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ABSTRACT
Reconfigurable devices, such as FPGAs, introduce into the
design workflow of embedded systems a new degree of free-
dom: the designer can have the system autonomously mod-
ify the functionality carried out by the IP-Core according to
the application’s changing needs while it runs. Increasing
the complexity of the design provides to the designers much
more flexibility in their decisions but imply that the time
to market of the final solution is dramatically increasing to.
This paper presents a design methodology for dynamically
reconfigurable IP-core based architectures. The methodol-
ogy is based on the SystemC class library and targets the
design of reconfigurable architectures for embedded systems.
The use of the SystemC library enables the designer to spec-
ify a system in its hardware and software parts with just one
language.

1. INTRODUCTION
The possibility of testing dynamic reconfigurable archi-

tectures and of validating dynamic reconfigurable systems
build on top of these architectures is one of the most rele-
vant research topics in the reconfigurable embedded system
design field. Research in this field is, indeed, being driven
toward a more thorough exploitation of the reconfiguration
capabilities of such devices, so as to take advantage of them
not only at compile-time, but also at run-time, which al-
lows the reconfigurable device to be reprogrammed without
the rest of the system having to stop running. According
to this observation it is clear how the possibility of simulat-
ing dynamic reconfigurable architectures and of validating
dynamic reconfigurable systems built on top of these archi-
tectures is one of the most relevant research topics in the
reconfigurable embedded system design field. Among these
architectures some are built on top of commercial FPGAs.
Reconfiguration of FPGAs can be performed at two levels:
register transfer level (RTL) reconfiguration or IP-Core re-
configuration.

Aim of this paper is to propose a methodology that has
been implemented into a framework, called SyCERS, based
on SystemC, that can be used by system designers, to study
and verify their own reconfigurable system specifications.
The proposed framework can be used to explore the solution
domain in a very fast and flexible for fast design exploration.

A good simulation technique for dynamic reconfigurable

architectures should be based on one of the available hard-
ware description languages (HDL). Moreover this technique
has to be flexible, to be architecture independent, and enough
scalable, so that it can be used at different levels of abstrac-
tion. Finally, the system model, built with this technique,
should be executable in a commercial HDL simulator, e.g
Modelsim. The SyCERS framework, is buit on top of the
SystemC library and allow the specification of both architec-
ture and system models. Classes implementing architectures
have to be derived from a set of common interfaces provided
in the framework. In addition, an architecture is built as a
C++ library, so it can be imported in any system design.
The system models use the interfaces, implemented in the
architecture to access the hardware resources; therefore a
model can be tested in any architecture implementing the
same interface set. A system model can be also parame-
terized so, resources like number of available reconfigurable
blocks and memory size, can be changed before execution.
This parameterized model allows the test of a system on var-
ious solutions. Finally, the SystemC model of the system,
built with the framework, can be executed in the standard
OSCI simulator or even in the ModelSim commercial simu-
lator.

This paper is composed of four main sections. Section 2
will present, not only the description of other works related
to the proposed one, but also the background and all the def-
initions useful to better understand the proposed methodol-
ogy. In Section 3 we will describe the proposed methodology
and the SyCERS framework, implemented to validate the
proposed approach while, Section ?? presents the Caronte
architecture modeled in the SyCERS framework. In Sec-
tion 5, are shows some tests results. Finally Section 6 will
close this paper providing also some hints on possible future
works based on the one proposed here.

2. PREVIOUS WORKS
Robertson and Irvine in [1] present a design flow for par-

tially reconfigurable hardware and a CAD framework for
creating partially reconfigurable designs. The functional
simulation of the design is done in the early stage of the
suggested flow with the DCSim tool. DCSim is a CAD tool
that takes in input a VHDL description of the design and a
file (RIF) specifying the reconfigurable behaviour and pro-
duces a simulation model. This simulation model can be exe-



cuted through a conventional VHDL simulator. The simula-
tion model uses the Dynamic Circuit Switching (DCS) tech-
nique to simulate dynamic reconfigurable hardware. This
technique, created by Lysaght and Stockwood [2] , oper-
ates by adding virtual components in the design in order to
model the effect of the reconfiguration. Essentially a virtual
component acts as a switch between configurations. The
reconfiguration controller can be implemented in software
or in hardware. Robertson and Irvine use in their design
flow DCSConfig, a tool than can synthesize a customizable
VHDL reconfiguration controller from the RIF file. Also the
European community RECONF2 [3] project uses the DCS
technique in functional simulation. The project aim is to
develop the required design environment to be able to effi-
ciently use dynamic reconfigurable FPGAs.

