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Abstract— Main challenge of system-level design is fast and 

accurate performance estimation on heterogeneous 

multiprocessor system-on-chip (MPSoC) platforms in early 

design stages. In this paper the authors present a design flow of a 

novel framework for automated early high-level software 

performance estimation based on source code analysis using 

elementary operation concept. The tools implemented within the 

framework support performance evaluation by application C 

code intermediate representation analysis and production of 

profiling data per single line of code instruction. The concept of 

elementary operation usage in gaining the appropriate 

application profiling is tested on two processor cores as 

representatives of different processing elements often used inside 

MPSoC platforms. Preliminary results demonstrate the ability to 

provide fast and efficient design space exploration with high 

accuracy of performance estimation. 
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I. INTRODUCTION 

During the last decades the technological improvement has 
had a strong impact on end users of consumer electronics. 
Besides the most obvious and constant miniaturization of 
products that enabled the widespread acceptance of many 
technological solutions, the conceptual improvements have 
been perhaps even more significant. The impact on human way 
of thinking and perception of communication created in less 
than 20 years a new lifestyle and perception of visible world. 

However, the prologue to such change lasted much longer 
since computer system technology advances happened out of 
sight of majority of population. Advances in silicon technology 
processing allowed production of high performance devices, 
primarily microprocessors which enabled a new conceptual 
way of thinking about applicative purposes implementation. 
After reaching the peak at single-core performance 
optimization, the approach of employing multicore system 
overtook the stage of performance improvements bringing in 
constant intellectual design challenges. Although numerous 
efforts have been undertaken, the complexity of the task 
ensures the optimization challenge is still open. 

One such task is system performance estimation from high 
abstraction level perspective and in early design stages to avoid 
excessive design costs and to shorten the design time. The 
application at hand is characterized by its tasks on larger scale 
and operations that form the structure of the tasks on smaller 

scale of understanding. The target platform is described as a set 
of interconnected processing and memory elements with 
intrinsic features. 

Many different research groups have tried to solve this 
challenge using different methods and approaches. While early 
work heavily relied on Instruction Set and Cycle Accurate 
Simulators [1], more recent work employs Transaction Level 
Modelling combined with source level annotation [2][3][4]. 

In this paper, the efforts of early performance estimation for 
MPSoC implementations are presented based on the concept of 
elementary operation cost [5] and incorporated within the 
developing design framework HMPEvaluator. Besides better 
performance estimation of the target implementation the goals 
in scope of the framework include high level of design 
automation and its acceptability for the users in terms of ease 
of use. 

In Section II input source code analysis process which 
characterizes the application is discussed. Afterwards, the 
concept of performance estimation is described in Section III 
and evaluated in Section IV. The final reflections are given in 
Section V. 

II. SOURCE CODE ANALYSIS 

The proposed approach exploits function-level parallelism 
in order to map the application to MPSoC platform. The 
abstraction level defined by source code functions is formed 
by the application logic scheme which is usually an integral 
part of the algorithm targeted for performance improvement. 

The first subsection (A) therefore talks on usual 
abstractions in expressing application source code parallelisms 
both on function-level and instruction-level scale. The second 
subsection (B) presents the status of the implemented 
application processing tool flow, and the last subsection (C) 
characterizes the implemented source code profiling approach 
that outputs the data to performance evaluator. 

A. Parallelism Extraction 

Several intermediate representation abstractions are 
employed during application source code processing to 
encompass basic control and data dependencies flow inherent 
to the given application. 

