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HW/SW Codesign Techniques tor Dynamically
Reconfigurable Architectures

Juanjo Noguera and Rosa M. Badia

Abstract— Hardward/soffware (HW/5W) codesign and recon-
figurable computing are conmonly nsed methodologies for digital-
systemeE design. However, no previous work has been carried ont
in order to define a HW/SW codesizn methodology with dynamic

scheduling for run-time reconfigurable architectures. In addition,
all previous approaches to reconfigurable computing multicontext
scheduling are based on static-scheduling technigues. In this paper,
we present three main contributions: 1) a novel HW/SW codesign
methodology with dynamic scheduling for discrete event systems
nsing dvnamically reconfigurable architectures; 1) a new dynamic
approach to reconfigurable computing mmliticontext scheduling;
and 3) a HW/5W partitioning algorithm for dymamically reconfiz-
urable architectures. We have developed a whole codesizn frame-
work, where we have applied our methodology and algorithms to

the case study of soffware acceleration. An exhaustive study has
been carried out, and the obtained results demonsirate the bene-
fits of our approach.

Imdex Terms—Dyvnamic scheduling, dvnamically reconfigurable
architectures, HW/5W codesign, HW/5W partitioning,

I. INTRODUCTION

HE CONTIINUED progress of semiconductor technology

has enabled the “system-on-chip” (50C) to become a
reality. In this zense, programmable logic manufacturers have
also proposed new products. An example of this 15 the Altera’s
new device Excalibur, which mmtegrates a processor core (ARM,
MIPS, or NIOS), embedded memory and programmable logic
[1]. New tyvpes of devices, which are min-time reconfigurable,
have also been proposed thanks to the advents of the dynam-
ically reconfigurable logic (DEL). An example of this, 15 the
Virtex family from Xilinx, which 15 partially reconfigurable at
run fime [2]. A hybnd device, which combines both above ex-
plained features, 15 the CS2112 chip from Chameleon Systems,

Inc. This device integrates a RISC core, embedded memory, and
a mun-time reconfigurable fabric on a single chip [3]. Clearly,

all these devices could be used as the final-target architecture
of a hardware/software (HW/5W) codesign methodology.
Reconfigurable computing (RC) [16] 15 an mteresting
alternative to application specific integrated cireuits (ASICs)
and the general-purpose processor systems, since 1t provides
the flexibility of software processors and the efficiency and
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throunghput of hardware coprocessors. DRL devices and ar-
chitectures present new and exciting challenges to the design
automation community. The major challenge introduced by
DRL devices 15 the reconfiguration latency, which must be
minimized m order to maximize application performance.
In order to achieve mm-time reconfigpuration, the system
specification (typieally, a task graph) must be partitioned mto
temporal exclusive segments (called reconfiguration contexts).
This process 15 usually known as femporal partitioning and
it 15 2 way to address the problem of reconfiguration latency.
A different approach 1= to find an execution order for a set of
tasks that meets system-design objectives (1.e., minimize the
application execution time). This 1s known as DRI multiconfext
scheduling.

There are a great number of approaches to HW/SW code-
sign of embedded systems, which use different techniques for
partibioning and scheduling. However, DRL devices and archi-
tectures change many of the basic assumptions m the HW/5W
codesign process. The flexibility of dynamic reconfiguration

(multiple configurations, partial and nn-time reconfiguration,
etc.) requires new methodologies and the development of new

algonthms, as conventional codesign approaches do not con-
sider the features of these new DRL devices and architectures.

A Previous Related Work

Traditionally, HW/SW codesign challenges and DRI chal-
lenges have been addressed independently.

