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ABSTRACT

We present a new concept as well as the implementation of
an FPGA-based reconfigurable platform, the Erlangen Slot
Machine (ESM). One main advantage of this platform is the
possibility for each module to access its periphery indepen-
dent from its location through a programmable crossbar, al-
lowing an unrestricted relocation of modules on the device.
Furthermore, we propose different intermodule communica-
tion structures.

1. INTRODUCTION

Despite the announcement made by several companies in
the last couple of years about the design and production of
new and mostly coarse-grained reconfigurable chips, today’s
reconfigurable computing platforms are still FPGA-based.
The growing capacities provided by FPGAs as well as their
partial reconfiguration capabilities have made them the ulti-
mate choice. The Xilinx FPGAs are the only devices on the
market with large capacity and the ability to support partial
reconfiguration. The Virtex series offers enough logic for
efficiently implementing applications with high demand of
resources, e.g., arising in video, audio and signal processing
as well as in other fields like automotive applications. Partial
reconfiguration is useful to increase the flexibility in com-
putation and for efficiency reasons time-sharing the device
space. It requires run-time loadable modules to be compiled
and stored as bitstreams, which will then be used to recon-
figure the device, i.e., allocate space for the computation of
the module on the device. Several algorithms for on-line
placement were developed in the past [1, 2]. However, their
implementation is limited by two main factors. First, very
few FPGA platforms exist on which those algorithms can be
implemented. Second, the development process of modules
is subject to many restrictions that make a systematic de-
velopment process for partial reconfiguration difficult. Each
module placed at a given location on the device is implic-
itly assigned all the resources in that area. This includes the
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pins, the clock managers and other hard macros like multi-
pliers and BlockRAM.

Module 3

Fig. 1. The feed-through problem with reconfigurable mod-
ules

As illustrated in Figure 1, a module using resources out-
side its placement area must use connections running trough
other modules in order to access its resources. We call those
signal used by a given module and crossing other modules
feed-trough signals. Using feed-through lines to access re-
sources has two negative consequences:

o Difficulty of design automation: Each module must
be implemented with all possible feed-trough chan-
nels needed by other modules. Because we only know
at run-time which module needs to feed through the
signal, many channels reserved for a possible feed-
through become redundant.

e Relocation of modules: Modules accessing pins are
no more relocatable, because they are compiled for
fixed locations where a direct access to their pins is
possible.

Until now, no FPGA platform on the market provides a so-
lution to the problems previously mentioned. Many systems
on the market offer various interfaces for audio and video
capturing and rendering, for communication and so forth.
However, each interface is connected to the FPGA using
dedicated pins in a fixed location. Modules willing to ac-
cess a given interface like the VGA must be placed in the
area of the chip where the FPGA signals are connected, thus
making a relocation impossible. The purpose of the Erlan-



gen Slot Machine (ESM) is to overcome the deficiency of
existing FPGA platforms by providing:

e A new highly flexible FPGA platform in which each
component must not be fixed all the time at a given
chip location.

e A suitable tool support for the development process
of modules for run-time reconfiguration and commu-
nication, and for making an efficient use of the archi-
tecture.

This paper is organized as follows: Section 2 provides an
overview of existing platforms and shows their deficiencies.
Due to the large number of existing platforms, we focus
on a small representative subset of systems that are actu-
ally available. In Section 3, we present the concept of our
ESM platform. Section 4 describes all available intermod-
ule communication support for the ESM. In Section 5, we
present a first application in video streaming implemented
on the ESM. The application makes use of dynamic recon-
figuration to enhance the flexibility. The concluding Section
6 provides a look at future work.

2. DRAWBACKS OF EXISTING SYSTEMS

Due to the following factors, the practical realization and use
of partial and dynamic reconfiguration on current existing
FPGA-based reconfigurable platforms is highly restricted:

1. Limitation of reconfiguration on actual FPGAs: Very

few FPGAs allowing partial reconfiguration exist on
the market. Those few FPGAs, like the Virtex series,
allow only a restricted partial reconfiguration. The re-
configuration is done column wise meaning that load-
ing a module in a given area will affect all the modules
on top and below the module.