Clock morphing (CM) [4] is another technique proposed
to simulate dynamic reconfigurable hardware but does not
use virtual components. The simulation of reconfigurable
hardware is achieved through the definition of separate clock
signals for each configuration. All these clock signals are
controlled by a reconfiguration controller. The controller
simulates a configuration of a selected module connecting
the module’s clock to the system clock. That is done for
a period of time determined by a configuration schedule.
Module’s clocks in the virtual state are set to a special value
V (virtual). The V-value propagates from clock input to
module outputs.

[5] proposes a system level modeling methodology based
on SystemC. According to this methodology all the configu-
rations of a single module were implemented as a functional-
ity of this module. This module implements also the context
scheduler, which is responsible of switching between the con-
figurations. In this approach, the possible configurations,
are coded inside the architecture description. We present a
different approach based on C++ function pointers to pass
the configuration at the reconfigurable hardware model. In
this way it is possible to describe separately the architecture
and the system targeted for the architecture. Our approach
can be also used at a high level of abstraction, so it is pos-
sible to think at evaluate system configurations since from
the early design stage. We can initially define an untimed
functional configuration model and refine it into a register
transfer level (RTL) model. Our method is also indepen-
dent from of the specific hardware used, and can be used
on FPGA-based architectures or on architectures based on
other hardware devices.

In this work we propose a complete simulation flow, based
on SystemC, that has been validated using the Caronte ar-
chitecture, [6], where the use of TLM enables a light sim-
ulation model and the use of it in the early phases on the
design.

2.1 TLM and SystemC for reconfigurable ar-
chitecture description

Transaction level modeling [7] is a top-down approach to
system design widely adopted in the verification phase of
the design. In TLM the system is first described at an high
level of abstraction where communication details are hidden,
then the description is refined with the necessary details.
The key concept of TLM is the separation of functionality
definitions from communication details, to achieve this TLM
uses through the concept of channel. A channel allows com-
munication through methods calling. Then, two functional

components, interconnected with a channel, communicate
calling the methods exported by the channel. In this way
the communication detail is hidden in the channel defini-
tion. SystemC enables TLM modeling through sc interface,
sc channel,and sc port. A channel interface can be derived
from sc interface, then the sc interface can be implemented
in a sc channel. At this point a sc module can communi-
cate through a sc channel, using a sc port connected to the
sc channel. The OSCI is also developing a TLM standard
library.

3. THE PROPOSED APPROACH
A dynamic reconfigurable architecture often needs soft-

ware integration to control the scheduling of the reconfigura-
tion. SystemC enables to co-develop software and hardware,
so it is possible to describe a complete hardware/software
system with just one language. JHDL is an Hardware De-
scription Language implemented with the Java language and
is designed for implementing reconfigurable architectures on
FPGA. In the JHDL simulation kernel it is necessary to stop
the clock to add or delete circuits. This is unacceptable if
the architecture to model is partially reconfigurable, since
it is not possible to time-modeling the operation of recon-
figuring part of the system while the rest is still running.
With SystemC and our approach, partially reconfigurable
systems can be easily modeled at TLM level with simple
method calling.

The developed framework, SyCERS, supplies a set of in-
terfaces to describe a dynamic reconfigurable architecture.
The framework core supplies the interfaces and the reconfig-
uration controller implementation that can be plugged via
interface to any dynamic reconfigurable architecture imple-
mentation to control reconfiguration at run-time. The main
idea, described in 3.2, is the definition of a methodology to
implement a dynamic reconfigurable system using SystemC.
Those systems can be built both on top of a library contain-
ing the descriptions of a set of reconfigurable architectures,
or allowing the system application designers to define their
own architectures and scheduling policies.

