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Abstract—Continuous advances in silicon technology enable the development of complex System-on-Chip as cooperation among
Digital Signal Processors (DPSs), General Purpose Processors (GPPs), and specific hardware components. The impact of this choice
is not only limited to the target architecture, but also encompasses the overall system specification. It is thus crucial to manage such a
complexity using high-level specification languages and a tool chain supporting the designer throughout a set of strategic decisions,
such as the identification of a set of possible target architectures, the verification of the correctness of the specification, and the
partitioning of the specification onto a set of computational resources. This paper addresses this type of problem by proposing a design
flow supporting the system-level design of heterogeneous multiprocessor system-on-chip (MP-SoC), by extracting information from the
system description (e.g., SystemC)—statically and in a fast manner—and by providing a set of quantitative measures correlating the
type of executor, the functionality, and a timing estimation. Partitioning and architecture selection are built on top of this data and the
final analysis of the selected Hardware-Software solution over the identified candidates is finally submitted to a timing verification via
simulation. Note that the possibility of actually performing a comprehensive design space exploration, in general, is tightly influenced
by the interaction between partitioning/architecture-selection and timing simulation in the design flow; for this reason, the description of
this aspect is particularly emphasized in the presentation of the methodology. To show the applicability of the proposed methodology,

two relevant case studies are described in the paper.

Index Terms—System-on-Chip, embedded systems, multiprocessor systems, codesign, metrics, heterogeneous systems.

1 INTRODUCTION

NOWADAYS, many applications, both for research and for
commercial use (e.g., management of real-time video
streaming [5], video signal processing [6], etc.), are
implemented by exploiting the capabilities of several
hardware and software executors, possibly integrated onto
a single chip. This type of solution, typically called Multi-
Processor System-on-Chip (MP-50C), can integrate several
processors and a variety of Intellectual Property (IP) blocks,
connected via a proper high performance communication
network. Depending on the type of application, apart from
the specialization of the hardware IP blocks, a proper
tailoring of the type of processor can also be envisioned.
Such embedded processors can be roughly partitioned in
classes like GPPs, microcontrollers, DSPs, ASIPs, etc.,
varying in terms of cost, throughput, size, power consump-
tion, and level of specialization.

The option of evaluating such a wide range of alternative
architectures is one of the new value added features that
the designers are looking for whenever a trade-off among
aspects like performance, predictability, cost, flexibility,
power consumption, etc., has to be achieved [1]. Unfortu-
nately, expanding the design space cannot do anything but
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exacerbate the problem of selecting the abstraction level at
which comparisons can be made in reasonable times, with
an accuracy/confidence ensuring actually optimizing the
system.

The typical crucial activities the designer has to face that
are not yet totally automated or currently supported by EDA
tool suites are those related to the capturing of the character-
istics of the possible executors, the extraction of models of the
application tailored for the analysis of alternatives and fast
evaluation of properties (e.g., timings, area, power, commu-
nication bandwidth, etc.), and the selection and comparison
among alternatives based on some estimated metrics and
figures of merit. The output of this phase should be the
identification of the most promising architecture, able to
cope, in an optimal manner, with all the constraints and goals
of the designer, to be further optimized during synthesis, ata
lower abstraction level, by exploiting more consolidated
methodologies and tools.

However, the growing diffusion of embedded applica-
tions based on these platforms poses numerous challenges
to the EDA community to provide methodologies and tools
to support the design flow targeted to MP-SoC, even if
approaches targeting simpler systems are not yet consoli-
dated on the market. In fact, no assessed general design
methodologies are available today and what is still needed
is a systematic approach, general enough to fit several
application domains, while considering the peculiarity of
the system to be designed.

To overcome such problems, a possible solution consists
of extending the classical codesign methodologies, defined
for single processor applications. This paper presents a part
of a more comprehensive work [11] aimed at providing
general models, methodologies, and tools to support each
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step of the codesign flow of Heterogeneous Multiprocessor
System-on-Chip architectures. In particular, this paper focuses
on the definition and validation of an innovative system
design exploration strategy—based on specific metrics used
to select a system architecture—which associates each
system functionality with the most suitable class of
processing elements.

The paper is organized as follows: Section 2 sketches the
state-of-the-art in MP-S0C codesign research; Section 3
presents the proposed design flow and the related design
environment; Section 4 formally introduces the representa-
tion model, defined to extract the information necessary to
explore the design space with the aid of the innovative
metrics defined in Section 5. The proposed system design
exploration methodology, based on the defined metrics, is
presented in Section 6, while the validation of the
methodology is discussed in Section 7, where experimental
data are reported for the considered case studies. Section 8
draws some conclusions and outlines future work.

2 RELATED WORK

In the past few years, an increasing number of research
works have considered the problem of defining a codesign
methodology for heterogeneous multiprocessor embedded
systems possibly implemented on a single chip. However,
the majority of these investigations suffer from a common
problem: They adopt, as the entry point, system specifica-
tions described with languages too heavily bound to a
specific application domain and this limits the applicability
of the proposed environments.

For example, the work presented in [10] proposes a
codesign approach for the development of real-time systems.
The target architecture is based on a mix of microprocessor
cores and ASICs connected by a bus and the behavior of the
entire system is specified in a high-level, homogeneous
description (it is not targeted to any common specification
language and it is not executable). The main limitation of this
approach is that it requires information about the tasks that
are seldom available while designing general systems at a
high-level of abstraction. Similar considerations apply for
COSYN [7] and COHRA [8]. COSYN presents a cosynthesis
algorithm that starts with an embedded-system specification
and results in an architecture consisting of hardware and
software modules to meet performance, power, and cost
goals. The specification is provided by means of a set of
annotated acyclic periodic task graphs. COHRA is an
extension to the previous one made by the same authors,
adding the capability of managing hierarchical task graphs,
improving the quality of the results, in particular for large
task graphs. However, the task graphs are formalisms
suitable only for a restricted range of applications and
granularity issues prevent achieving a real system-level
approach for complex systems.

