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Abstract—We introduce an idealized dynamically reconfigurable
computing model that is suitable for applications in video
processing applications. Dynamically reconfigurable computing
is characterized by a dynamic data path which has been made
possible with the partial reconfiguration feature available in
modern FPGA devices. Dynamically reconfigurable computing
design leads to a multi-objective optimization model with
constraints on power, performance and resources. We provide a
review of recent reconfigurable computing applications reported
by different groups and propose a new model for dynamically
reconfigurable video processing applications. We provide model
measurements for reconfiguration time overhead, static and
reconfiguration power consumption.
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1. INTRODUCTION

Reconfigurable computing is defined by the ability of
modifying a processing unit's data path in response to
variations in the computation's constraints. When the idea of
“dynamic hardware” was first enunciated by Estrin in [1],
devices with the required flexibility were not available yet. It is
with the introduction of reconfigurable devices that the first
hardware platforms for reconfigurable computing were
possible.

The first devices used for this purpose had the ability of
holding different configuration images at the same time, and
were able to switch between them in few clock cycles. This
kind of devices was labeled multi context devices. As devices
grew denser, holding multiple configuration contexts became
impractical. Later devices are single-context, meaning that only
one configuration image is held at a point in time as shown in
Figure 1. Single-context devices are limited by the time it takes
to load a new configuration every time a change -
reconfiguration- is required. This time is referred to in the
literature as reconfiguration time overhead. Reconfigurable
architectures used multiple devices in order to partially hide the
reconfiguration time overhead by performing computations in
one device while the others were being reconfigured as needed.
In this schema, reconfiguration is seldom used, being more of a
change of application altogether rather than a change in the
application. Modern devices introduced two new key features
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that have enabled a myriad of applications that use
reconfiguration more intensively. First is run-time partial
reconfiguration.  Partial  reconfiguration reduces  the
reconfiguration time overhead by allowing partial
configurations — thus smaller bitstreams — to be uploaded. Run-
time refers to the ability to perform partial reconfiguration
while keeping the unchanged parts of the device running. The
second feature is access to the configuration memory from
within the device's fabric. This means that a device can
reconfigure itself. These two features have moved the
paradigm of reconfigurable computing one step forward,
towards  system-on-a-chip  (SoC), self-reconfigurable
computing systems.

Different deployment flows for programmable devices are
possible given all these features (see Figure 2). The traditional
flow consists of creating a single configuration file,
programming the device and processing data until system
shutdown. With partial run-time reconfiguration, a different
flow is possible. In this case one can create a set of bitstreams
for different sections of a device and different application's
conditions. An initial configuration is loaded and processing
takes place until a change in the computation conditions force a
partial reconfiguration. Processing keeps going on with partial
changes in the device configuration as needed. A final
alternative is to create partial configurations, compile them in
real-time, and use them to reconfigure the device as needed.
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Figure 1. Comparison between single and multi context devices and a
configuration file (bitstream) logical organization for a Xilinx's Virtex 4
device.
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Figure 2. Different deployment flows possible given some of the features
available in moder FPGAs.

This is a significantly more complicated flow since it
requires the device to have the intelligence to select code and
compilation parameters in real-time. Thus, this particular flow
requires a deep knowledge of a device architecture and
manufacturer tools. In this paper, this flow is not studied since
not enough information is provided by FPGA manufacturers
for a third party to execute it, unless a non-disclosure
agreement is in place [2].

In the field of image and video processing, reconfigurable
computing has been used for many purposes, from boosting
performance by adapting the hardware to variations in the
data's characteristics, to emulating infinite resources by
multiplexing hardware in time. However, in image processing,
and especially in video processing, we have very tight
performance constraints. Increased performance is generally
obtained as a trade-off between power consumption and logical
resources usage. In this paper, we formulate run-time
reconfigurable system design as a problem of meeting
objectives in performance, power consumption and logical
resources usage.

To motivate the model, we first provide a literature review
of representative cases of reconfigurable computing
applications reported in the field of image and video
processing. The selection of these example cases is based on
the different approaches to partial reconfiguration that the
authors chose. The cases listed by no means represent an
exhaustive collection of reported applications. We then provide
a mathematical model that summarizes all the factors and
parameters that play a significant role in the multi objective
optimization problem of dynamically reconfigurable
computing. We then present some measurements that provide
actual values for some of the model's key parameters.