3.1 Modeling Dynamic Reconfigurable Archi-
tectures with TLM

Using a set of interfaces between the application and the
architecture model is useful to maximize architecture de-
scriptions and application specifications re-usability. In this
scenario the designers of reconfigurable architectures have
to implement the description of their architectures as C++
libraries, deriving the classes for those descriptions from the
core interfaces, defined in the SyCERS simulation frame-
work. That is exactly the same situation for the applica-
tion developers, therefore they can use the same set of in-
terfaces to access the desired architectures resources. This
also means that if two architectures implement the same in-
terfaces an application can be tested on both architectures
without any additional work.

All the interfaces, involved in the reconfiguration pro-
cesses are represented in Figure 1. The interfaces proposed
in the SyCERS simulation framework to model dynamic re-
configurable architectures are mainly two and the sc module
used to model a dynamic reconfigurable hardware compo-
nent has to implement both:

• The rec hw control if is used by the reconfiguration



Figure 1: Reconfiguration control interfaces

controller to control the reconfigurable component re-
sources. The configuration is passed as a function
pointer as explained in section 3.2 and a calling to
the elaborate method starts the elaboration while the
erase method will finally erase the present configura-
tion.

• The fixed part if is used by the dynamic components
to allow the correct binding between a configuration,
described in 3.2, and its physical shell defined in the
reconfigurable architecture.

There is also a third interface which is given to plug into
the simulation framework a new policy for the reconfigura-
tion scheduler within the reconfiguration controller provided
with the framework. This scheduler is used to implement the
desired policy to correctly schedule all the reconfigurations
and the computations on the chosen reconfigurable architec-
ture. All the proposed interfaces are TLM-based but archi-
tecture and application models can be implemented at any
abstraction level using the same auxiliary adapter class as
in [8].

3.2 Modeling Dynamic Reconfigurable Pro-
cessing Elements with SystemC

In the proposed framework hardware component has been
described, using the SystemC description language, as a
C++ class derived from the sc module class. Due to the
fact that no sc module object, neither any objects derived
from this class, can be initialized after the beginning of the
simulation process, it is not possible to model a module re-
configuration process as a new sc module initialization dur-
ing the simulation phase. The approach followed in the
SyCERS framework to model the system reconfiguration
using SystemC is based on the simple consideration that
the functionalities of an sc module could be implemented as
SC METHODs and, or SC THREADs, therefore using one
of them as a wrapper to call a function pointer we are al-
lowed to change the functionality of modules varying only
this function pointer, as shown in Figure 2.

Under this assumption the SyCERS framework can model
the reconfiguration process using a function pointer, an sc mutex
and just one execution thread for the reconfigurable compo-
nent. The reconfiguration process, adopted in the SyCERS
framework, is shown in Figure 3 and it can be described by
the following phases:

• Locking Phase: During this phase the framework re-

Figure 2: SyCERS Reconfigurable Component
Overview

acts to a reconfiguration process that has been invoked
by the reconfiguration controller. The access to the
module that has to be reconfigured is disabled locking
its sc mutex for the time necessary to the reconfigure
process to complete.

• Configuration Phase: After blocking the access to
the module that is going to be reconfigured, its func-
tion pointer is set to the new function, the new con-
figuration, that has to be implemented by the module.
Once the new pointer has been set, the mutex is un-
locked.

• Elaboration Phase: After the first two phases the
module is ready for its computation. During its elab-
oration, the computation, initiated as in the reconfig-
uration case, by the controller, the mutex of the mod-
ule is locked a second time to prevent an unwanted
events. Once the module elaboration computation is
completed the mutex in the module is unlocked again.

Figure 3: SyCERS reconfigurable process

Since the configuration and elaboration processes are mu-
tual exclusive it is also possible to use just one SC THREAD
to model a reconfigurable hardware, so that the number of
threads in the SystemC model is minimized and the simu-
lation is faster.