In general, all the task-graph-based approaches provide
excellent results on small examples, but, unfortunately, each
step of the design flow is typically strictly related to the task
graph theory and it seems very hard to represent general
systems by means of such a specification formalism.

A completely different approach is represented by
CMAPS [9]. It tries to shift the effort of the research in the
codesign field from system design to requirements analysis.
The goal is to design an SoC starting from the application
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problem itself, rather than from a detailed behavioral
specification. A user can specify a complex application
problem by referring to the elementary problems in a Problem
Base and by describing how the selected elementary
problems can be composed into the desired application
problem. The methodology presented in such a work is a
very interesting attempt to raise the abstraction level of the
entry-point of a codesign environment. However, it is far
from a widespread applicability.

Other approaches [36], [38], [39] focus more specifically
on design exploration strategies, but they often rely too
much on some architectural aspects (far away from a real
system-level description) or on the designer experience. For
example, the work presented in [38] addresses performance
estimation and architecture exploration issues. It is based on
a back-annotation approach in which the analysis of “some”
implementations (at RT level) allows the extraction of “all”
timing elements needed for performance estimation of “all”
feasible implementations. These timing elements are then
combined and introduced into the SDL system specifica-
tion. With this new time-annotated specification, it is
possible to predict the performance of all feasible architec-
tures, but some important parameters heavily depend on
the designer experience, in particular, the choice of the
adequate number of reference implementations to make
meaningful estimations. Similar considerations arise for one
of the most representative investigations carried out by the
TIMA/SLS Lab [36], where a codesign flow for the
generation of application-specific multiprocessor architec-
tures for SoC has been defined to extract architectural
parameters from a high-level system specification in order
to directly instantiate architectural components, such as
processors, coprocessors, memory modules, and commu-
nication networks. However, the adopted microarchitectur-
al level limits the design space exploration. An attempt to
integrate such an approach with a system-level oriented one
has been presented in [39], where the proposed generic
architecture model is reusable for a large class of applica-
tions, but it still presents the need for too many low-level
details in the early steps of the design flow.

Beyond specification and design flow, another important
feature that limits the applicability of codesign environments
is the target architecture considered during the design space
exploration. For example, [4] describes the system synthesis
techniques available in S’E*S, a CAD environment for the
specification, simulation, and synthesis of SoC. In spite of the
fact that the SE’S modeling environment could manage
heterogeneous systems, the considered target architecture
focuses only on a multiprocessor paradigm that does not
consider ASICs or FPGAs.

This overview shows that there is a need for a systematic
approach to codesign that should be oriented toward the
system-level, quite general to be useful in several applica-
tion domains, based on assumptions that do not limit its
applicability, and able to extract and properly consider the
relevant features of the system to be designed. This is the
goal of the approach presented in the next section.

3 THE PrRoPOSED DESIGN FLow

The proposed design flow is shown in Fig. 1. The entry
point is a behavioral synthesizable description (e.g., the Synopsys
SystemC Behavioral Synthesizable Subset [30], [33]) of the
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Fig. 1. The proposed high-level flow.

desired system. A procedure-level internal model has been
defined to represent the system specification. Such a model,
called the Procedural Interaction Graph [11], [32], is based on
the Procedural Call Graph [3], [31]. The procedure-level
internal model is able to capture information related to the
computational elements present in an imperative, possibly
object-oriented, synthesizable behavioral specification along
with their relationships.

The first step of the flow aims at extracting as much
information as possible on the system by analyzing the
specification in a static and fast manner. This step is
composed of the Coanalysis (Section 5, [11], [12], and
Coestimation [11] activities. The former one provides a set
of data expressing the Affinity of the system functionalities
toward a set of processing element classes (GPP, DSP,
ASIC/FPGA), while the latter provides a set of estimations
of the time required, by each class of processing elements,
for the execution of each single operation that composes the
specification. After the static analysis, the system function-
alities are simulated (Functional Cosimulation [11]) to verify
their correctness with respect to typical input data sets, and
important data characterizing the dynamic behavior of the
system are extracted: Profiling and Communication Cost.
Combining the data provided by the previous steps (timing
and profiling data) with a global time constraint allows the
estimation of the Load [11] associated with the execution of
each system functionality on a 1-GPP SoC (i.e., the worst
case). The analysis of such data is useful to evaluate the
necessary amount of processor cores, the level of load
balancing, and the identification of those procedures that
probably need an executor more performing than a general-
purpose processor.

Finally, the flow reaches the System Design Exploration
task that is constituted by two iterative steps: Partitioning
and Architecture Selection [11], [34] and Timing Cosimulation
[11]. The partitioning and architecture selection methodol-

ogy is detailed in Section 6 while the timing cosimulation
methodology considers the proposed heterogeneous multi-
processor architecture and a high-level model for the
communication media in order to evaluate the performance
of the SoC by verifying its timing correctness.

4 THE REPRESENTATION MODEL

The entry point of the proposed design flow (Fig. 1) is a
behavioral synthesizable description of the desired system
(e.g., the Synopsys SystemC Behavioral Synthesizable
Subset [30], [33]). A procedure-level internal model, called
the Procedural Interaction Graph [11], [32], has been
defined to represent such a kind of system specification,

based on the Procedural Call Graph [3], [31].
The procedure-level internal model is able to capture

information related to the computational elements present
in an imperative, possibly object-oriented, synthesizable
behavioral specification and the relationship between these
elements.

