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Abstract 
 

Nowadays, dual even multiple core processors are wildly used in order to fulfill increasing 

computing requirement and purse faster computing speed. In multiprocessor platform, a 

number of processors that can cooperate would solve a single problem faster or process more 

computing task simultaneously. In multiprocessor platform, all coordinate processors 

communicate at the bus level in two ways UMA and NUMA. As considering development 

regularity and trend of IT product that a new technology is definitely used on embedded 

device when it is mature enough on personal computer platform, embedded system based on 

multiprocessor maybe occurs in near future. 

 

In IT industry, benchmark generally means a set of applications or programs used to assess 

the performance of software or hardware product at run time. In terms of product design, 

benchmark is also a critical part when performance is being considered in priority. 

Especially for microprocessor design, the performance assessment has to cover a diversity of 

computing features. For which, a benchmark needs to provide a set of performance sensitive 

and computation intensive applications that can cover different performance assessment 

requirements. Accordingly, a number of benchmarks have been proposed for fulfilling the 

performance assessment requirements, and some of them have been marketed. Benchmark 

also exists, in embedded system domain, to assess computing performance for embedded 

microprocessor. On the other hand, embedded system is prone to be designed for a specific 

application domain so that benchmark based embedded system should more focus on certain 

computing ability in specified domain. What is more important, benchmark based on 

embedded system has to include those applications or programs that are sensitive to 

computing speed because embedded system generally required speed computation.    

 

As benchmark for single processor platform, multiprocessor platform needs benchmark as 

well. A benchmark for multiprocessor platform shall be more important that multiprocessor 

is one platform that pursues performance as much as possible. For single processor platform, 

a benchmark generally consists of some computation intensive applications or programs that 

run in sequential. However, benchmark for multiprocessor should include those applications 

or programs that can be run in parallel because parallelism is the most important feature in 

multiprocessor platform. Thence, when designing a benchmark for multiprocessor based 

embedded system, an expected one should consist of those applications or programs that not 

only can cover the common computing features of embedded system, but also can run on 

embedded multiprocessors in parallel. What‘s more important, these parallel applications or 

programs have to have a relatively better speedup over their sequential versions. Otherwise, 

the benchmark is meaningless. In the project, we propose and implement an open source 

benchmark, OpenMPBench, based on multiprocessor embedded system. For implementing 

OpenMPBench, some computation intensive algorithms are selected from benchmark named 

MiBench, based on single processor in order to cover most computing feature for embedded 

processor. These selected algorithms would be parallelized in order to suit these algorithms 

to run on embedded processors. The logic of each algorithm is analyzed theoretically, and 

the selecting process of potential parallelization strategy would be described and explored. 

For each selected algorithm, at least, one parallel version is implemented based on strategy 

analysis. The performance of OpenMPBench based on Multicore Homogeneous Computing 

Model is recorded. 

 

Keywords: Benchmark, Multiprocessor, Linux Multithread, Parallel 

Algorithm.
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INTRODUCTION 
 

In single microprocessor world, benchmarking is wildly used to evaluate performance of the 

microprocessor products. The Performance based design has made benchmarking be a 

critical part of the design process [1]. A number of benchmarks have been proposed for the 

performance assessment requirements. Whetstone is a major synthetic benchmark intended 

to be representative for numerical (floating-point intensive) operations [4]. Dhrystone is a 

short synthetic benchmark intended to be representative for system integer operations [2]. 

LINPACK is a linear algebra intensive benchmark developed from the ―LINPACK‖ package, 

which focuses on vector computations [3]. MediaBench is a benchmark for assessing the 

performance of multimedia and communication systems [5].  NHFSSTONES is a benchmark 

to measure the performance of file servers that follow the NFS protocol [8]. Some excellent 

benchmarks have been marketed with copyright not free to researchers and users. Aim 

benchmark is commercial one which consists of two suites: suite III has the task-specific 

routines that can simulate such functions as word processing, database management and 

accounting, and the device-specific code measures the performance of hardware features like 

memory, disk, floating-point and I/O operations; suite V measures throughput in a 

multitasking workstation environment [7]. Business Benchmark is another famous 

copyrighted benchmark that dedicates in measuring disk I/O speed, floating-point 

performance and cache efficiency [7]. In embedded system domain, the most notable 

benchmark suit is developed by EDN Embedded Microprocessor Benchmark Consortium 

(EEMBC) [9]. EDN is also a commercial benchmark not free to academic researchers. 