Earlier approaches to the HW/SW codesign, model the
system based on a template of a CPU and an ASIC [11],
[14]. HW/SW partihoning and scheduling techniques can be
differentiated in several ways. For instance, paritioning can be
classihed as fine-grained (if it pariions the system specifica-
tion at the basic-block level) or as coarse-grained (if system
specification 1s parfitoned at the process or task level). Also,
HW/5W schedulmg can be classified as sfafic or dynamic. A
scheduling policy 15 said to be stabic when tasks are executed
m a fixed order determined offline, and dynamic when the
order of execution 15 decided online. HW/SW tasks’ sequence
can change dynamically in complex embedded systems (1e.,
control-dom inated apphcations), since such systems often have
to operate under many different conditions. Although, there
has been a lot of previous work m static HW/5W scheduling,
the dvnamic scheduling problem mm HW/SW codesign has
only been addressed in a few research efforts. A strategy for
the mized mplementation of dynamic real-time schedulers
m HW/SW 15 presented in [27]. In [4] a review of several
approaches to control-dominated and dataflow~dominated
software scheduling is presented.
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On the other hand, several approaches can be found n the
literature addressmg reconfipuration latency minimizaton.
Configuration prefefching techniques have been used for
reconfiguration latency mimimization. They are based on the
1dea of loading the next reconfipuration context before it
15 required, hence, overlapping device reconfiguration and
application execution. Hauck first introduced configuration
prefetching in [15], where a single-context prefetching tech-
nique 15 presented. Also, several references can be found mn
the literature addressing temporal partitioning and multicontext
scheduling for reconfiguration latency mimimization. See [24]
as an example. All these previous approaches address the
problem of reconfiguration latency mimimization, but they do
not address HW/5W partiioning and scheduling.

Recent research efforts have addressed this open problem.
In [7], an mtegrated algonthm for HW/5W partitioning and
scheduling, temporal partitioning, and context scheduling 1s
presented. A more recent work [22] presents a fine-grained
HW/5W partitioning algorithm (at loop level). Both previous
approaches are similar to [12] which take the reconfiguration
time mnto account when performing the partitioning, but they do
not consider the effects of configuration prefetching for latency
minimization In [17], this topic 15 infroduced, and a HW/5W
cosvnthesis approach for partially reconfipurable devices =
presented. They do not address multicontext devices. Moreover,
this approach, which 1s based on an IL P formulation, is limited
by the high execufion times of the algonthm , which hardly
gives solutions for task graphs having more than ten tasks.

B. Mbtivation and Coniributions of the Paper

New approaches are possible becanse 1) all emsting ap-
proaches to DRI multicontext scheduling are based on static
(compile time) scheduling techmiques and 2) no previous
work has been camed out in order to define a HW/SW code-
sign methodology with dynamic scheduling based on DRL
architectures.

In this paper, we address these two open problems and
present the followang: 1) a novel HW/SW codesign method-
ology with dynamic scheduling for dynamically reconfigurable
architectures, 2) a dynamic approach to DRL multicontext
scheduling , and 3) an automatic HW/5W partitioning algonthm
for DRL architectures. The proposed algonthm takes mto ac-
count the reconfipuration latency when performing the HW/5W
partitioning. The experiments camied out demonstrate that the

benefits of using a prefetching techmique, for reconfiguration
latency mimmization, can be improved if it 1s considered at the

HW/5W partittioning level.

The rest of the paper 1= organized as follows: Section II
miroduces the HW/5W codesign methodology with dynamie
scheduling, and the target architectures (named, local, and
shared memory architectures). In Sections III and IV, we
present two-different algonthms (HW/SW partihoning and
DRI multicontext scheduling) for the shared and local memory
architectures. In Section V, we apply our methodology and
algonthms to the software acceleration of telecom networks
simulation, and present the obtamned results. An mproved
HW/5W parnotioning algonthm for DRI architectures 1s

presented m Section VI. Finally, Section VII presents the
conclusions of this work.

II. HW/SW CODESIGN FOR DISCRETE EVENT SYSTEMS

Discrete event (DE) systems design has been recently ad-
dressed using HW/SW codesign techmques [13], [21]. How~
ever, none of these approaches 1s based on DEL devices as the
hardware platform .

The methodology presented here addresses the problem of
HW/5W codesign with dynamic scheduling for DE svstems
using a heterogeneous architecture that contains a standard
off-the-shelf processor and a DREL based architecture. It 1s
mportant to note that the proposed methodology follows
an object onentation paradigm, and uses the object onented
concepts in all it steps (specification, HW/SW partiboning and
scheduling, etc). The majonty of previous related work only
uses this object onented approach at the system specification
(modeling) level. See [37], as an example.

A Definitions

1) Discrete event class 15 a concurrent process type wath a
certam behavior, which 1s specified as a function of the
state vanables and input events. See Fig. 1(a).

2} Discrete event object 15 a concrete instance of a DE class.
several DE objects from a single DE class are possible.
Given two DE objects (DE()) and DE(),) they may differ
in the value of their state vanables. See Fig. 1(b).