An intuitive graphical representation of such a graph
(see Fig. 2) is obtained by associating a node with each
instance of a method (gray nodes are nonblocking, i.e., they
can be executed concurrently with their caller) and an
arrow for each data transfer (black arrows indicate
procedure calls, gray arrows indicate communication/

synchronization operations).
The example of Fig. 2 shows a procedure-level internal

model where the instance of the Main method calls the
instances of nonblocking methods F1, 6, and F9. The other
instances of the method perform only blocking calls, while
instances F5-F8 and F6-F9 make data transfers.

Let us formally define the procedural level model.
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4.1 Procedural Interaction Graph

The Procedural Interaction Graph is a formalism composed
of nodes (i.e., instances of methods or procedures) and
annotated edges (i.e., method or procedure calls, commu-
nication, or synchronization operations) that provide
information on the relationships between the nodes and
on the data exchanged (e.g., size, profiling, etc.). Such a
graph is suitable for representing a coarse grain view of the
system that takes into account communications, synchroni-
zations and concurrency issues. The following definitions
provide a formalization of the model that is applicable both
to imperative object-oriented (OO) specification languages
as well as to not object-oriented (NOO) ones. The first two
definitions relate to the specification language, while the
next ones formalize the components of the Procedural
Interaction Graph.

Definition 1. LN = {VI,VO,VT} is the adopted specification
language, where VI is the set of valid identifiers of LN, VO is
the set of valid operators of LN, and VT is the set of valid
types of LN.

Definition 2. V.S is the set of valid specifications that can be
expressed with LN.

Definition 3. m; ; = (q,k,c) is the method j of class ¢; (see
Definition 5), where i,j € N, q € VI is the method name,
k€ MQ = {B, NB} is a method qualifier where B indicates a
blocking method while N B indicates a nonblocking method,
and ¢ € V'S is the method body. Note that the term “method”
indicates both a method in the OO sense and a procedure in the
NOO one. For NOO languages, all the methods belong to a
fictitious class 0.

Definition 4. d; ; = (q, z) is the member data j of the class c; (see
Definition 5), where i,j5 € N, ¢ € VI is the data name, and
z € VT is the data type.

Definition 5. ¢; = (q, MT;, DT;) is the class i, where i € N,
q € VI is the class name, MT; is the set of the class methods,
and DT, is the set of the class member data. For
NOO languages, the only class with methods is a fictitious
one (class 0). Therefore, M'T} is the set of all the methods, and
DTy is the set of global variables. Other classes ¢; can exist if
and only if MT; = 0 (i.e., they are typically called structures).

Definition 6. CL is the set of classes c¢; declared in the
specification, i.e., CL =, ¢;.
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Definition 7. MT is the set of methods associated with all the
classes, i.e., MT =|J, MT;. For NOO languages, MT =
MT, is the set of all the procedures.

Definition 8. 0}7C € VI, where i,k € N, is the instance k of a
class c;.

Definition 9. OB is the set of all the instances of all the classes,
ie., OB = UM 0};.

Definition 10. ff;ﬁj, where i,j,k € N, is the instance of the
method my ; of the instance k of class c;. For NOO languages,
that allow multiple instances of a method (i.e., procedure), fli,j
is the instance k of the method my ;.

Definition 11. M1 is the set of all the method instances in the
specification, i.e., MI =J, ;; fi.;-

Definition 12. t; = (s,w,d, g, f) is the data transfer i, where
s,d € MI, with s +# d, are the source and the destination
method instances of the data transfer, respectively, w € TQ =
{MC,CS} is a data transfer qualifier where MC' indicates a
method call (i.e., a procedure call) while CS indicates a
communication (or synchronization) operation, g € N is the
exchanged data size in bits, and f € Z is the average number
of times that the data exchange occurs.

Definition 13. DT is the set of all data transfers of the
specification, i.e., DT =, t;.

Definition 14. G = (M1, DT) is the graph representing a given
specification, where the graph nodes are the instances of
methods and the graph edges are data transfers.

5 METRICS FOR COANALYSIS

The coanalysis activity aims at obtaining as much informa-
tion as possible about the system by statically analyzing the
specification. The goal of this step is to statically detect the
most suitable class of processing elements for the execution
of each system functionality. To this purpose, several
subtasks are required [11], [12]: an architectural analysis
of the available processing elements to determine their
relevant features, the definition of a set of patterns able to
identify subsets of the specification that could exploit the
identified architectural features, and the definition of a set
of metrics able to provide meaningful indications to drive
design choices.

5.1 Characterization of Executors

This section describes the analysis performed to detect the
most relevant exploitable architectural features of the
identified executors classes.

5.1.1 GPP Architectural Features

General Purpose Processors (GPP) have been designed to be
useful in several contexts and, so, it is difficult to detect
particular features that strongly identify a GPP-suitable
application. They are typically adopted as control elements,
I/O manager, for general computations and in complex
systems that use an operating system.

5.1.2 DSP Architectural Features

Digital Signal Processors (DSP) are dedicated to digital
signal processing applications and, so, they present a loss of
generality with respect to GPP and a higher cost, but they



BRANDOLESE ET AL.: AFFINITY-DRIVEN SYSTEM DESIGN EXPLORATION FOR HETEROGENEOUS MULTIPROCESSOR SOC 5

provide a better performance in the execution of a
particular set of instructions [24]. The architectural features
included in a DSP allow concurrent loading of multiple
operands, concurrent execution of sums and multiplica-
tions, fast management of loops, and fast access to
sequential memory space (e.g., array).