2. 1/O-pin problems: Most of the existing platforms
have peripheral components like video, RAMs, audio,
ADC and DAC connected at fixed locations on the de-
vice. This has the consequence that a module must be
stuck on a given region where it will have access to its
pins, and therefore making a relocation very difficult.
Another problem related to the pin connection is that
the pins belonging to a given logical group like video,
audio, etc. are not situated closely to each other. On
many platforms they are spread around the device. A
module willing to use a device will have to feed many
lines through many different components. This situ-
ation is illustrated on figure 2: Two modules (one of
which is a VGA module) are implemented. The VGA
module uses a large number of pins at the bottom part
of the device and also on the right hand side. Imple-
menting a module without feed-through is only possi-
ble on the two first columns on the left hand side. The

effort needed for implementing a reconfigurable mod-
ule on more than two columns together with the VGA
module is very high. This situation is not only present
on Celoxica boards [3]. The XESS boards [4], the
Nallatech boards [5], and the Alpha boards [6] face
the same limitation. On the XF-Board [7, 8] from
ETH Zurich, the peripherals are connected to one side
of the device. Each module accesses its peripherals
through an operating system (OS) layer implemented
on the left and right part of the device. Many other ex-
isting platforms like the RAPTOR board [9], Celoxica
RC1000 and RC2000 [3] are PCI systems that require
a workstation for operation. The use in stand-alone
systems as needed in embedded systems is not possi-
ble.

3. Intermodule communication: Modules placed at run-
time on the device typically need to exchange data
among each other. This request for communication is
a dynamic task due to the on-line module placement.
For modules placed far from each other it will not be
possible to feed communication lines through several
modules in order to establish a connection. New paths
are then necessary in order to allow a dynamic com-
munication to take place during run-time.

Reconfigurable module

VGA Pins

Fig. 2. Pin distribution of the VGA module on the RC200
platform

With these limitations in mind, we designed a new and FPGA-
based platform, called the Erlangen Slot Machine (ESM) for
reconfigurable computing. A tool (which will not be ad-
dressed in this paper) is currently in development for easing
the implementation of modular applications on the ESM.

3. THE ESM ARCHITECTURE

The Erlangen Slot machine (ESM) consists of a BabyBoard
mounted on a MotherBoard. The clustering of the system
into two boards allows the BabyBoard that contains the re-
configurable FPGA to be used on a wide variety of appli-
cation domains such as image and audio signal processing.
For the integration of the ESM into a new domain such as
the automotive domain, no redesign of the complete system
is necessary. Only a new MotherBoard must be provided



according to the computational requirements in the new en-
vironment. For example, a multimedia system will provide
a MotherBoard with multimedia devices like video and au-
dio. In the following, we provide a detailed description of
the board’s functionality.

3.1. The BabyBoard
3.1.1. Computation and Reconfigurable Engine

The reconfigurable engine of the ESM platform is a baby
board that features a Xilinx Virtex 11-6000 FPGA from Xil-
inx, several SRAMs and a configuration circuit. Due to
the restriction? in the reconfiguration of Virtex FPGAs, we
adapt our architecture to match the following properties:

e Free relocation of modules: On-line placement of
modules on a reconfigurable device, in this case the
FPGA, is done by downloading a partial bitstream that
implements a given task in the FPGA. This requires a
relocation that places a module in a location differ-
ent from the one for which it was compiled. Reloca-
tion can be done only if all the resources are available
and structured in the same way in the previous loca-
tion and in the new location. This includes the de-
vice pins used by the module. If the connection of a
module with its peripheral is done via some pins that
fixed at a given chip location, the module must be re-
stricted to that location. A relocation will be possible,
but the module must feed signals through all the other
modules between the pins and the new location. We
solved this problem on the ESM by avoiding a direct
connection of peripherals on the FPGA. As shown
in Figure 3, all the bottom pins from the FPGA are
connected to an interface controller (crossbar). The
interface devices are connected to the interface con-
troller as well. This makes it possible to establish any
connection from one module to its peripheral via the
crosshar.