4. THE PROPOSED ARCHITECTURE
This section shows the architecture, which is going to be

used as the base architecture that has to be described and



simulated into the proposed simulation framework, as pre-
sented in Section 4.3. The core of the architecture is the
PPC405 processor which implements both the controller and
the scheduler of the given system implementation. Figure 4
shows the complete architecture stressing its two sides: the
fixed one and the reconfigurable one.

Figure 4: Caronte Architecture Overview

4.1 The Fixed Architecture of Caronte

4.1.1 The Body
The body of the Caronte architecture, [9, 10], is the real

physical implementation of the fixed part. It is basically a
Von Neumann architecture composed of five classes of com-
ponents:

• ICAP, used to read/write a configuration from/to the
BRAM to/from a specific BlackBox;

• Memory, used to store all the partial bitstream data
information;

• Buses, used to implement the architectural commu-
nication infrastructure. It is possible to identify two
different kind of busses:

– The IBM CoreConnect technology, that represents
the 90% of the entire communication system of
the architecture;

– The bus macro technology, which provides a fixed
bus of inter-design communication. Each time
partial reconfiguration is performed, the bus macro
is used to establish unchanging routing channels
between modules, guaranteeing correct connec-
tions.

• PPC405 Processor, used to provide the physical
support for the mind ;

• Interrupt Controller, used by the PPC405 proces-
sor and the BlackBoxes to dialog one to each other.

4.1.2 The Mind
The Caronte Mind is the software part of the architec-

ture. In a previous implementation, the Caronte software is
implemented as a standalone system while now it has been
based on a Linux operating system. Caronte implements an

architecture where, at the right time, each processing ele-
ment can be mapped, thanks to the controller, according to
the placement information. The time of the reconfiguration
has been computed statically, but it can be modified due to
the actual execution or external environment inputs. This is
the reason why the PPC405 runs also a dynamic scheduler,
which takes into consideration the runtime implementation
of the system description. Caronte sees each processing ele-
ment as a component that has to be mapped onto a specific
FPGA area.

4.2 The Reconfigurable Side of Caronte: Black-
Box Definition

A BlackBox is a fixed known portion of the FPGA that
can be completely reconfigured without interfering with the
execution of the remaining part of the FPGA. Therefore,
a BlackBox can be considered as a shell for processing ele-
ments. This shell provides also the communication channel
interface between the node and the system. This interface
allows the node to send data directly on the communication
channel or to temporally store a fixed number of data in its
communication spooler, a data repository used during the
reconfiguration action. A BlackBox can be considered as a
virtual shell used to contain different processing elements
of the system description. In order to be able to imple-
ment a partial reconfiguration of a portion of the FPGA it
is important to know which is the portion that has to be re-
configured. The Xilinx Platform Studio Tool of EDK, used
to create FPGAs architectures, offers an automatic synthe-
sis engine that generates a real project implementation by
arranging each logic unit in a standard way. A BlackBox
provides the interfaces needed by the VHDL description of
a processing elements to dialog with all the other compo-
nents of the architecture, such as the CoreConnect bus, the
processor, the interrupt controller and the other BlackBoxes.

During reconfiguration the Processing Element node logic
will be modified, while the communication interface and IP
Interconnect (IPIC) between the node logic and the interface
will remain the same. This means that a BlackBox is con-
stituted by two VHDL, Verilog or EDIF files, the first one
containing the architecture-dependent logic interface and the
second one the processing element hardware description.

4.3 The simulation model
The simulation model was developed using the Open Sys-

temC PowerPC core models from IBM. This is a library
of SystemC cores that models the IBM CoreConnect open
standard bus architecture. This library contains also a stan-
dalone PowerPC Instruction Set Simulator (ISS) which can
be connected to the Processor Local Bus (PLB) SystemC
model. Using this library it has been possible to design and
co-simulate the hardware and the software part of a SoC
based on the CoreConnect bus architecture, in this case the
Caronte architecture. The software part is executed on the
ISS while the hardware is modeled as a set of SystemC cores
connected to the OPB bus or the PLB bus.