5.1.3 ASIC-Like Devices Architectural Features

Application Specific Integrated Circuits (ASIC) are devel-
oped for specific applications. They generally exhibit high
performance, but their design and development costs are so
relevant that they are only affordable for high volumes.
Field Programmable Devices (FPD) are arrays of logic
blocks with programmable interconnections to shape the
desired functionality. Such devices are a trade-off between
processors and ASICs with respect to performance, flex-
ibility, and cost (e.g., Field Programmable Gate Arrays [25]).

We worked on the identification of a set of features that
allow an early selection of the functionalities able to exploit
ASIC-like devices. Since a mismatch between application
data-path requirements and the characteristics of the
processor data-path could lead to inefficient use of
processor resources (nonstandard data-path), the ASIC-like
devices are more suitable to perform bit manipulation
operations (shifting, Boolean operators, etc.). Moreover,
repeated operations of similar types on large regular data
sets are also ideal candidates for ASIC-like implementa-
tions. Regularity in operations imposes less demand on the
control unit complexity, better exploiting the available
resources.

It is worth noting that the presented methodology could
be easily extended in order to consider new technologies
provided by research and the market (e.g., Tensilica
Configurable Processors [35]). This can be obtained by
defining new specific metrics to highlight relevant archi-
tectural features and used to identify design choice.

5.2 The Proposed Approach

Considering the architectural features previously described,
it is possible to define a set of patterns able to identify
subsets of the specification that match some executor
features and a set of metrics that quantify such a matching.
Finally, these metrics are combined to build a global metric
(the Affinity) that suggests the most suitable processing
elements for the execution of a given functionality.

Definition 15 (The Affinity (4,)). The affinity A, =
[AcPrmApspmAmwm] of a method (i.e., a procedure) m is a
triplet of wvalues in the interval [0,1] that provides a
quantification of the matching between the structural and
functional features of the functionality implemented by the
method and the architectural features for each one of the
considered executor classes (i.e., GPP, DSP, ASIC/FPGA).

An affinity of 1 toward an executor class indicates a perfect
matching, while a 0 affinity indicates no matching at all.

With respect to previous attempts to perform similar
analysis, the proposed one is more general and accurate
since it provides a specific quantification of the matching
through the affinity measure. For example, in [26], the
efficiency of GPPs and FPGAs is evaluated only with
respect to the exploitation of the available area evaluating
the spatial efficiency of a device. In [27], the authors create a
methodology that fully characterizes any algorithm with

respect to the elements of its structure that affect its
implementation. The identified elements are meaningful;
however, only a few of them are supported by an effective
quantification approach and the metrics defined are strictly
bounded to high-level synthesis issues (e.g., area estimation
of a custom ASIC implementation). A codesign oriented
work is instead the one presented in [28], where the concept
of hardware/software repelling is used to drive a hardware/
software partitioning algorithm. The approach is based on
the analysis of the system functionalities; it detects a set of
features that suggest the repelling of certain functionalities
toward a certain type of implementation. Unfortunately, the
work considers only one type of software executor and the
set of features considered is not clearly defined. Finally, the
work in [4] considers multiprocessor systems synthesis,
starting from an object-oriented specification, and it
analyzes subsets of such a specification in order to detect
features that allow marking them as control dominated, data
transformation dominated, or memory access dominated. How-
ever, it does not consider dedicated hardware devices,
works with a too coarse granularity level, and poorly
defines the metrics to be used within the methodology.

Let us describe the metrics defined to compose the
affinity.

5.2.1 Data Oriented Metrics

The goal of this metric is to take into account the type of
data involved in the execution of a given functionality.

Definition 16 (Data Ratio (DR,,;)). For each method m and
for each allowed type t (e.g., int, float, etc.), DR,,; is
defined as the fraction of declarations of type t with respect to
the total number of declarations made in m.

5.2.2 Structural Metrics

The goal of these metrics is to identify the structural
properties of a functionality focusing on the analysis of the
control flow complexity.

Definition 17 (Control Flow Complexity (CF'C,,)). For each
method m, CFC,, is defined as the ratio between the number
of source lines that contains loop or branch statements and the
total number of lines.

Definition 18 (Loop Ratio (LR,,)). For each method m, LR,,
is defined as the ratio between the number of source lines that
contain loop statements and the total number of lines.

Such a metric allows discriminating between computa-
tional and control oriented functionalities.

5.2.3 DSP Oriented Metrics

The goal is to identify functionalities suitable to be executed
by a DSP by considering those characteristics that exploit
the most relevant architectural features of such executor
class: Circular Buffering, MAC operations, and Super Harvard
Architecture [24]. For the circular buffering, the goal is to
identify subsets of the specification accessing a linear data
structure (1D-array, row or column of 2D-array) to shift it
one or more positions.

Definition 19 (Strong Circularity Degree (SCD,,)). For each
method m, SCD,, is the ratio between the number of source
lines that contain expressions of the form v[i] = v[i K] and



the total number of lines, where v is a vector (or a row/column
of a matrix), and K is a constant.

Definition 20 (Weak Circularity Degree (WCD,,)). For each
method m, WCD,, is the ratio between the number of source
lines that contain expressions of the form v[K] = £(v[i])
orq=£(v[i]) and the total number of lines, where v is a
vector (or a row/column of a matrix), K is a constant, and
f(v[i]) is an expression involving v [1i].

