configuration.  This
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will create a series of writes with arbitrary wildcards,
meaning that these wildcard writes may add a
significant overhead.  The second stage of the
algorithm attempts to reduce this wildcarding
overhead by sharing the same wildcard in a series of
writes, thus reducing the number of times the
wildcard registers must be changed.

Before discussing the details for this algorithm, we
first describe the format of the configuration file we
use.  The standard Xilinx XC6200 configuration file
(.cal file) consists of a series of configuration
address-data pairs.  The address is 16 bits long, and
the data elements are 8 to 32 bits (depending upon
the mask register setting).  Since most of the
benchmark files we have obtained contain 8 bit data
values, and since 8 bit writes can emulate 32 bit
writes (but not vice-versa without the danger of
overwriting other locations), we only consider 8-bit
data here.  Note that this happens to also be one of
the more difficult cases for a compression algorithm,
since with 8-bit writes it is not possible to write both
the row and column wildcard registers
simultaneously, thus increasing the wildcard
overhead.  However, our algorithm can easily be
simplified to handle 16 or 32 bit writes.

Two points must be made about the .cal files.  First, a
.cal file contains data to configure the entire chip,
including both the logic array and the configuration
registers.  However, the Wildcard registers only
operate on the logic array memory addresses,
meaning that it is not possible to compress the
configuration register writes.  Thus, these register
writes represent a fixed overhead for our algorithm.
We will ignore these writes during the discussion that
follows, although our algorithm does maintain all
control register writes from the source file, and our
results include these fixed overheads.  Second, the
XC6200 is partially reconfigurable, meaning that a
.cal file may contain writes to only a portion of the
logic array.  Thus, there are regions of the array that
are not modified by the input configuration.  Since
these locations may contain data from previous
configurations that must be maintained, we treat all

locations not written by an input .cal file as “Don’t
Touches”.  That is, we do not allow our algorithm to
reconfigure these locations, thus restricting the
amount of compression possible.

First Stage of the Compression Algorithm

In the first stage of the algorithm, we assume that
both wildcard registers can be written during the
same cycle as data is written to the logic array’s
configuration.  Thus, we ignore the overhead of
wildcard writes in order to simplify the compression
problem.  However, we will show that even this
simplified version of the problem is NP-hard by
transforming 2-level logic minimization into this
compression problem.  Although this will
demonstrate that an optimal algorithm is unlikely for
this problem, it will also point the way towards an
efficient solution via standard logic minimization
techniques.

In the standard two-level logic minimization
problem, the goal is to find the minimum number of
cubes that cover the ON set of a function, while
covering none of the OFF set minterms.  In the
configuration compression problem we seek to find
the fewest wildcard-augmented writes that will set
the memory to the proper state.  We can translate the
logic minimization problem, which is NP-Complete
[Gimpel65], into the configuration compression
problem as follows: We map each minterm N in a
logic circuit to memory location N in an FPGA’s
configuration memory.  If a minterm J is in the ON
set, the corresponding address J is set to 1 in the
configuration.  If a minterm K is in the OFF set, the
corresponding address K is set to “Don’t Touch” in
the configuration.  Now, once we solve the simplified
configuration compression problem we produce a set
of wildcard writes which covers only the 1’s in the
configuration, with every 1 contained in at least one
wildcard write, and no Don’t Touches will be
contained in any wildcard writes.  These wildcard
writes thus correspond directly to product terms in a
2-level logic implementation of the circuit to be
implemented.  Thus, finding a minimum number of

00 01 11 10 00 01 10 11

00 0 1 0 0 00 DT 1 DT DT

01 0 0 0 0 01 DT DT DT DT

11 1 1 1 0 10 DT 1 DT 1

10 0 1 1 0 11 1 1 DT 1

Figure 2.  Example of the transformation of 2-level logic minimization into the simplified configuration
compression problem.  The Karnaugh Map (left) of the circuit is transformed into the configuration to
be compressed (right).  “DT” indicates don’t touches in the configuration.
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wildcard augmented writes for the XC6200 is at least
as hard as two-level logic minimization, meaning that
an efficient optimal algorithm is very unlikely to be
found.