4.3.1 Simulation flow
Figure 5 shows the Caronte simulation flow.
To build an application for the SyCERS framework using

the Caronte architecture model it is necessary to perform
the following steps:

• Control Description Phase: To be able to execute



Figure 5: Caronte simulation flow

the application onto the Caronte architecture, not only
in the SyCERS framework but also in the actual plat-
form, the designer of the application has to specify the
code that will represents the controller of the system.
The only difference between the real Caronte and its
SyCERS model is that the code, in the second case,
will be used with the PowerPC ISS, instead of the real
PowerPC available onto the FPGA. This phase can be
easily completed by writing the C or C++ code and
cross compile it for the PowerPC.

• BlackBoxes Setup Phase: In this phase it is neces-
sary to assign the correct number of available Black-
Boxes to the Caronte model that the designers want
to use to run its application. Those BlackBoxes, once
defined, have to be correctly bound to the reconfigu-
ration controller core.

• BlackBoxes Design Phase: This third phase can
also be named as Reconfiguration Design Phase, and
it is used to define all the configurations necessary to
describe the application. All these reconfigurations are
considered as functions that will be assigned at the
correct moment to a specific BlackBox, as described
in section 3.2.

• Caronte Setup Phase: Finally, after the definition
of the available resources, phase two, and the descrip-
tions of all the necessary functionalities, the third phase,
the designer is able to set-up its own customized ver-
sion of the Caronte architecture to be simulated using
the SyCERS framework. This phase consists only in
the compilation of all the necessary description files for
the machine on which the SyCERS framework has to
be used.

Let us see in detail, in the following section 4.3.2, how the
BlackBoxes and the reconfiguration controller are modeled
using SystemC.

4.3.2 BlackBox and reconfiguration controller Sys-
temC models

BlackBoxes are the dynamically reconfigurable compo-
nents used in the Caronte architecture. They are defined as

sc modules connected to the on-chip peripheral bus (OPB)
and they can both be used masters or slaves on the bus.
Both those behaviours have been modeled: being master
means that the BlackBox will use a sc port versus the OPB
bus, while, in the slave mode, it has to implement a sc interface
that is used by the OPB, to read and write the BlackBox
registers. To implement the visibility of its set of registers
the BlackBox implements the BlackBox communication in-
terface (bb com if), which is characterized by four methods:

• bool write(address, data):
This method is used to write desired data, via the OPB
bus, to the BlackBox.

• bool read(address, data, width):
The read method implements the read mechanism that
can be used to read the value of the BlackBox internal
register. If the address provided as input to the read
or write method is in the BlackBox address range, the
required operation will be performed on the internal
register otherwise the operation will be dropped.

• address get_blackbox_base_addr():
This method is used to setup the correct BlackBox
base address.

• address get_blackbox_high_addr():
This last method is very similar to the previous one
and it is used to assign the correct high address used
to define, with the base address, the address space for
a BlackBox.

The BlackBox implements also the rec ctrl if, used by
the reconfiguration controller to manage the reconfiguration
properly. Therefore, the reconfiguration controller locks the
BlackBox for the necessary simulation time calling the con-
figure() method in the rec ctrl if. Both the bb com if and
the rec ctrl if are specified at TLM level, thus hiding all the
communication details to the configuration developer. This
provides a speedup of the development time and permits
to use the simulator in the early stages of the system de-
sign. The reconfiguration controller is an OPB slave directly
connected to each BlackBox. The reconfiguration controller
passes the function pointer implementing the configurations
to the BlackBoxes models and locks them for the necessary
reconfiguration time.

5. TESTS AND RESULTS
The following paragraphs will present two different sys-

tems simulated using the Caronte architecture, [9,10], mod-
eled in the proposed framework.

5.0.3 MD5
The system takes in input a file of arbitrary length and

produces as output a 128-bit digest of the input file using
the MD5 algorithm. The MD5 algorithm is intended for dig-
ital signature applications, where a large file must be ”com-
pressed” in a secure manner before being encrypted. The
system was implemented partitioning manually the MD5 C
code contained in the RFC1321.

In MD5 the input message is broken up into chunks of 512-
bit blocks. The main algorithm then works on each 512-bit
block in turn. The processing of a message block consists
of four rounds, each block modifies an intermediate state.



No parallelization is possible because the intermediate state
in one iteration is built on the intermediate state of the
previous iteration.