For the MACs, the goal is to identify subsets of the
specification that express a particular mix of operations (i.e.,
a sum and a multiplication) that a DSP can perform
concurrently.

Definition 21 (Strong MAC Degree (SMD,,)). For each
method m, SMD,,, is the ratio between the number of source
lines inside a loop that contain expressions of the form
s1 = s1+ sx * sy and the total number of lines.

Definition 22 (Weak MAC Degree (WMD,,)). For each
method m, WM D,, is the ratio between the number of source
lines that contain, outside a loop, expressions of the form
s1 = s1+ sx * sy and the total number of lines.

For concurrent memory accesses, the goal is to identify
subsets of the specification able to exploit concurrent
memory accesses to instructions and data capability [24].

Definition 23 (Strong Harvard Degree (SHD,,)). For each
method m, SHD,, is the ratio between the number of source
lines that contain, inside a loop, expressions with the
structure v[1i] (op) wli] or q (op) wlil and the total
number of lines, where v and w are vectors, and {op) is an
operator different from the assignment one.

Definition 24 (Weak Harvard Degree (W HD,,)). For each
method m, SHD,, is the ratio between the number of source
lines that contain, outside a loop, expressions with the
structure v[1i] {(op) wli] or q (op) wlil and the total
number of lines, where v and w are vectors, and (op) is an
operator different from the assignment one.

5.2.4 GPP Oriented Metrics

The goal is to identify functionality that significantly relies on
operations that involve conditional dependent control flows,
complex data structures and complex I/O management.

Definition 25 (Conditional Ratio (CR,,)). For each method m,
CR,, is equal to CFC,,, — LR,,, where CFC,, is the Control
Flow Complexity and LR,, is the Loop Ratio.

Definition 26 (I/O Ratio (IOR,,)). For each instance of method,
IOR,, is the ratio between the number of source lines that
contain I/O operations (e.g., read, write, etc.) and the total
number of lines.

Definition 27 (Structure Ratio (STR,,)). For each method m,

the STR,, is the ratio between the number of structures
declared and the total number of declarations.

5.2.5 ASIC-Like Oriented Metrics

The goal is to identify regular functionalities that signifi-
cantly rely on bit-manipulation operations. Therefore, the
following metric is defined:
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Definition 28 (Bit Manipulation Rate (BMR,,)). For each
method m, BMR,, is the ratio between the number of source
lines that contain bit-manipulation operations (e.g., and, or,
xor, etc.) and the total number of lines.

The information gathered by means of the metrics
previously defined is organized in a global metric that
allows a straightforward characterization of a functionality
with respect to each considered executor class. Such a
global metric, called Affinity, is operatively defined as
follows.

5.2.6 The Affinity Metric
The Affinity of each method m can be expressed by a
normalization function applied to a linear combination of
the metrics, with weights that depend on the considered
executor class, as follows:

Al = fw-c),
where
AH Wm ] )

An =[Acrpm  AbsPm

000O0O0OO0O11O0O0O0T1T11
W=|11111100100O010f{,
00 0O0O0OO0OO0OOI1TT1TT1TO0TQO0D®O0

and C,, is a 14-element row vector collecting, in this order,
the costs SCD,,,, WCD,,, SHD,,, WHD,,, SMD,,, WMD,,,
IORm, CRmr LR"LI BMR’NL/ DRZZt/ Zze{[tha'r',stri’ng} DRZL’
> efintready PR, and STR,,. The weights of the matrix W
are set to 1 when the associated metric is meaningful for a
given executor class, to 0 otherwise. In this way, the affinity
represents the sum of all the contributions determined by
each relevant metric normalized by means of the arctangent
function scaled of a /2 factor. Finally, to better discrimi-
nate between low and high affinity values, a quadratic form
is introduced, leading to the following normalization
function:

_arctan(2ma?)

5.3 Validation

A meaningful validation process has been set up based on a
C test suite. A tool has been developed and integrated with
a C/C++ code analyzer (GENOA [29]). The adopted
benchmark suite is composed of 311 procedures, each
representing a specific functionality. A subset of these
procedures (about 100) has been selected from applications
oriented to digital signal processing. The remaining
procedures are representative of a generic set and contain
functions such as encoding/decoding, string manipulation,
and several common operations. During the validation
process, the values of the metrics previously defined have
been collected to evaluate the affinity.

Interesting considerations can be made by analyzing the
averages of the affinity values on the whole test suite, for
the DSP applications, and for the others (see Table 1). The
affinity Apgp for the DSP applications is fairly large with
respect to the other affinity values and with respect to the



BRANDOLESE ET AL.: AFFINITY-DRIVEN SYSTEM DESIGN EXPLORATION FOR HETEROGENEOUS MULTIPROCESSOR SOC 7

TABLE 1
Affinity Average Values per Application Class
Whole set | Only DSP | All but DSP
Agpp 0,46 0,38 0,49
Apsp 0,25 0,57 0,10
Agw 0,27 0,28 0,27

Apgp values obtained for the other application cases. It is
worth noting that Agpp has the largest average of the whole
set, revealing the general purpose nature of the related
executors class, while the Ay indicates, in general, those
procedures that exploit some features associated with the
ASIC executor class.

6 SYSTEM-LEVEL PARTITIONING

When the functionalities of the system should be targeted
for a specific implementation, the related task is called
system-level partitioning. However, the design space that
must be explored when considering all the parameters
associated with a multiprocessor architecture may easily
become unmanageable, thus making an exhaustive analysis
of all the possible solutions impossible: Efficient heuristics
are needed to manage the task complexity.

