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Abstract. Current simulation tools for recon�gurable systems are based

on low level simulation of application designs developed in a High-level
Description Language(HDL) on HDL models of architectures. This ne-

cessitates expertise on behalf of the user to generate the low level design

before performance analysis can be accomplished. Most of the current
simulation tools also are based on static designs and do not support

analysis of dynamic recon�guration.

We propose a novel interpretive simulation and visualization environment
which alleviates these problems. The Dynamically Recon�gurable sys-

tems Interpretive simulation and Visualization Environment(DRIVE)

framework can be utilized for performance evaluation and architecture
and design space exploration. Interpretive simulation measures the per-

formance of an application by executing an abstract application model

on an abstract parameterized system architecture model. The simula-
tion and visualization framework is being developed in Java language

and supports modularity and extensibility. A prototype version of the

DRIVE framework has been implemented and the complete framework
will be available to the community.

1 Introduction

Recon�gurable systems are evolving from rapid prototyping and emulation plat-
forms to a general purpose computing platforms. The systems being designed
using recon�gurable hardware range from FPGA boards attached to a micro-
processor to systems-on-a-chip having programmable logic on the same die as
the microprocessor. Recon�gurable systems have been utilized to demonstrate
large speed-ups for various classes of applications. Architectures are being de-
signed which support partial and dynamic recon�guration. The recon�guration
overhead to change the functionality of the hardware is also being diminished by
the utilization of con�guration caches and multiple contexts on the same device.
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Compilation of user level programs onto recon�gurable hardware is also being
explored.

The general purpose computing area is the most promising to achieve sig-
ni�cant performance improvement for a wide spectrum of applications using
recon�gurable hardware. But, research in this area is hindered by the absence
of appropriate techniques and tools. Current design tools are based on ASIC
CAD software and have multiple layers of design abstractions which hinder
high level optimizations based on recon�gurable system characteristics. Existing
frameworks are either based on simulation of HDL based designs [1, 11, 13] or
they are tightly coupled to speci�c architectures [5, 9, 14](See Section 1.1). It is
also di�cult to incorporate dynamic recon�guration into the current CAD tools
framework. Simulation tools provide a means to explore the architecture and
the design space in real time at a very low resource and time cost. The absence
of mature design tools also impacts the simulation environments that exist for
studying recon�gurable systems and the bene�ts that they o�er. System level
tools which analyze and simulate the interactions between various components
of the system such as memory and con�gurable logic are limited and are mostly
tightly coupled to speci�c system architectures.

In this paper we present a novel interpretive simulation and visualization en-
vironment based on modeling and module level mapping approach. TheDynamically
Recon�gurable systems Interpretive simulation andVisualizationEnvironment(DRIVE)
can be utilized as a vehicle to study the system and application design space and
performance analysis. Recon�gurable hardware is characterized by using a high
level parameterized model. Applications are analyzed to develop an abstract ap-
plication task model. Interpretive simulation measures the performance of the
abstract application tasks on the parameterized abstract system model. This
is in contrast to simulating the exact behavior of the hardware by using HDL
models of the hardware devices.

TheDRIVE framework can be used to perform interactive analysis of the ar-
chitecture and design parameter space. Performance characteristics such as total
execution time, data access bandwidth characteristics and resource utilization
can be studied using the DRIVE framework. The simulation e�ort and time
are reduced and systems and designs can be explored without time consuming
low level implementations. Our approach reduces the semantic gap between the
application and the hardware and facilitates the performance analysis of recon-
�gurable hardware. Our approach also captures the simulation and visualization
of dynamically recon�gurable architectures. We have developed the Hybrid Sys-
tem Architecture Model(HySAM) of recon�gurable architectures. This model is
currently utilized by the framework to map applications to a system model.

An overview of our framework is given in Section 2. Various aspects of the
simulation and visualization framework including our Hybrid System Architec-
ture Model(HySAM) are described in detail in Section 3. Conclusions and future
work are discussed in Section 4.