e Uniform repartition of resource: Like any other re-
configurable platform, the ESM is primarily a parallel
computing engine in which each module carries its
own computation and communicates with other mod-
ules. Therefore, a certain amount of resources must be
allocated to each module for its computation, at least
for a given period of time. Memory is very important
in applications like video streaming in which a given
module must exclusively access a picture at a time for
computation. However, the capacity of the available
BlockRAMs in FPGA is limited. External SRAM
memory is therefore added to allow storage of large
amounts of data by each module. To allow a module
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Fig. 3. Architecture of the ESM BabyBoard

to exclusively access its memory, the SRAM is con-
nected at the top part of the FPGA. In this way, a mod-
ule will have its connection to its peripheral from the
bottom part, while the top part will be used for tempo-
rally storing the computation data. According to the
number of memory banks which can be connected on
the top, the device is divided into a set of exchange-
able slots A to V, each of which has access to the
SRAM on the top part and to the crossbar at the bot-
tom. Our system is called the Erlangen Slot Machine
due to this arrangement of reconfigurable slots. This
modular organization of the device simplifies the relo-
cation, primary condition for a viable reconfigurable
computing system. Each module moved from one slot
to another will encounter equal resources. The archi-
tecture is illustrated in Figure 3.

3.1.2. The Configuration Manager

Apart from the main FPGA, the BabyBoard also contains
the configuration circuitry. This consists of a CPLD, a con-
figuration FPGA (a small Spartan Il FPGA) and a Flash.

e The CPLD is used to download the Spartan Il config-
uration from the flash upon power-up. It also contains
board initialisation routines for the on-board PLL and
the Flash.

e The configuration program for the main FPGA is im-
plemented in the Spartan I1. Besides the configuration
finite state machine, this device contains a circuit to
perform module relocation while downloading the bit-
stream. Because the Virtex Il bitstream format is not
yet open, this solution has not been implemented yet.

e The Flash provides a capacity of 64 MBytes, thus en-
abling the storage of up to 32 full configurations and
a few hundred partial bitstreams.



3.1.3. Memory

Six SRAM banks of size 2 MBtye each are vertically at-
tached to the board on the top side of the device, thus pro-
viding enough memory space to six different super slots for
temporal data storage. The SRAMSs can be also used for
shared memory communication between neighbour modules,
e.g., for streaming applications. They are connected to the
FPGA in such a way that the reconfiguration of a given mod-
ule will not affect the access to other modules.

3.1.4. Debug Lines

Debugging capabilities are offered through general purpose
I/0O provided at regular distances between the basic slots. A
JTAG port provides debug capabilities for the main FPGA,
the CPLD and the Spartan II.

3.2. The MotherBoard
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Fig. 4. Architecture of the ESM MotherBoard

The MotherBoard provides programmable links from the
FPGA to all peripherals. The physical connections are es-
tablished at run-time through a programmable crossbar im-
plemented in an a Spartan chip on the MotherBoard. Be-
sides the run-time-programmable crossbar, many peripher-
als for multimedia and communication are available on the
board (Figure 4). Video capture and rendering interfaces as
well as high speed communication links are available on the
MotherBoard. A Power PC processor is also available for
managing the dataflow on the MotherBoard as well as the
communication with external systems.

4. INTERMODULE COMMUNICATION

One of the central limiting points for the wide use of par-
tial dynamic reconfiguration is the problem of intermod-
ule communication. Each module that is placed on the de-
vice must collects its data from a given source and send

its results to a given destination. For the ESM, we pro-
vide four main possibilities for realizing the communication
among different modules (see Figure 5): The first one is a
direct communication using bus macros between adjacent
modules. Secondly, shared memory communication using
SRAMs or BlockRAMs is possible. However, only adja-
cent modules can use those two communication modes. For
modules placed in non-adjacent slots, we provide a dynamic
signal switching communication architecture called recon-
figurable multiple bus (RMB) [10]. In case of emergency,
the communication between two different modules can also
be realized through the external crossbar.

<) d)

Fig. 5. Intermodule communication possibilities on the
ESM: a) bus-macro, b) shared memory, c) reconfigurable
multiple bus RMB, d) external crossbar
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4.1. Adjacent Communication

Adjacent communication is done between abutting modules.
On the ESM, BusMacros are used to realize a direct commu-
nication between neighbour modules, providing fixed com-
munication channels that help to keep the signal integrity on
reconfiguration. Because only four signals can be passed for
each bus macro, the number needed for connecting a set of
n signals is n/4.

4.2. Communication via Shared Memory

Communication between two neighbouring modules can be
done in two different ways using shared memory: In the
first, the dual ported BlockRAMs are use for implementing
communication among two neighbour modules working in
two different clock domains. The sender writes on one side,
while the receiver reads the data on the other side. The sec-
ond possibility uses external RAM. This is particular useful
in applications in which each module must process a large
amount of data and then sends the processed data to the next
module, as it is the case in video streaming. On the ESM,



each SRAM can be accessed by its corresponding module
as well as its right and left neighbours. A controller is used
to manage the SRAM access. Depending on the application,
the user may set the priority of accessing the SRAM for the
three modules.