Existing tools dealing with multiprocessor embedded
systems codesign start from a heterogeneous specification
where the partitioning strongly relies on the experience of
the designer [13], [14] or provide a partitioning methodol-
ogy targeted only to particular applications [37], [40]. Some
approaches focus mainly on communication issues [15],
[16], while a general approach that considers both commu-
nications and different executors is presented in [17], but
the area-delay curves considered in such a work are
impractical. The approaches closer to our proposal are
[18] and [19]. They perform a clustering of the behavioral
specification, a task classification based on area and time,
and a design space exploration by means of transforma-
tions. However, they are targeted to single processor
systems only.

6.1 The Proposed Partitioning Approach

The system partitioning methodology proposed here [11],
[34] is composed of two phases: a clustering of the system
functionalities to achieve a preallocation and a refinement
phase, driven by a genetic algorithm and a global cost
function. The resulting design space exploration strategy
works with a variable-granularity to increase efficiency in
allocating the functionality and the cost function includes
four main components: affinity, communication, load, and
economical cost.

6.1.1 Metrics

The comprehensiveness of the parameters composing the

cost function is crucial to drive the design space explora-

tion. In the following, the proposed metrics are detailed.
Affinity Index. Given a solution, it is very important to

evaluate the matching between the properties of the

functionalities and the processing elements on which they

have been allocated. To this purpose, the Affinity Index (1)
of a solution has been defined as follows:

D meMI ZaE{GPP,DSP,HW} Tem(l — Aem)

Is =
4 |MI| ’

where Tems i.e., TGPPm, TDSPm, THWm, are 1 or 0,
respectively, if the method instance m (of the behavioral,
possibly OO specification) is allocated or not to the
associated type of executor; Agppm, Apspm, Aawn are the
affinities of an instance of method; |MI| is the number of
instances of a method. The Affinity Index falls in the range
[0,1] and values closer to 0 indicate a perfect match between
functionalities and executors.

Load Indexes. For each solution, it is very important to
consider the balancing of the workload over the available
processing elements. For this reason, two indexes are
considered to distinguish software from hardware. The
Load Index for software executors (Irg,) is evaluated as
follows:

m 1 n;j

1
Ipsw = — li; — Lsw],
mZnJ-LSW; | I |

=1

where m is the number of software executors present in the
solution (GPP or DSP), n; is the number of method
instances allocated on the software executor j, [;; is the
estimated load [11] of the ith functionality on the software
executor j, and Lgy is the ideal load. It is theoretically
100 percent, but it is generally set to about 70 percent (a
typical value that allows considering the presence of a
possible operating system [20]). This index varies in the
interval [0, 1] and captures the average of the differences
between measured and ideal load. Values closer to 0
indicate that each processing element presents a load
similar to the ideal situation.

The Load Index for hardware executors (I1pw) avoids
the overloading of hardware devices, i.e., the allocation of a
number of functionalities whose implementation exceeds
the available gates:

Ist =

where

>oil19— G >li1915> G

and where m is the number of hardware devices (ASIC or
FPGA), n; is the number of method instances allocated on
the hardware executor j, g; ; is the number of gates needed
to implement the ith functionality on the executor j, and G,
is the maximum number of gates on the hardware
executor j. The load index values for hardware range in
the [0, 1] interval and a value of 0 indicates that no hardware
executors are overloaded.

Communication Index. The information on communica-
tion cost, gathered during the functional cosimulation,
allows the evaluation of the exchanged data size due to the
interactions between functionalities allocated on different



processing elements. An associated metric, called Commu-
nication Index (I¢), has been defined:

Dienmr 2 jieM1 COMYij

Ic = )
D iemr Z#ieMl bi,jci;
where
E bijci; Er#E;

and where M1 is the set of instances of a method, b; ; is the
size of the data exchanged between i € MI and j € MI, c;;
is the number of interactions between ¢ € M1 and j € M1,
and E; and Ej; are, respectively, the executors of i € M1 and
j € MI. The communication index values belong to the
interval [0, 1]. Values closer to 0 indicate that the commu-
nication between functionalities allocated on different
executors are negligible with respect to the total number
of communications.

Physical Cost Index. Another important parameter to be
considered when evaluating a possible solution to the
partitioning problem is the physical cost of the components
present in the proposed architecture. The Physical Cost
Index (I3) is evaluated as follows:

1
b= |MI[$arax /GZE i

where | M| is the number of instances of a method, E is the
set of the executors present in the proposed architecture, $;
is the physical cost of the executor j € E, and $/4x is the
cost of the most expensive executor in E. The Physical Cost
Index values belong to the interval [0, 1] and represent the
cost of the proposed solution with respect to the most
expensive one. Values closer to 0 indicate a cheaper
solution.

6.1.2 Cost Function

By combining the metrics described above, it is possible to
build a cost function that allows a comparison between
different solutions identifying the one better representing a
trade-off between the different parameters. In fact, the
affinity and load parameters tend to separate the function-
alities in order to balance the load and exploit the
processing elements features, while communications and
physical costs tend to keep together such functionalities to
minimize the number of processing elements. These
considerations can be taken into account through a linear
combination of the indexes (other approaches are still under
investigation), thus obtaining the following cost function
expression:

CF = ’U)AIA + stwIst + thu;ILhw + ’U)CIC + U)$I$7

where w4, Wrsw, Wi, We, and wg are the weights associated
with the different parameters, thus providing the possibility
of customizing their importance.