1.1 Related Work

Several simulation tools have been developed for reprogrammable FPGAs. Most
tools are device based simulators and are not system level simulators. The most
signi�cant e�ort in this area has been the Dynamic Circuit Switching(DCS)
based simulation tools by Lysaght et.al. [13]. Luk et.al. describe a visualization
tool for recon�gurable libraries [11]. They developed tools to simulate behavior
and illustrate design structure. CHASTE [5] was a toolkit designed to experiment
with the XC6200 at a low level. There are other software environments such as
CoDe-X [9], JHDL [1], HOTWorks [7], Riley-2 [14], etc.

These tools study the dynamically recon�gurable behavior of FPGAs and are
integrated into the CAD framework. Though the simulation tools can analyze
the dynamic circuit behavior of FPGAs, the tools are still low level. The sim-
ulation is based on CAD tools and requires the input design of the application
to be speci�ed in VHDL. The parameters for the design are obtained only after
processing by the device speci�c tools. Most of the software frameworks do not
support system level analysis and are utilized for for low level hardware design
and evaluation.

2 DRIVE Overview
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Fig. 1. DRIVE framework



Figure 1 shows an overview of our framework. The system architecture can be
characterized to capture the parameter space which a�ects the performance. The
implementations of various optimized modules can be encapsulated by charac-
terizing the performance of the module with respect to the architecture. This
characterization is partitioned into the capabilities of the system and the actual
implementations of these capabilities. The application is not mapped onto a low
level design but is analyzed to develop an application task model. The application
model can exploit the knowledge available in the form of the system capabilities

provided by the module characterization. Algorithmic techniques are utilized to
map the application task model to the system models, to perform interpretive
simulation and obtain performance results for a given set of parameter values.

Interpretive simulation is performed on the system model which permits a
higher level abstract simulation. The application does not need to be actually ex-
ecuted by using device level simulators like HDL models of the architectures. The
performance measures can be obtained in terms of the application and model pa-
rameters and system characteristics. An interpretive simulation framework will
permit design exploration in terms of the architectural choices, application algo-
rithm options, various mapping techniques and possible problem decomposition
onto the system components. Development of all the full blown designs which
exercise these options is a non-realizable engineering task. Simulation, estima-
tion and visualization tools can be designed to automate this exploration and
obtain tangible results in reasonable time.

The abstractions and the techniques that are developed are enclosed in the
dashed box in Figure 1. Veri�cation of the models, mapping techniques and
simulation framework can be performed by mapping some designs onto actual
architectures. This veri�cation process can be utilized to expand on the abstrac-
tion knowledge and re�ne the various models and techniques that are developed.
The veri�cation and re�nement process completes the feedback loop of the de-
sign cycle to result in �nal accurate models and e�cient techniques for optimal
designs.

3 Simulation Framework

The simulation framework consists of abstractions and algorithmic techniques
as discussed in Section 2(Fig. 1). A high level model of recon�gurable hardware
is needed to abstract the low level details. Existing models supplied by the CAD
tools have either multiple abstraction layers or are very device speci�c. We have
developed a parameterized model of con�gurable computing system, which con-
sists of con�gurable logic attached to a traditional microprocessor. Our model
cleanly partitions the capabilities of the hardware from the implementations and
presents a very clean interface to the user. The algorithmic techniques for map-
ping are not the focus of this paper. Some algorithms for mapping based on the
HySAM model are described in our prior work [3, 4].
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Fig. 2. Hybrid System Architecture and an example architecture

3.1 Hybrid System Architecture Model(HySAM)

The Hybrid System Architecture Model is a general model consisting of a tradi-
tional microprocessor with additional Con�gurable Logic Unit(CLU). Figure 2
shows the architecture of the HySAM model and an example of an actual ar-
chitecture. The architecture consists of a traditional microprocessor, standard
memory, con�gurable logic, con�guration memory and data bu�ers communi-
cating through an interconnection network.

We outline some of the parameters of the Hybrid SystemArchitecture Model(HySAM)
below.

F : Set of functions F1 : : :Fn which can be performed on con�gurable logic.
(capabilities)

C : Set of possible con�gurations C1 : : :Cm of the Con�gurable Logic Unit.
(implementations)

Aij : Set of attributes for implementation of function Fi using con�guration Cj.