4.3. Communication via RMB

In its basic definition, the Reconfigurable Multiple Bus (RMB)

architecture [11, 12] consists of a set of processing elements,
each posessing a switching bus connection to other process-
ing elements. The switches control connection requests be-
tween individual modules. The RMB is a one-dimensional
arrangement of switches. In out implementation on an FPGA,
the horizontal arrangement allows for the communication
among modules placed in the slots. The request for a new
connection is done in a wormhole fashion, where the sender
(processor Py) sends a request for communication to its neigh-
bor (processor Py, 1) in the direction of the receiver. Proces-
sor Py.1 sends the request to processor Py o, etc., until
the receiver receives the request and returns an acknowledg-
ment. The acknowledgment is then sent back in the same
way to the sender. Each processor that receives an acknowl-
edgment sets its switch to connect the two bus segments.
Upon receiving the acknowledgment, the sender can start
the communication (circuit routing). The wired connection
stays until an explicit release command is issued by the sender.
This approach was first presented in [12] and extended later
in [11] with a compaction mechanisms for quickly finding a
free segment. In our implementation of the RMB on Xilinx
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Fig. 6. FPGA implementation of the RMB for partial recon-
figuration

Virtex FPGAs, we separated the switching controller from
the modules. In this way, we provide a uniform interface
to designers for connecting their modules on the bus. The
implementation of the RMB structure on an FPGA Virtex |1
6000 with four processors and four parallel buses each hav-
ing a bandwidth of 16 reveals an area overhead of 4% with a
frequency of 120 MHz on the controller [10]. As shown on
Figure 6, Bus-macros are used at the boundary of modules
and controllers to insure a correct operation upon reconfig-
uration.

4.4, Communication via the Crossbar

The last possibility of establishing a communication among
modules is to use the crossbar. Because all the modules are
connected to the crossbar via the pins at the bottom of the
FPGA, the communication among the modules can be set in
the crossbar as well. This possibility should only be used
as emergency solution due to the high latency caused by an
off-chip communication.

5. APPLICATION

In this section, we explain the implementation of a recon-
figurable video streaming application on the ESM. In video

W
11

Intermediate data exchange

Fig. 7. A modular architecture for video streaming on the
ESM.

streaming, a video is transmitted image by image through a
given system, with the images being processed in different
parts of the system, pixel by pixel. Because many operations
on each pixel require the neighbourhood pixels, a sliding
window is used for keeping track of the adjacent pixels. Our
reconfigurable architecture is shown in Figure 7. The first
module deals with the image capture from an image source.
This can be a camera or a network module that collect the
pictures through a network channel. Images are alternately
placed in the SRAM1 and SRAM2. The second module col-
lects the picture from the SRAM1 or SRAM2. If this is not
in use by the first module, build the sliding windows and
pass it to the third module, which processes the pixel stream
and saves it in its own memory or directly passes it to the
next module. The images are then streamed from SRAM
to SRAM and the processed pictures can be output either
by an intermediate module or by the final module (Process
N). In this architecture, each module can be reconfigured
depending on the application’s need. The first module can
be reconfigured if the type of camera changes or if the cal-
ibration of the camera requires that. The last module may
be reconfigured if the type of the outputs changes, e.g., if



the processed pictures need to be sent through the network
instead of being displayed. An intermediate module might
be replaced by a new one with new functionality. In our first
implementation, we execute an edge detection algorithm on
a video stream using different methods. Each method is im-
plemented as a single module that can be exchanged with
other modules. We currently have implemented several ver-
sions of the Sobel operator, the Laplace operator and the
Prewit operators.

6. CONCLUSION

In this paper, we presented a new approach for designing
and implementing an FPGA-based reconfigurable platform.
This platform provides enough flexibility for implementing
one-dimensional on-line placement algorithms in reconfig-
urable computing. A great focus has been placed on commu-
nication, uniformity of resource distribution, and placement
freedom by means of relocation. Despite the non-support
for two-dimensional reconfigurability, we believe that the
flexibility of the board provides the necessary condition for
implementing previously developed algorithms. The run-

Fig. 9. Implementation of the ESM MotherBoard

ning system is available at our institute and can be provided
on demand to other researchers working in this direction.
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