6.1.3 Methodology

The proposed methodology explores the design space by
using a genetic algorithm. It works with a variable coarse-
grain granularity where a functionality, or a group of them,
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Fig. 3. Partitioning methodology steps.

is allocated to the same processing element. The methodol-
ogy is composed of several steps that are iteratively
repeated, working each time with a finer granularity, until
a solution to the problem is found. Fig. 3 shows the steps of
the algorithm, detailed in the following.

Clustering. The clustering phase represents the starting
point of the methodology. Its purpose is to select groups of
functionalities, bound by the caller-callee relationship, to be
considered as clusters, i.e., not to be further decomposed in
the following steps of the same iteration of the methodology.

If a solution is not found, a more detailed analysis of the
elements composing the clusters is required. Since each
cluster is allocated on the same processing element, the
former solutions tend to be the cheapest, while the latter
tend to better exploit the characterization of each single
functionality with respect to the type and number of
executors.

Allocation and optimization. This step allocates the
clusters provided by the previous steps to different
processing elements by exploring the design space in search
of the allocation that minimizes the cost function previously
defined. This step is based on a genetic algorithm where
each individual of the considered population represents a
possible architecture/allocation item. The structure of the
individual is represented by an entry for each cluster
considered during the current iteration (see Fig. 4): Each
cluster is associated with a type of processing element and
an instance of it (the maximum number of instances
allowed for each type of processing element is specified
by the designer).

The initial population is randomly generated, while,
during the evolution of the population, the algorithm
performs the optimizations that minimize the cost function
following the classical rules of genetic approaches [21].

Verification. The architecture/allocation solution pro-
vided by the previous step is verified by means of the
Timing Simulation (such a simulation methodology, derived
from [11], [41], [42], also contributes to the definition of the
interconnection network and the scheduling policy). If such
a combination is not a valid solution to the partitioning
problem (i.e., it does not meet the timing constraints), the
whole process is repeated, starting from a finer granularity
clustering.
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Cluster 1 | Cluster 2 | Cluster 3 Cluster n
GPP HW GPP ... DSP
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Fig. 4. Individual structure.

7 METHODOLOGY VALIDATION

To support the proposed system design methodology, a set
of tools has been developed and integrated in the design
flow of Fig. 1. A tool to compute the affinity values has been
implemented by means of a C/C++ code analyzer (GENOA
[29]). The data are then provided to the system design
exploration tool, called EMuP (Embedded Multiprocessor
Partitioning), that has been developed following two
different goals: to integrate the tool in the proposed
environment and to provide an easy portability toward
different ones. EMuP has been developed in C++ and it is
based on a library of classes for genetic algorithms (GALIB
[22]). The portability-enabler feature is the input format
accepted by the tool: It is based on the VCG format [2], a
third party format that can be managed and visualized with
third party open source tools. To give the flavor of how the
methodology actually works on real designs and to show its
effectiveness, two examples of system-level partitioning are
reported in the following.

7.1 Case Study 1

The first case study considers a synthetic application (it is a
composition of the programs belonging to the test suite
described in Section 5.3) that consists of 52 methods and its
Procedure Interaction Graph is represented in Fig. 5. The
target architecture is composed of an unconstrained
number of GPP, DSP, and FPGA.

In the following, the application of each step of the
proposed flow (Fig. 1) is briefly presented. The coanalysis
step aims at statically detecting the most suitable processing
element for the execution. The next step estimates the

performance of the system. In this example, the performed
analysis for the software implementation is targeted to the
Intel 486T GX [23] processor. The hardware timing
characterization has been performed by considering the
LSI Logic 10k technology library with a 150 MHz system
clock. The functional simulation represents the checkpoint for
the functional correctness of the system specification.
Moreover, it allows the evaluation of different important
measures that characterize the system: profiling, dynamic
communication cost, and load estimation. The load estima-
tion task requires the performance estimation data provided
by the coestimation step and a timing simulation. Such a
simulation is performed by considering a target architecture
composed of one general purpose processor that executes
all the procedures, thus producing a reference time Trgp.
The average Trgr has been approximately 280 - 103 clock
cycles for the considered architecture. By imposing, as
timing constraint to the system, an execution time of
0.4 - Trgr, it has been possible to estimate the load provided
by each procedure to a GPP executing the application with
such a constraint. Finally, to represent the information
needed for the design space exploration in a compact and
general way, a VCG file [2], representing the procedural-
level model of the system annotated with affinity data, the
dynamic communication costs, and the estimated load, is
provided to the simulator. Hence, the system design
exploration is divided into two iterative steps: partitioning
and architecture selection and timing cosimulation. For the
partitioning, the weights of the cost function have been set
as follows:

Iy =Ipew = I =40  Ic = Iy =20,

while the ideal load Lgy considered in the load index has
been set to 70 percent (according to [20]). For the timing
cosimulation, the timing constraint imposed on the execu-
tion time of the whole application, as described previously,
is 40 percent of Trpr. The default policy scheduling is a

Fig. 5. Procedure Interaction Graph.
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TABLE 2
Design Space Exploration
Architecture Simulated time
Iter.| Ic |Insw | Ia Is |GPP|DSP|FPGA | ngve =1 | Nagve =2
0 |0.000| 0.340 (0.390 (0.276 | O 1 0 |[0.89TrEF |0.89TREF
1 (0320 0.040 |0.394(0.334| 3 0 0 0.51TrEF |0.45TREF
3 10.012| 0.124 [(0.386|0.377| 2 1 0 0.42TREF (0.41TREF
7 10.006| 0.023 [0.388 (0377 2 1 0 |[0.40TrEF |0.38TREF

round-robin one and the parameters of the communication
model (i.e., the number of allowed concurrent communica-
tions and number of hops [11]) are initially n4,. =1 and
hae = 0 (i.e., a single bus). The results obtained are shown
in Table 2.