Rij : Recon�guration cost in changing con�guration from Ci to Cj.

G : Set of generators which abstract the composition of con�gurations to gen-
erate more con�gurations.

B : Bandwidth of the interconnection network (bytes/cycle).

Nc : The number of con�guration contexts which can be stored in the con�gu-
ration cache.

kc;Kc : The cost of accessing con�guration data from the cache and external mem-
ory respectively (cycles/byte).

kd;Kd : The cost of accessing data from the cache and external memory respectively
(cycles/byte).

The functions F and con�gurations C have a many-to-many relationship.
Each con�guration Ci, can potentially contain more than one function Fj . In
the HySAM model, only function can be active in a con�guration at any given
time. Each function Fi can be executed by using any one con�guration from a
subset of the con�gurations. The di�erent con�gurations might be generated by
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di�erent tools, libraries or algorithms. These con�gurations might have di�erent
area, time, recon�guration cost, precision, power, etc. characteristics.

The attributes A de�ne the relationship between the functions and the con-
�gurations. The attributes de�ne values such as the execution time and the data
accessed during execution of a function in a con�guration etc. For example, the
di�erent execution times and the di�erent data input patterns when a multi-
plier is implemented as a bit parallel versus a bit serial multiplier are de�ned by
the attributes. The recon�guration costs R de�ne the costs involved in chang-
ing the con�guration of the CLU between two con�gurations. This cost can be
statically evaluated based on the con�guration information for di�erent con�g-
urations. The cost can also be computed dynamically when the con�gurations
are constructed dynamically.

3.2 DRIVE Framework Implementation

An overview of the major components in the DRIVE framework and their
interactions is given in Figure 3. The framework utilizes high level models of re-
con�gurable hardware. The current prototype uses the HySAM model described
in Section 3.1.

The main input requirements to the DRIVE framework are the model pa-
rameters and the application tasks. The model parameters supply information
about the Functions, Con�gurations, Attributes and the Recon�guration costs.



The user can visualize and update any of the instantiated parameters to ex-
plore the design space. For a given model parameters, performance results can
be obtained for any set of application tasks with various algorithmic mapping
techniques.

The high level model partitions the description of the hardware into two
components: the Functions(capabilities) of the hardware and the Con�gura-
tions(implementations). For example, ability of the hardware to perform multi-
plication is a capability. The implementations are the di�erent multiplier designs
available with varying characteristics such as area, time, precision, structure, etc.
Components from a library or modules form the implementations in the model
and can be determined for di�erent architectures. Vendors and researchers have
developed parameterized libraries and modules optimized for a speci�c archi-
tectures. The proposed framework can exploit the various e�orts in design of
e�cient and portable modules [6, 12, 15]. The framework can incorporate such
knowledge as the parameters for the HySAM model.

The user only needs to have a knowledge of the capabilities. The application
task model consists of speci�cation of the application in terms of the Func-
tions(capabilities). The input to the framework consists of a directed acyclic
graph of the application tasks speci�ed with the Functions as the nodes of the
graph. The edges denote the dependencies between the tasks. This technique
reduces the e�ort and expertise needed on the part of the user. The application
need not be implemented as an HDL design by the user to study the perfor-
mance on various recon�gurable architectures. Automatic compilation e�orts [2]
can be leveraged to generate the Functions from high level language application
programs.

Algorithmic mapping techniques are then utilized to map the application
speci�cation to actual implementations. These techniques map the capabilities

to the implementations and generate a sequence of con�guration, execution,
and recon�guration steps. This is the adaptation schedule which speci�es how
the hardware is adapted during the execution of the application. The schedule
contains a sequence of con�gurations(C1 : : :Cq) where each con�guration Ci 2

C. This adaptation schedule can be computed statically for some applications by
using algorithmic techniques. Also, the simulation framework can interact with
the model and the mapping algorithms to determine the adaptation schedule at
run-time.