II.BACKGROUND

Research in image and video processing applications
implemented in reconfigurable computing platforms can be
classified in three groups. The first and earliest group consisted
of applications that used reconfiguration in a moderate manner,
generally built upon reconfigurable fabric and a static host used
as a reconfiguration controller and general processing unit.
Platforms such as ARDOISE [3], GARP [4], Chimera [5] and
OneChip [6-7] fall into this category. Reconfiguration time
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overhead in these architectures is either not a problem because
it is small enough not to disturb the overall system performance
(some of these architecture supported partial reconfiguration),
or it is dealt with by parallel processing: reconfiguration is
done in one device while useful processing is being done in
other devices. Many other techniques to reduce reconfiguration
time overhead have been reported in the literature, such as
configuration compression [8], caching [9] and pre-fetching
[10]. In these early platforms, power consumption was not a
constraint. Reconfiguration in this case was mainly used as a
way to emulate infinite resources by swapping in and out
processing elements from the reconfigurable devices as needed.

An example of a reported application in this group is [3],
where the authors describe an approach to implement real time
image processing using the ARDOISE architecture. In this case
the devices used are ATMEL 40K40 and the reconfiguration
time is small enough to allow a device reconfiguration within
the time it takes for a new frame to arrive (~40ms). This paper
also presents a model used to explore the performance limits of
this architecture, based on the complexity of an algorithm
(number of gates) and the reconfiguration speed (thus,
reconfiguration time overhead). The complex trade-off
between performance, power consumption and logical
resources is not addressed.

The second and third groups consist of applications that
used intensively reconfiguration in its latest form: run-time
partial reconfiguration. Partial reconfiguration is used in this
case to swap functional or processing units in and out the
programmable device without putting on hold the computation
or processing being done in the rest of the device. The main
function of reconfiguration is still an emulation of infinite
resources by multiplexing hardware in time. However,
performance management is also being done, either by
modifying a functional unit to respond to changes in the data
being processed, or by modifying a process parallelism by
either incrementing or reducing the number of processing units
as needed. Although power is still not a constraint, researchers
already observed that it is possible to manage power
consumption using the same means used to manage
performance.

An example of this group of applications is [11], where the
authors used a Xilinx's multi context device (XC6200) to
implement a motion estimation algorithm. Dynamic
reconfiguration was used with the goal of saving power. This is
accomplished by modifying the search regions according to
frame to frame statistics, being able in some cases to reduce
computation and thus reduce power. Another power saving
strategy was to re-utilize unused sections of the reconfigurable
device to implement local memory, reducing power costly off-
chip communications. Reconfiguration time overhead wasn't
significant due to the multi context nature of the device used.

The third and latest group consists of applications based on
run-time partial self-reconfiguration and usually contained
within a single device. In this case, the availability of logical
resources is the most important constraint, while power and
performance are traded-off depending on an application’s
needs or power availability. It is this group that this paper
focuses on. It is important to mention that the model presented



in this paper, although targeted towards this group, can be
adapted to describe applications in the previous two groups by
setting some of the parameters accordingly.

To this group belong applications such as the ones
described in [12] and [13]. In [12], the authors describe a
dynamically reconfigurable image processing system able to
perform pixel-based operations using small processing units.
These processing units can be swapped at run-time to perform
different operations. Their small size reduces the
reconfiguration time overhead. The overall architecture is
described as a reconfigurable SoC. In [13], the authors describe
a multiprocessor SoC that uses run-time partial reconfiguration
to generate hardware threads seamlessly intermix with software
threads for the execution of the JPEG2000 image compression
algorithm. In this case, reconfiguration time overhead is hidden
behind the execution of parallel software threads. This
architecture trades-off the number of accelerators allocated
(hardware processing units) and the number of software
threads executed based on performance requirements and
logical resources limitations.