Iteration 0 considers only one cluster (i.e., only one
executor) and the affinity metrics suggest the choice of a
DSP. However, one executor does not meet the timing
constraints. The next iteration found a new minimum for
the considered cost function. By simulating such a solution,
the simulated time is 0.51 - Trgr. The simulator can also
provide a measure related to the average number of
concurrent communications: In this case, such a number is
1.6 and, therefore, a new simulation is performed with
nae = 2. However, the results obtained are not successful.
Another cost function minimum is obtained during itera-
tion 3 (each iteration works with a finer granularity), but
also in this case the timing constraint is not satisfied.
Finally, iteration 7 reaches the solution: The proposed
architecture/allocation (with both the nave values) satisfies
the imposed simulated time.

To perform the design space exploration, the partitioning
tool, implemented in C++ and executed on a Pentium III
(700 MHz, 640 MBytes RAM), has processed a population of
700 individuals for 3,500 generations in less than 20 minutes
(comprehensive of four cosimulations performed on a SUN
UltraSparc2 running at 256 MHz and equipped with
128 MBytes RAM).

7.2 Case Study 2

The second case study considers a real application that
manages digital signatures in MPEG encoded images. The
application is described by means of 21 methods and its
Procedure Interaction Graph is shown in Fig. 6. The target
architecture is composed of an unconstrained number of
GPPs, DSPs, and FPGAs.

As in the previous case study, each step of the proposed
flow (Fig. 1) has been applied to the specification. The

Environment -

Fig. 6. Procedure Interaction Graph.
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average Trpr has been, for the considered architecture, of
approximately 300 - 10° clock cycles and the time constraint
has been set to 0.5-Tpgr. The cost function weights, the
ideal load, and the simulator configuration have been kept
equal to the previous examples. The results obtained during
the design space exploration are shown in Table 3.

Iteration 0 considers only one cluster (i.e., only one
executor) and the affinity metrics suggest the choice of a
DSP. However, one executor does not meet the timing
constraints. Iteration 1 found a new minimum for the
considered cost function. The simulated time for such a
solution is 0.71 - Trgr. The same considerations apply in the
following of the case study. Another cost function mini-
mum is obtained during iteration 6 (each iteration works
with a finer granularity), but also in this case the timing
constraint is not satisfied. Iteration 8 identifies a solution:
The proposed architecture/allocation with n,,. =2 (e.g., a
crossbar switch) reaches the imposed simulated time;
however, the margin is considered too low and, therefore,
a new iteration is performed. The last iteration, changing
only the allocation of the procedures on the same
architecture, finds a better solution that is considered
acceptable. To perform such a design space exploration,
the partitioning tool, implemented in C++ and executed on
a Pentium III (700 MHz, 640 MBytes RAM), has processed a
population of 500 individuals for 3,500 generations in a time
less than 35 minutes (comprehensive of five cosimulations
performed on a SUN UltraSparc2 running at 256 MHz and
equipped with 128 MBytes RAM).

8 CoNcLUDING REMARKS AND FUTURE WORK

A comprehensive codesign environment for heterogeneous
multiprocessor SoC has been developed to support the
designer from the specification phase at a high level of
abstraction to the definition of the target architecture and the
identification of the best hw/sw partitioning. In particular,
the information provided by the coanalysis step allows an
effective design space exploration, based on two main tasks:
partitioning and architecture selection and timing cosimula-
tion. The partitioning methodology is based on an initial
clustering and on a heuristic optimization algorithm sup-
ported by a proper set of metrics. Such an algorithm provides
solutions that consist of an architecture and the binding
between parts of the system behavior and the selected
components of the architecture. Such solutions are then
validated by means of a system-level cosimulation strategy
that considers the presence of multiple executors and a
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TABLE 3
Design Space Exploration

Architecture Simulated time
Iter. | Ic |Isw | Ia Is GPP | DSP [ FPGA | ngye = 1 Nagve = 2
0 [0.000| 0.241 |0.292 (0477 0 1 0 0.92TrEF |0.92TREF
1 |0.120 | 0.140 |0.344]0.655| O 2 0 0.71Trer (0.65TREF
6 |0.201( 0.640 [0.376]0.698 | 1 1 1 0.58TreF |0.52TREF
8 10.146| 0.730 [0.398|0.684 | 1 2 0 0.54Trer (0.49TREF
9 ]0.138 | 0.720 | 0.401|0.684| 1 2 0 0.50TrEF |0.47TREF

high-level model for the communications. The experimental
results obtained so far are encouraging and justify current
efforts to improve both methodologies and tools.

Currently, the presented methodology suffers from some
limitations that have been considered as part of future
activities targeting the improvement of the results quality.
In particular, the “Affinity” and other metrics will be
improved by considering not only static effects, but also
dynamic effects by instrumenting the code in order to
identify the real contribution of loop, calls, data structures,
etc. However, a static approach is faster than a dynamic
method to cope with large specifications. Moreover, this
approach was further encouraged by some experimental
results, which provided satisfactory results.

Future activities will also be focused on considering
compiler optimization (constants propagation, dead code
elimination, loop splitting, loop tiling, etc.), architectural
aspects (pipelining, stalls, cache miss/hit, superscalarity,
etc.), and logic synthesis optimization. To deal with these
aspects, we will explore the results produced by methodol-
ogies developed for power modeling [43], [44], [45], [46].
These latter methodologies, extended to the metrics pre-
sented in this paper, make possible a more accurate
estimation and partitioning at the cost of implementing a
more sophisticated analysis.
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