The interpretive simulation framework is based on module level parameteri-
zation of the hardware. The user can analyze the performance of the architecture
for a given application by supplying the parameters of the model and the appli-
cation task. Typically the architectural parameters for the model are supplied
by the architecture designer and the library designer. But, the user can modify
the model parameters and explore the architecture design space. This provides
the ability to study design alternatives without the need for actual hardware.
The simulation and the performance analysis are presented to the user through
a Graphical User Interface. The framework supports incorporation of additional
information in the con�gurations(C) which can be utilized for actual execution



or simulation. It can contain con�guration bitstreams or class descriptions which
can be utilized to perform actual con�guration of hardware or simulation using
low level models. Using this information, it is possible to link the abstract de�-
nitions to actual implementations to verify and re�ne the abstract models.

The parameters and attributes of the model can also be evaluated and
adapted at run-time to compute the required information for scheduling and
visualization. For example, recon�guration costs can be determined by comput-
ing the di�erence in the con�guration information and con�gurations can even
be generated dynamically by future integration of tools like JBits [10]. It is as-
sumed currently that the attributes for con�gurations are available a priori. It is
easy to integrate simulation tools which evaluate the attributes such as execu-
tion time by performing simulations as in various module generators [1, 6, 15].
These simulations are based on module generators which do not require mapping
using time consuming CAD tools. Once the attribute information for low level
modules are obtained by initial simulations and implementations, the attributes
for higher level modules can be simulated or computed without the intervention
of CAD tools.

The DRIVE framework has been designed using object-oriented methodol-
ogy to support modi�cation and addition to the existing components. The frame-
work facilitates addition of new architectural models, algorithmic mapping tech-
niques, performance analysis tools, etc. in a seamless manner. The framework
can also be interfaced to existing tools such as parameterized libraries(Xilinx
XBLOX, Luk et. al. [12]), module generators(PAM-Blox [15], Berkeley Object
Oriented Modules [6], JHDL [1]), con�guration generators(JBits [10]), module
interfaces(FLexible API for Module-based Environments [8]), etc. The compo-
nents of the framework will be made available to the community to facilitate
application mapping and modular extensions.

3.3 Visualization

The visualizer for the framework has been developed using the Java language
AWT toolkit. A previous version of the visualizer was developed using Tcl/Tk.
The C programming language was utilized for implementing the simulation en-

gine. The current prototype has been developed in Java to utilize the object
oriented framework and make the framework modular and easily extensible. Im-
plementing the visualizer and the interpretive simulation in the same language
provides for a clearer interface between the components. Java is becoming the
language of choice for several research and implementation e�orts in hardware
design and development [1, 6, 10]. Incorporating the results and abstractions
from other research e�orts is simpli�ed using the current version.

The visualizer acts as a graphical user interface to support the full function-
ality of the framework. It is implemented as a separate Java class communicat-
ing with the remaining classes. Any component of the simulation or visualizer
framework can be completely replaced with a di�erent component supporting
the same interface. The visualizer is oblivious of the algorithmic techniques and
implementation details. It accesses information from the di�erent components



Fig. 4. Sample DRIVE visualization

in the simulation framework on an event by event basis and displays the state
of the various architecture components and the performance characteristics. A
sample view of the visualizer is shown in Figure 4.

4 Conclusions

Software tools are an important component of recon�gurable hardware devel-
opment platforms. Simulation tools which permit performance analysis and de-
sign space exploration are needed. The utility of current tools for recon�gurable
hardware design is limited by the required user expertise in multiple domains.
We have proposed a novel interpretive simulation and visualization environment
which supports system level analysis. TheDRIVE framework supports a param-
eterized system architecture model. Algorithmic mapping techniques have been
incorporated into the framework and can be extended easily. The framework
can be utilized for performance analysis, design space exploration and visual-
ization. It is implemented in the Java language and supports 
exible extensions
and modi�cations. A prototype version has been implemented and is currently
available. The USC Models, Algorithms and Architectures project is developing
algorithmic techniques for realizing scalable and portable applications using con-



�gurable computing devices and architectures. Details on DRIVE and related
research results can be found at http://maarc.usc.edu.
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