Because of the similarity of the two problems, we
should be able to use standard logic minimization
techniques to find the wildcards for the configuration
problem.  For the example in Figure 3, normal
configuration will need 4 writes to configure all cells
with the function 2.  However, by using logic
minimization techniques we can find a single cube
that covers the corresponding cells in the Karnaugh
map.  Since we have Wildcard registers, we can
compress the 4 configuration memory addresses in
the cube into one address “--10”, where “-” means
wildcard.  Before configuring these 4 cells, we first
set the Row Wildcard register to “11”(which means
the row address following is read as”--”) and the
Column Wildcard Register to “00”.  The row address
decoder then automatically decompresses the
address, configuring all four cells at the same time.

00 01 10 11

00 1 1 2 DT

01 1 1 2 DT

10 1 3 2 3

11 3 3 2 DT

Figure 3.  Example for demonstrating the
potential for configuration compression.

Even though this configuration problem can be
viewed as the logic minimization problem, there is a
difference between these two problems.  In logic
minimization the logic is static, which means all “1”
terms are written in the Karnaugh map at the same
time, and the sum of the product terms (cubes)
exactly covers the logic for each output.  However, in
configuration compression the configuration is done
dynamically, which means that later writes can
overwrite previous values.  Thus, we can consider the

values of the cells that have not yet been written into
the FPGA as Don’t Cares.  With these Don’t Cares,
we may be able to use fewer product terms (cubes) to
cover the cells which need to be written to the FPGA,
reducing the number of writes in the configuration.
For example, in Figure 3, suppose data “1” is written
before data “3”.  We can find a single cube to cover
all the “1”s, instead of 2, if we consider the cells with
data “3” as Don’t Cares (Figure 4a).  This means we
need just one address write to configure all “1”s.  Of
course, all cells covered by the cube shaded in Figure
4a are configured with data “1”, including those cells
which actually require the data “3”.  However, since
the XC6200 FPGA is a reconfigurable device, those
incorrect cells can be rewritten with the correct
configuration later, as shown in Figure 4b.

From the example above, we can see that the order in
which specific values are written has an impact on
the total number of writes needed.  If we ignore
Wildcard register writes, the total number of writes
needed to complete the configuration in Figure 3 is 4
for the case that the “1”s are written before the “3”s.
However, for the case that the “3”s are written before
the “1”s, the total number of writes will be 5.  This is
because we can write all “1”s in one cycle if the “3”s
are Don’t Cares, while the “3”s will take two writes
regardless of whether the “1”s are written before or
after the “3”s.  Thus, we not only have to consider
how to most efficiently write each value into the
memory, but also what order these writes should
occur to best compress the data.  We can certainly
find an optimal sequence for a specific configuration
by doing exhaustive search, but the runtimes would
be significant.  Thus, heuristic algorithms are
required not just for finding Wildcarded addresses,
but also to determine the order of Wildcard writes.
Before we present the heuristics we used, we first
introduce the logic minimization technique we used
for our configuration algorithm.

Wildcarded Addresses via Minimization

The logic minimization problem is a well-known NP-
complete problem, and there exist sophisticated

00 01 10 11 00 01 10 11

00 1 1 00 1 1

01 1 1 01 1 1

10 1 X 10 1 3 3

11 X X 11 3 3

                                     (a)            (b)

Figure 4.  Example of the use of Don’t Cares in configuration compression.
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heuristic algorithms to find near optimal solutions.
The Espresso algorithm [Brayton84] is widely used
for single-output logic optimization, and it is claimed
that optimal solutions will be produced in most cases.
We use Espresso as a major portion of our
configuration compression algorithm.  The input
required by Espresso is an encoded truth table, as
shown in Figure 5(left).  Each line consists of a
minterm index encoded in binary, followed by either
a “1” (for members of the On set) or a “-” (for
members of the Don’t Care set).  The corresponding
minimized truth table is shown in Figure 5(right).