Basic blocks (i.e. sequences of statements without 
branches) represent nodes in control flow graph (CFG) and 
vertices between them form application control flow what 
includes constructs of branches and loops, Fig. 1. Hierarchical 
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task graph (HTG) encapsulates groups of basic blocks and 
introduces the hierarchical intermediate representation, [6]. 
The nodes it defines usually represent branch and loop 
constructs thus defining a set of execution tasks for which it 
extracts and exploits functional or task-level parallelism. Data 
flow graph (DFG) is used for capturing data dependencies 
between operations. Every node represents an operation, and 
the arcs between them are used to denote dependencies. If the 
output of one operation is the input to another operation their 
nodes are connected with a directed arc. Application model 
based on DFG therefore exhibits its inherent instruction-level 
parallelism that is usually observed within the sequence of 
instructions (or statements) with uniquely defined operations. 
Such sequences of statements are usually encapsulated within 
a single basic block node in CFG. In such way the DFG model 
can be extended with control dependencies forming the 
control and data flow graph (CDFG) that is traditionally used 
as intermediate code representation in number of diverse 
optimizing compiler flows, especially in high-level synthesis 
(HLS), [7][8][9]. A CFG representation however does not 
exhibit any intrinsic parallelism since every node of it is 
clearly dependent on execution of other nodes. Nodes are 
executed in some sequence and for branch constructs that are 
exhibited in CFG only one of available branches are assumed 
to be executed at a time. This extends to loop constructs where 
following the decision to enter a loop, the loop body is 
represented with a single basic block. A CDFG therefore in 
the same time exhibits data dependencies inside basic blocks 
and captures the control flow between those basic blocks. An 
example of DFG dependencies formed for a single line of 
code (inside AES encryption MixColumn function using 
SPARK tool, [10]): 

Tmp = state[0][i] ^ state[1][i] ^ state[2][i] ^ state[3][i]; (1)  α  + β  = χ. (1) (1) 

is presented in Fig. 2 where 12 three-address statements along 
with some number of temporary variables were generated.  

B. Application Processing Flow 

HTG application representation is assumed to be defined 
solely by its source code structure. It forms the clear entry 
point for application code processing. Tasks are mapped as 
functions specified in C source code that implements the 
application on programming abstraction level and every 
function is processed separately within implemented tool flow. 

The example of such processing principle is illustrated in Fig. 
3 where AES encryption top function named Cipher is 
decomposed according to function-level defined HTG, [11]. 
Every function that is called during Cipher run is separately 
pre-processed to be able to appropriately process the 
application flow. The structure of source code specified within 
a function is firstly pre-processed to get an intermediate code 
representation which is further analyzed to characterize the 
application by operations it performs. The intermediate code 
representation encompass both CFG and DFG forms of 
abstraction: control flow blocks and instructions within them. 

There are several well defined processes that constitute the 
application processing flow: 

(1) C Code pre-processing. 
(2) CDFG Analysis. 
(3) Instruction profiling. 

branch_condition

if_body else_body

branch_end

loop_condition

loop_body

loop_increment

TRUE

TRUE FALSE

loop_end

FALSE

loop_initialization

 

   (a)             (b) 

Fig. 1. Basic CFG constructs: branch (a) and loop (b) 

 

Fig. 2. Example of single block DFG dependencies for line of code in (1) 
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Fig. 3. Function-level HTG perspective – AES encryption Cipher function 
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They produce different perspectives of input application as 
specified by C coded algorithmic specification. The first pre-
processes the input C code to get the CDFG because of all its 
usage advantages as noted earlier in this section. The 
functionality of external tool, SPARK parallelizing compiler, 

is exploited for this task. Once, after CDFG representation of 
code is gained, the analysis of application is performed to get 
its execution profiles. Analysis consists primarily of 
recognition of operations encompassed within basic block in a 
form of three-address statements. Also, recognition of 
branches and loops in control flow aspect of CDFG is crucial 
in this stage to get the correct elementary operation profiling 
data. Therefore, analysis is performed both on levels of basic 
blocks structuring the control flow and statements structuring 
the data flow where the correct profiling of the source code is 
the final goal. 

C. Source Code Profiling 

The source code profiling task can be done either by using 
external tool (such as gprof, [12]), explicit checking for loop 
boundaries or by simulation; each one providing deeper 
insight into application source code structure but at the same 
time with higher demand on design time and effort. While the 
first approach is less demanding in terms of development time 
and effort compared to other methods, it provides less insight 
into function source code structure and is usually appropriate 
for finding the execution hot spots. Simulation is usually the 
most expensive in terms of either simulation time itself, its 
development or analysis of simulated data. During simulation 
several key tasks have to be carried out throughout any 
simulated application source code. First is to check branches 
that are met on execution paths. As extension to this, loop 
boundaries have to be checked to carry out loops. Also, 
simulation can assume HTG comprehension at function call 
level. 