III. MULTIOBJECTIVE OPTIMIZATON MODEL

This work focuses on a run-time self reconfigurable system
for image and video processing. As such, the following
assumptions are made:

1.- For simplicity, homogeneous processing elements (PE) are
assumed, represented in the model by the number of hardware
frames required for their configuration. This measure of size is
independent of the logical resources used by the PE due to a
practical limitation in the PR design flow.

2.- Power available to the system is a function of time ( e.g. a
satellite depending on solar power or a battery application, see
Figure 3).

3.- An application/algorithm is subdivided into tasks. The
smallest atomic data unit is a (video) frame. A single task may
be processed in a single PE. Alternatively, multiple PEs
implementing the same task can be configured in order to
speed up the process by means of parallelism (see Figure 3).

4.- The model is built upon data gathered using Xilinx's FPGA,
as they are currently the only devices supporting run-time self
reconfiguration (see next section).
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Figure 3. Key assumptions in the model's definition.
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5.- The complete system must fit in a single device (logical
resources constraint).

6.- It is assumed that all required bitstreams are available at
running time. Real-time compilation and relocation is not
supported.

7.- Run-time partial reconfiguration is done through the
internal configuration access port (ICAP). Thus, there is
hardware overhead related with the configuration controller.
This overhead is not significant when compared with hardware
required to control the overall system (see [1, 14] for typical
resource usage).

8.- Performance (measured in frames per second (fps) in the
case of video processing) is ideally assumed to be directly
proportional to the number of PEs at a point in time.

9.- A maximum time delay constraint of 33 ms (~30
frames/second for real-time video) is used to account for data
reading, reconfiguration and data writing.

10.- The model is described in terms of a multi-objective
constrained optimization that searches to minimize the energy
consumed to execute an application while maximizing the
system's performance.

With these assumptions at hand the model can be simply
defined as the minimization of energy consumption and
maximization of performance, given constraints in both
performance and total energy available:

min(E,—S) subject to S >30fps and E < Ep

where S is the system's performance that can be expressed in
terms of frames per second (fps). E is the total amount of
energy consumed for the execution of a task and Er is the total
energy available. This is an important parameter that could
affect the number of PEs involved in executing a task. It is
calculated by integrating the amount of power available over a
time frame (see Figure 3).

To model performance we start by estimating the time D(fr) it
takes to process a frame fi as:

D(fr) = Spg * Np(fr)/Npe(fr)

where Npg represents the number of processing elements (PEs)
available to process a frame, Spz represents the time it takes for
a PE to process a single pixel within the frame, and N,
represents the number of pixels for the frame fr-.

Note that D(fi) does not include the time it takes to move data
in and out of the processing units nor does it include
reconfiguration time overhead. Including reconfiguration,
D(fr) becomes Drc(fi) :

Dro(fr) = D(fr) + a(fr) * B(fr) * Rt x NrpE

where a(fr) is a reconfiguration cost factor for possibly pre-
configuring PEs for video frames ahead subject to power
availability. This factor accounts for the use of configuration
pre-fetching techniques to reduce the reconfiguration time
overhead. B(fr) is a factor to account for using parallel
processing while partially reconfiguring sections of the device
at run-time. It is effectively the percentage of reconfiguration



overhead that can be hidden behind parallel processing. Note
that the factors & and B have natural constraints:

a(fr) =21, B(fr)<1

R7 represents the time needed to reconfigure a PE. This
parameter depends on the device being used (characterized by
different configuration memory ports with different speeds)
and the size of the PE. The larger the PE, the more logical
resources it uses, thus the larger the partial bitstream required
to configure it. Ngeg(fi) represents the number of PEs
reconfigured per frame processed.

Thus, the performance S can be defined as 1/Dgcor:
S = (Spe * Np(fr)/Npg + a(fr) * B(fr) * Rr * Nrpg(fr)) ™!