The four rounds have been chosen to be implemented as
reconfigurations. According with the natural system par-
titioning the maximum number of reconfigurable resources
necessary are four, one for each round. Also other archi-
tectural solution have been tested. The difference between
these solutions consists in the number of BlackBoxes avail-
able in the Caronte architecture. Table 1 shows the exe-
cution time of a 512-bit block elaboration on a system with
only one BlackBox, that means that it is necessary to recon-
figure before each round, with a fixed reconfiguration time
of 40 ms.

Table 1: MD5 on a one BlackBox

Operations Execution time (ms)
Reconfiguration (round 1) 40
Elaboration (round 1) 0, 00144
Reconfiguration (round 2) 40
Elaboration (round 2) 0, 00144
Reconfiguration (round 3) 40
Elaboration (round 3) 0, 00144
Reconfiguration (round 4) 40
Elaboration (round 4) 0, 00168
Tot. 160, 006
Reconfiguration time 160
Elaboration time 0, 006

It can be seen that the system spent 99.9% of the exe-
cution time reconfiguring and just 0.1% of time doing an
useful elaboration. From the test results can be seen that
the reconfiguration time is one magnitude order bigger than
the execution time so implementing MD5 on one BlackBox
could be considered, at a first view, unacceptable.

This example shows how the simulator can be used to
find out the best behaviour of the architecture to justify a
reconfigurable solution. Due to the results proposed in Table
1 the designer can decide to adapt the execution model to be
able to justify the reconfiguration approach using a model
similar to the one proposed in [11]. The idea is to iterate
the execution of each block on a sufficient amount of data
to enlarge its computation time until the execution time is
bigger than the one needed to reconfigure the BlackBox, this
model as shown in Figure 6.

Figure 6: Execution model.

The Xvalue, computed according to the specif situation,
represents the number of iterations that are computed on
a generic processing element that makes its computation
on a set of data of a fixed size each time. According to

this observation the new version of the Caronte architecture
will be tested using data intensive algorithms such as those
belonging to the computer vision area, see section 5.0.4.

5.0.4 Canny filter
To test concurrent access to hardware resources an image

processing algorithm, running concurrently several instances
of them varying reconfigurable hardware resources on the
architecture model, has been implemented. The algorithm
tested is an implementation of the Canny edge detection al-
gorithm. It has been designed using four configurations: a
Gaussian filter, a Canny Enhancer, a non maximum sup-
pression block and an hysteresis thresholding block.

For each image in input the framework create a process
using SystemC facilities. Each process try to reserve the
necessary memory to compute the assigned image. After
memory the reservation phase the necessary elaboration se-
quence will take place.

The graph in Figure 7 shows the number of operations,
elaborations or reconfigurations, for an architecture with one
BlackBox.

Figure 7: The Caronte Architecture - One BlackBox
solution

With such a solution its necessary to introduce a recon-
figuration after each computation, as shown in Figure 8, to
be able to implement the Canny algorithm, which has been
characterized using 4 configurations, onto the Caronte ar-
chitecture.

Figure 8: Canny simulation - One BlacBbox solution

In Figure 9 is reported a comparison between different
architectural solution.

Using the proposed framework is easy to show that in-
creasing the number of reconfigurable elements does not im-
ply better performances, a shorter execution time, of the



Figure 9: Comparison between the four architectures

system. As clearly shown in Figure 9 it is not necessary
to have more that two reconfigurable BlackBoxes to reach
the best implementation, but without this information pro-
vided by the proposed framework, it is not so difficult to
implement a solution with the wrong number of reconfig-
urable elements that will produce a more complex schedule
without any improvement in the final solution.

6. CONCLUSIONS
Preliminary results show that the SyCERS framework,

based on the SystemC language and the Transaction Level
Modeling, combined together to describe reconfigurable ar-
chitectures, enable the exploitation of all the benefits of a re-
configurable architecture. The tests have been implemented,
with success, trying to figure out different characteristics of
the SyCERS framework, such as the ability of helping the
designer in choosing the correct number of reconfigurable
elements to design his/hes system.
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