1000 1 00-- 1

0001 1 -000 1

0010 1

0011 1

0000 -

Figure 5.  Espresso input (left), and the
resulting output (right).

The configuration memory addresses in the .cal file
can be viewed as the minterms for the Espresso input
file.  Assume for example that we decide that the
“3”s are the next values to write to the memory, and
that the “1”s have already been written, though the
“2”s have not.  We can use Espresso to find the
proper Wildcarded writes by assigning all addresses
with the value to be written assigned to the On set, all
Don’t Touch and already written values assigned to
the Off set, and all values not yet written assigned to
the Don’t Care set.  Thus, the “3” addresses would be
passed to Espresso with a “1”, and the “2” addresses
would be passed with a “-”.  The results of Espresso
will be a set of cubes that correspond to Wildcarded
writes.  These writes contain all of the addresses that
need to be set to the value to be written, as well as
locations that will be written in future writes, yet will
contain none of the Don’t Touch nor already written
addresses.

Now we present the first stage of our algorithm:

1. Read the input .cal file and group together all
configuration memory addresses with the same
value.  Mark all address locations as unoccupied.

2. Sort the groups in decreasing order of the
number of addresses to be written in that group.

3. Pick the first group, and write the addresses in
the group to the Espresso input file as part of the
On set.

4. Write all other addresses marked unoccupied to
the Espresso input file as part of the Don’t Care
set.

5. Write all addresses marked occupied, yet with
the same value as the first group, to the Espresso
input file as part of the Don’t Care set.

6. Run Espresso.

7. Pick the cube from the Espresso output that
covers the most unoccupied addresses in the first
group, and add the cube to the compressed .cal
file.  Mark all covered addresses as occupied,
and remove them from the group.

8. If the cube did not cover all of the addresses in
the group, reinsert the group into the sorted list.

9. If any addresses remain to be compressed, go to
step 2.

This algorithm uses the Espresso-based techniques
discussed earlier, with a greedy choice of the order in
which to write the different values.  We greedily pick
the group with the most addresses in it because this
group should benefit the most from having as many
Don’t Cares as possible, since the values may be
scattered throughout the array.  An example of this is
shown in Figure 6.  If we choose to write the “5”s
first, the total number of writes (excluding Wildcard
Register writes) is 5, while it only requires 3 writes if
the “6”s are written first.

00 01 10 11

00 6 6 6 6

01 6 6 6 6

10 6 6 6 5

11 6 6 5 6

Figure 6.  An example to illustrate the
reason for selecting bigger groups.

Since a single cube may not cover all the addresses in
the currently picked group, we pick the cube that
covers the most addresses since it provides the
greatest compression factor.  When this group is
picked again (in order to cover the rest of the
addresses) we will put Don’t Cares for those
configuration memory addresses “occupied” by the
same function data.  Thus, later cubes are still
allowed to cover these earlier addresses, since writing
the same value twice does not cause any problems.

One additional optimization we have added to the
algorithm is to perform a preprocessing to determine
if any of the groups will never benefit from any
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Don’t Cares, and thus can be scheduled last.  For
each group, we run Espresso twice.  In the first run,
all locations that will be configured, except for the
members of the group, are assigned to the Don’t Care
set.  In the second run, these nodes instead form the
Off set.  In both cases the group members are
assigned to the On set.  If the number of cubes found
in both runs are identical, it is clear that the Don’t
Cares do not help in reducing the number of writes
for this value.  Thus, this group is always scheduled
last.