1) Everndt F samemberof T x (7' = (7 = V where T 15 a set
of tags, T & #1 (the real numbers), (' a given set of DE
classes, () a set of DE objects, and V" a set of values. Tags
are used to model time and values represent operands or
resulis of event computation.

4) Event stream (ES) 15 a list of events sequentially ordered
bv tag. Tags can represent, for example, event occmrence
or event deadline. See Fig. 1{c).

5) Discrete evert functional unit 15 a physical component
(1.e., DRL device or SW processor) where an event «
(#.&q9, 0. ) can be executed. A functional unit has an
actve pair (class, object), p = (4, 9y ). See Fig_ 1(d).

Ohr methodology assumes that: (1) several DE classes
could be mapped mto a single DE functional umt, and (2)
all DE objects from a DE class are mapped mnto the same

DE functional unit where the DE class has been mapped.
6) Object switch 15 the mechamsm that allows a DE func-

tional unit to change from one DE object to another, both
DE cobjects belonging to a same DE class. For example,
if an mput event - = (L.~ 0. ) has to be processed
m a DE functional umt with an active pair p = (¢, 02
then an object swatch should be performed. Object swatch
means a change of values in the state vanables from the
ones of a concrete DE object (0 ) to the others of another
DE object [0a).

Ty Class switch 15 the mechamism that allows a DE functional
unit to change from one DE class to another. For example,
if an input event ¢« = {1, , 0, v ! should be processed
in a DE functional unit with an active pair p = (2, 02,
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Fig. 1. HW/SW codesign methodolosy.

then a class swatch should be performed. Class swatch, in
case of a DRI device, means a context reconfiguration.

B. HW/SW Codesign Methodology With Dynamic Scheduling

The methodology we propose is depicted m Fig_ 2. It 15 di-
vided in three stages: application stage, static stage, and dy-
namic stage. The key points in our methodology are: (1) appli-
cation and dynamic siages handle DE classes and objects, and
(2) static stage only handles DE classes.

The application stage meludes discrete event system speci-
fication and design constrainis. We assume the use of an ho-
mogenous modeling language for system specification, where
a set of independent DE classes must be first modeled. After-

wards, these DE classes are used to specify the entire system as a
set of nterrelated DE objects, which communicate among them
using events. These DE objects are interrelated creating a con-
crete topology. A DE object computation 15 achivated upon the
amval of an event. By design constraints we understand any de-
s1gn requirement necessary when synthesizing the design (1.e.,
timing or area requirements).

The statfic stage includes typical phases of a codesign method-
ology: (1) estimation, (2) HW/SW partitioning, (3) HW and SW
synthesis, and (4) extraction.

As previously stated, the sfafic stage handles DE classes.
However, the system has been specified as a set of interrelated
DE objects, which are instances of previously specified DE
classes. The final goals of the methodology’s extraction phase

are, for a piven DE class, to obtain 1) a list of all its instances
(DE objects) and 2) a list of all different DE classes and objects

connected to 1t. Both lists are afterwards attached to each DE

class found in the system specification. Once this step has
finished, DE classes can be viewed as a set of mdependent

tasks.

Note that although our methodology, addresses DEL archi-
tectures, a temporal partitioning phase can not be found. The
DE object/class extraction phase should be viewed as the tem-
poral partitioning algonthm . Indeed, the temporal partiioning
algorithm 15 meluded wathin our concept of DE class, as DE
classes are functionally independent tasks.

'e classify our HW/5W partiboning approach as coarse-
grained, since it works at the DE class level. Different HW/SW
partiioning algonithms can be applied depending on the appli-
cation. The solution obtained by the HW/5W partiioning algo-
nthm should meet design constraints.

The estimation phase also deals wath DE classes and the used
estimators depend on the final application. Typically used es-
timators (HW/5W ezecution time, DEL area, ete.) can be ob-
tained using high-level synthesis and profiling tools.

The dynamic stage mcludes HAW/SW Scheduling and DRL
multicontext Scheduling. Both schedulers base their function-
ality on the events present in the event stream . Our methodology
assumes that both of them are implemented in hardware using
a centralized confrol scheme. As 1t 15 shown m Fig. 2, these
scheduling policies (HW/5W and DRL) cooperate and run
m parallel during application run-time execufion, In order to
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