In this paper the “middle” approach is applied where loop 
boundaries are tested in automated way, i.e. by the 
implemented tool. The difficulties arise when loop boundaries 
are not explicitly known, i.e. if they are dependable on 
execution flow of input data. In such cases this task requires 
the appropriate directives “by hand” from its users to denote 
the profiling of the problematic application points.  
The final result is obtained after source code profiling by 
employing proper source code lines classification according to 
predefined elementary operation types. During pre-processing 
the source code is transformed to three-address statement 
intermediate representation so its reconstruction is required as 
final processing step. TABLE I. presents the relationship 

between numbers of source code lines and their transformed 
CDFG characteristics; number of CFG basic blocks and DFG 
three-address statements for all AES encryption functions, 
[11]. The correct interpretation of the presented data enriches 
the source code nature of particular function. Greater number 
of basic blocks indicates more complex control flow, and 
greater ratio of three-address statements and lines of code 
numbers denote the computing intensiveness along with 
required source code reconstruction effort. 

III. PERFORMANCE ESTIMATION 

Profiling results are then fed to HMPEvaluator tool, Fig. 4, 
which automates the design space exploration by integrating 
the application and platform specification, automatic source 
code analysis and profiling, task mapping and scheduling 
processes for fast and accurate early performance estimation. 

Performance estimation is done using novel analytical 
approach based on elementary operation concept. The inputs 
are elementary operation profiling data, application 
specification (tasks) and platform specification data 
(elementary operation execution times for different types of 
processing element and interconnection characteristics). The 
cost of each elementary operation is experimentally determined 
through a set of carefully devised benchmarks and is used for 
estimating duration of complex functions. By raising the 
abstraction level on which the execution time is calculated 
from instruction to operation level, common problems in 
performance estimation such as pipelining and branch 
prediction can be avoided and estimation accuracy improved. 

IV. EXPERIMENTAL RESULTS 

Experiments were conducted on several different 
benchmark sets: MiBench, JPEG and AES targeting Xilinx 
Zynq platform with two different types of processing 
elements: an ARM Cortex A9 processor and MicroBlaze, a 
softcore processor,[13][14]. The total of seven benchmarks 
were used: two benchmarks from MiBench set (Cubic and 
Sqrt), three from JPEG set (Shift, DCT and Zig-Zag) and two 
from AES set (SubBytes and ShiftRows). 

The estimation results together with actual execution times 
for ARM processor performance are presented in Fig. 5 and 
for MicroBlaze processor in Fig. 6. Obtained estimation 
compared to actual execution times shows the average error 
rate around six percent with the peak at twelve percent. 
Considering that timing estimation is done at very high level 
of abstraction, these results are within acceptable range and 
also comparable to the results of methods presented in related 
work mentioned previously. 

 

Fig. 4. HMPevaluator tool GUI 

TABLE I.  AES FUNCTIONS CHARACTERISTICS 

Function Name 

Characteristic 

# Lines of 

Code 
# Basic Blocks 

# Three-

Address 

Statements 

AddRoundKey 9 11 20 

Cipher 30 29 43 

getSBoxValue 1 1 1 

KeyExpansion 38 22 106 

MixColumns 18 6 86 

ShiftRows 16 1 16 

SubBytes 9 11 17 
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V. CONCLUSION 

In this paper the workflow of design framework for MPSoC 
targeted implementation has been described. With the goal of 
maximizing design performance starting from early estimation 
of final implementation characteristics, the concept of 
elementary operation cost is structured and employed as a base 
of high abstraction level design approach. The elementary 
arithmetic, logic and memory access operations reside at the 
base of all applications’ execution. The performance is, besides 
on characteristics of executive hardware, inevitably dependent 
on intrinsic features of executing application both on coarse or 
fine grained scale. The characteristic of computing intensive 
functionalities of application are that they are appropriate for 
highly optimized (co)processor core production. If application 
is decomposed in modules that are characterized by its specific 
function, many processor cores can be employed by its 
suitability for particular application type. Even if the available 
processors are uniform by their characteristics the performance 
improvement gained by such parallelizing potentials can be 
huge, and the task of appropriate application decomposition 
remains highly challengeable. The individual tasks are then 

characterized by their elementary operations nature, eventually 
combined and dedicated to specific processing core. 

The results of several application examples executions are 
brought in correlation with early performance estimation based 
on elementary operation costs. They show high accuracy rate 
while keeping the design flow rather simple and highly 
automated. Even though the framework is still in early stages 
of development and requires further improvement, the 
preliminary results are rather promising. 
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Fig. 5. Execution times on ARM processor 

 

 

Fig. 6. Execution times on Microblaze processor 
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