One final concern for the first stage of our algorithm
is the XC6216 column Wildcard restriction.  Because
of the electrical properties of the memory write logic,
the architecture restricts the number of Wildcards in
the column address to at most 4 bits.  To handle this,
we examine the cube picked in step 7 and see if it
meets this restriction.  If there are too many
Wildcards in the column bits, we iteratively pick one
Wildcard to remove until the restriction is met.  To
pick the Wildcard to remove, we determine how
many addresses have a “0” in a given Wildcard bit,
and how many have a “1”.  The Wildcard removed is
the one with the most addresses with a specific value
(“1” or “0”), and that value replaces the Wildcard.

Once the first stage of the algorithm is completed, we
have a list of address data pairs, with Wildcards in
most of the addresses, which will produce the desired
configuration.  However, while this series of writes
assumes that the Wildcard registers can be set in the
same cycle with the configuration memory write, it
actually takes 3 cycles to perform this operation:
Row Wildcard Register write, Column Wildcard
Register write, and configuration memory write.
Thus, the Wildcard writes will triple the total number
of writes.  In stage two of the algorithm we use
techniques for sharing Wildcard Register writes
between multiple configuration memory writes,
significantly reducing this overhead.

Second Stage of the Compression Algorithm

The objective of this stage is to reorder the sequence
of writes created in the first stage in order to share
Wildcard Register writes between configuration

memory writes.  Also, since Espresso will find the
largest cube that covers the required configuration
addresses, there may be some wildcard bits that can
be changed into “0” or “1” while still covering all
required memory addresses.  Performing such
reductions may increase the number of compatible
Wildcard Register values, again increasing Wildcard
Register value sharing.  We call this second
transformation “wildcard reduction”.  Figure 7 gives
an example of the two consecutive writes that cannot
share any Wildcard register values after the first
stage, yet after wildcard reduction both wildcards can
be shared.  The number of writes needed for writing
the 6 configuration memory addresses is down to 4, 2
less than that without wildcard sharing.

Before we continue the discussion, we first need to
define some terms:

Required Addresses Set: The set of addresses that
become occupied because of this write (the addresses
this write is used to set).

Maximum Address: The Wildcarded address found by
Espresso.

Minimum Address: The Wildcarded address with the
minimum number of Wildcards that still covers the
Required Address Set.

Intersect(Addr1, Addr2):  The set of addresses
covered by both addresses Addr1 and Addr2.

And(Wild1, Wild2):  The bitwise AND of two
Wildcard Register values.  Retains a Wildcard bit
only when it appears in both values.

Or(Wild1, Wild2):  The bitwise OR of two Wildcard
Register values.  Contains a Wildcard bit when either
source Wildcard value has a Wildcard at that bit.

Superset(Wild1, Wild2):  True if every Wildcard bit
in Wild2 is also in Wild1.

In the second stage, we wish to reorder the sequence
of writes found in stage one, and apply wildcard
reduction selectively, in order to find a new order
with a much lower Wildcard Register write overhead.
In order to do this we convert the totally ordered

Write 1 Addresses Write 2 Addresses Original Writes Reduced Writes

(000000, 000100) (100000, 100100) (0-0-00, 00--00) (0-0000, 00--00)

(010000, 000100) (100000, 100100) (1-0000, 1---00) (1-0000, 10--00)

(010000, 001000) (110000, 101000)

Figure 7.  An example of Wildcard reduction.  The addresses to be configured are shown at left.  At center is the
set of writes given by the first stage, which requires unique row and column Wildcards.  The reduced version at
right can share both row and column Wildcards by removing some Wildcard bits.
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sequence of writes from the first stage into a partial
order that captures only those ordering constraints
necessary to maintain correctness.  We then create a
new order, and apply wildcard reduction.