The application's energy E can be modeled as:
E = Z}\?:O(NPE(fT‘) x Ppp + NRPE(fT) * PR)

where Ppg is the power consumed per PE and Py is the power
required to reconfigure a PE, which is device/technology
dependant. The power consumed by each PE is generally
divided in static power and active power (see [15] for a
definition and measurement's setups or estimation). Static
power consumption is linearly dependent on the amount of
logical resources being used. Dynamic power consumption is
related to frequency of operation, data path width and voltage
of operation. Since the 3™ factor is normally not manageable
(there are unconventional techniques reported to manage this
voltage in order to save power [16]), dynamic power can only
be finely controlled by changing the frequency of operation
and the level of parallelism of a task. Note that energy is the
integral of power over time. For simplicity we assume time
discrete measured in frames.

In order to use this model some of the parameters ought to be
estimated or measured.

IV.PHYSICAL CONSTRAINTS AND MEASUREMENTS

In applications such as the ones we are trying to model,
reconfiguration time overhead is usually the largest limiting
factor in performance. Thus a significant amount of research
has been focused on reducing this overhead by either
manipulating the bitstream (compression) or by adequately
scheduling loading times (prefetching). Other research has
focused on accelerating loading times by either exploiting the
configuration port's bandwidth or by implementing some sort
of configuration caching. Ultimately, all methods related to
how fast one can load a configuration bitstream into memory.
For a variety of different FPGA devices, we present
experimental results for measuring the reconfiguration time
overhead, reconfiguration power, and static power. For
comparison purposes, we normalize our results in terms of the
percentage of the device that is being reconfigured.

Figure 4 shows estimated loading times for partial
configurations of different sizes for the larger devices in Xilinx
FPGA's representative families. The graph's numbers were
calculated with the maximum theoretical bandwidth and some
of the most important and faster configuration controllers
reported to date. This graph provides bounds for the
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reconfiguration time overhead Ry , for processing elements
that occupy different percentages of the device. Here, for real-
time performance at 30 frames per second, we note the delay
bound of 33 msecs for reconfiguration and processing.

i GO
A EOG
Spartan 3A
XC3S1400A | Lo sosen @0 Dy El
L 2 i 1
Virtex 5 Arinmidnng i@
XCBVLX330T | Awswifn@hi @iy p
L0 GO
7 TR A WY 1,8
Adminmigy
Virtex 4 o 2
XCAVEX140 | Awsmpuivmayay i
i B DD
5 2 K 5 ; >
10 10 10 10 10 10
seconds
A 10% of the device Max. theoretical speed

»25% of the device
0 50% of the device
o 75% of the device
+ 100% of the device

Figure 4. Reconfiguration times for different device percentages at different
configuration bandwidths.

Reported speed in [14] and [2]
Reported speed in [15]

mmmmn - Xjlinx's reference design speed [18]

(] 1.30s © 27.6mv
O 4625 O 124mv
A332s Al5.2mv

(@ 20.0mv 1005 : )| : [ H [1] J

Figure 5. Power drawn during reconfiguration for a Xilinx's XC2VP30 device.

70 T T : T :
O Virlex 2 Pro (0.96% = 100%)
O Videx4 [0.12W = 100% b

Percentage of power increase

0 2 4 B il 10 i 14 18 18 z0
Percentage of device utilization

Figure 6. Linear relationship between the amount of logical resources being
used the static power consumption for Virtex 2 and Virtex 4 devices.



We also measure FPGA reconfiguration power during
reconfiguration Py .Reconfiguration power is largely dependent
on the family's device and technology. Figure 5 shows an
indirect measurement of the current (15.2 mVolts/ 0.1 Ohms)
being drawn by an Virtex 2-Pro (XC2P30) FPGA while
configuration is taking place. A description of the measurement
setup can be found in [15]. In this case, the amount of power
can be calculated as 15.22 /0.1 watts.

A portion (static power) of the overall power consumption
Ppz have been found to be linearly dependent with the
percentage of the device being used. Figure 6 shows this linear
relationship for Virtex 2 and Virtex 4 devices.

V.CONCLUSIONS

A dynamic computer simulator is being implemented using
the model described. All parameters are being evaluated in
Xilinx's Virtex 5 and Virtex 4 families. The model has
applications in run-time reconfigurable intensive applications,
where power and performance are constrained. An example of
such applications is developed in [15] and [17].

The model does not account for data dependencies. This
early model intended for use by the image and video
processing community for deciding on the usefulness of
dynamic run-time partial reconfiguration solutions.
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