In the first stage, the sequence we created is not
necessarily the only order in which the sequence of
writes can correctly be applied.  For example, the
writes in Figure 7 can be reversed without altering
the resulting configuration since neither write
overwrites relevant data from the other.  Of course,
there are some writes that are not swappable, so we
must determine which writes must be kept in
sequence, and which can be reordered.  Once we
have this information, we can reorder the writes to
increase Wildcard Register value sharing.  The
following condition gives one situation in which
writes can be reordered, and forms the basis for our
partial order generation algorithm.  Note that in the
paragraphs that follow, we assume that write A
preceded write B in the original order.

Condition 1: If Intersect(Maximum Address(A),
Required Addresses Set(B)) = {}, then A and B can
be reordered.

In order to create a partial order, we investigate each
(not necessarily consecutive) pair of nodes in the
original order.  If condition 1 does not hold for this
pair of nodes, an edge is inserted into the partial order
group, requiring that the earlier write must occur
before the later write.  Once all pairs have been
considered, we have created a partial order for the
entire set of writes.  Only those nodes without any
incoming edges can be scheduled first.  After a node
is scheduled, that node and any edges connected to it
are removed, potentially allowing other nodes to be
scheduled.  All nodes that become schedulable once a
given node is removed from the partial order are
called the children of that node.

At any given point in the scheduling process the
partial order graph determines which nodes are
candidates to be scheduled.  Now, we must develop
an algorithm for choosing the best candidate node to
schedule.  We use the following rules as our
scheduling heuristics.  The rules are applied in order,
with ties at an earlier rule broken by the rules that
follow.  Thus, losers at any rule are eliminated, and
only the winners are compared with the following
rules.

1. Candidate can share both row and column
wildcards with the preceding writes.

2. A child of the candidate can share both wildcards
with a different current candidate.

3. Candidate can share either the row or column
wildcard with the preceding writes.

4. Candidate with the greatest number of other
candidates and children that can share both row
and column wildcards with it.

5. Candidate with the greatest number of other
candidates and children that can share either the
row or column wildcard with it.

6. Candidate with the greatest number of children.

Rules 1 and 3 measure the immediate impact of
scheduling the candidate on the number of wildcard
writes.  Rule 2 adds some lookahead, scheduling a
candidate early in order to allow its children to share
wildcards with another current candidate.  Rules 4 –
6 attempt to increase the number of good candidates,
hoping that the greater flexibility will result in lower
Wildcard overheads.

In order to implement the rules given above, we must
determine when two writes can share a row or
column Wildcard.  To do this, we use the following
condition:

Condition 2: If (Maximum Wildcard of A And
Maximum Wildcard of B) is the Superset of
(Minimum Wildcard of A Or Minimum Wildcard of
B), then A and B can share the wildcard.

The intuition behind this condition is that if A and B
can share a Wildcard, then the Maximum Wildcard of
A must be the Superset of the Minimum Wildcard of
B, and the Maximum Wildcard of B must be the
Superset of the Minimum Wildcard of A.  Otherwise,
they cannot share the wildcard.  Notice that the
wildcard sharing is not transitive.  That is, if A and B
can share a wildcard, and B and C can share a
Wildcard, it is not always true that A and C can share
a wildcard.  For example, B might have all bits as
Wildcards, while A and C each have only one
Wildcarded position, and the position is different for
A and C.

The non-transitivity of the Wildcards is an important
consideration.  If we apply the scheduling rules
discussed earlier pairwise, we may schedule three
writes in series which we expect to share all
Wildcards, when in fact we require new Wildcard
writes before the third write.  To deal with this, when
a node is scheduled we generate a new Minimum
Wildcard and Maximum Wildcard for the schedule so
far.  These Wildcard bounds must represent all
possible values in the Wildcard registers at this point
in the schedule.  This process is captured by the
following rules:
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1. If the scheduled candidate cannot share the
current Wildcard:
Min. Wild(schedule) = Min. Wild(candidate)
Max. Wild(schedule) = Max. Wild(candidate).

2. If the scheduled candidate can share the current
Wildcard:
Min. Wild(schedule) = 
Or(Min. Wild(schedule), Min. Wild(candidate))
Max. Wild(schedule) = 
And(Max. Wild(schedule), Max. Wild(candidate))

These rules maintain the Minimum and Maximum
Wildcards in order to more accurately determine
which candidate can share a Wildcard with the
preceding writes.  Thus, whenever we apply the rules
for determining which candidate to choose, we
always use the schedule’s Minimum and Maximum
Wildcards to determine whether a candidate can
share a Wildcard.

Experimental Results

The algorithm described above was implemented in
C++, and was run on a set of benchmarks collected
from current XC6200 users.  These benchmarks
include files whose layouts and routing were
optimized carefully at a low-level by Gordon Brebner
and Virtual Computer Corp., as well as files whose
routing was determined by the Xilinx XACT6000
software’s routing tool.

The results are shown in Table 1.  The size of the
initial circuit is given in the “Input size” column.
This size includes all writes required to configure the
FPGA, including both compressible writes to the
logic array, as well as non-compressible control
register writes.  The “Control Writes” column
represents the number of non-compressible writes,
and is a fixed overhead for both the original and
compressed file.  The size of the compressed file is
contained in the “Total Writes” column, which
includes control writes, writes to the logic array
(“Config. Writes”), and writes to the Wildcard

Benchmark Input size Control writes Config. writes Wildcard writes Total Writes Ratio

Counter (X) 199 40 53 13 106 53.2%

Parity (B) 208 16 9 3 28 13.5%

Add4 (X) 214 40 43 14 97 45.3%

zero32 (B) 238 42 12 3 57 23.9%

adder32 (B) 384 31 28 14 73 19.0%

Smear (X) 696 44 224 37 305 43.8%

Add4rm (X) 908 46 473 45 564 62.1%

Gray (X) 1201 44 530 74 648 53.9%

Top (X) 1367 70 812 87 969 70.8%

Demo (B) 2233 31 423 91 545 24.4%

Ccitt (B) 2684 31 346 84 461 17.2%

Tally (B) 3366 42 211 42 295 8.7%

T (B) 5819 31 834 192 1057 18.2%

Correlator (V) 11002 38 1663 176 1877 17.0%

Geometric Mean: Brebner (B) and VCC (V) 17.0%

XACT6000 (X) 54.1%

All 27.9%

Table 1.  The results of the compression algorithm on the benchmark circuits.  These files include
benchmarks that were run through the XACT6000 generic routing tools (marked with an “X”), as well
as files mapped with lower-level tools from Gordon Brebner (“B”) and Virtual Computer Corp. (“V”).
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registers (“Wildcard Writes”).  The ratio column is
the ratio of the compressed file size to the original
file size.  As can be seen, the algorithm achieves a
factor of 2 to 11 compression ratio.  Also striking is
the difference in compression ratios between files
with carefully optimized routing (the “B” and “V”
files), as opposed to those that were run through the
XACT6000 tools.  The more carefully mapped files
have a compression factor of almost 6, while the
other files achieve a compression factor of
approximately 2.  Overall, the algorithm is capable of
achieving a compression factor of approximately 4.

Conclusions

One of the primary problems in reconfigurable
computing is the time and bandwidth overheads due
to reconfiguration.  This can overwhelm the
performance benefits of reconfigurable computing,
and reduce the potential application domains.  Thus,
reducing this overhead is an important consideration
for these systems.

In this paper we have presented what we believe is
the first general-purpose compression algorithm for
reconfigurable computing configurations.  By using
the fixed decompression hardware in the Xilinx
XC6200 it achieves almost a fourfold reduction in
bandwidth requirements, which will result in a
significant reduction in reconfiguration times.  By
combining this technique with other configuration
management strategies, including configuration
prefetching [Hauck98], we believe that the
reconfiguration overhead can be virtually eliminated
from many reconfigurable computing systems.
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