MiBench, fortunately, is an open-source benchmark for uniprocessor based embedded 

system [6]. However, it is true that there is no any benchmark proposed for multiprocessor 

based embedded system in both academia and market. In this project, a new open-source 

benchmark for multiprocessor based embedded system, OpenMPBench, is proposed and 

implemented. 

 

Chapter 1 introduces the background regarding benchmark description, multiprocessor 

architecture, embedded system with multiprocessor, and parallel computing. First of all, the 

background knowledge about benchmarking and its development are introduced, and the 

different types of benchmarks are discussed and analyzed for further work. More description 

is about multiprocessor, in which microprocessor architecture and memory system is 

researched. The implicit parallelism is explored and concluded for utilizing in practical 

development. In addition to that, as final target platform, we will discuss and analyze the 

features and architecture of multiprocessor based embedded system. 

 

Chapter 2 describes the research problems and definitions, as well as project goals. The task 

of creating a good benchmark includes the determination of which tests are applicable to the 

user‘s environment and how to determine the results, the goal is to learn how to gather and 

interpret meaning full comparison data [7]. For achieving an expected benchmark, the 

research problems are defined as a guideline throughout the process of OpenMPBench 

development. The project goal is not only to develop OpenMPBench, but also make the 

performance data available in practice. 

 

Chapter 3 introduces applied methodology. The fundamentally applied methodology 

includes qualitative and quantitative method. In qualitative part, literature review is used to 

capture knowledge and extend thought. Creating a practically available OpenMPBench 

needs to refer to some mature benchmarks and benchmarking experience that are helpful to 

explore a benchmark in a new domain. In quantitative part, some standards about algorithms 

selection, development process and result collection are defined. These standards are useful 

to standardize the future work. 
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Chapter 4 goes deeper into parallelization theory, the applications‘ logic and potential 

parallelization strategy. The parallelism design is finished in this chapter. By qualitative 

research, a variety of parallelization strategies are discussed and compared theoretically. This 

chapter elaborates how the parallelism strategies selected work. For each application, at least 

one parallelism strategy is made certain. The result will be applied to the practical 

development. 

 

Chapter 5 focuses on quantitative research, an empirical study is conducted. The 

performance data based on execution time, speedup, efficiency and overhead will be graphed 

and tabled, and further analyzed and concluded. The performances are the important parts for 

the global performance of OpenMPBench.  

 

Chapter 6 concludes every parallel application in terms of parallelization strategy applied 

and performance. Additionally, a conclusion is conducted for OpenMPBench. 

 

In future work chapter, some improvements are proposed for future OpenMPBench revision 

and update. 
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CHAPTER 1: BACKGROUND 

1.1 Benchmark  

1.1.1 What is benchmark 
Briefly, benchmark is a performance standard for assessing and judging relative performance 

among various software and hardware platforms [7]. Obviously, benchmark user can obtain 

performance data by running benchmark on a target platform. As an executable utility, a 

benchmark itself should be an application or a set of applications whose execution result can 

be used to assess and judge the performance of a running platform. The applications in 

benchmark should be well-defined with one or more than one specific task. Furthermore, 

these applications have to be computation intensive and performance sensitive in terms of 

testing. Hereby, for better understanding the benchmark definition, we can define that 

benchmark is an application set that measure the performance of software or hardware 

platform with a well-defined task or set of tasks which are computation intensive and 

computing sensitive. From user‘s perspective, obtaining performance data by running 

benchmark applications is the most important rather than its output result.  

1.1.2 How is benchmark used 
As described in the benchmark definition, it is commonly used to assess and judge the 

performance of software or hardware platform. In addition to that, benchmark can also be 

utilized to monitor and diagnose the target platform. By running a benchmark on a target 

platform meanwhile changing the task configuration, the benchmark user could locate the 

weakness of the target platform in terms of performance. Furthermore, they may find out the 

cause of the poor performance through running related benchmark(s) and then monitoring 

CPU usage, physical file usage or physical memory usage. From the standpoint of the 

software or hardware platform provider, corresponding benchmark can keep track of the 

performance changes when the product updates or upgrades. The results maybe bring some 

changes on the product configuration in order to suit the performance requirements. 

Furthermore, the results are also useful to the terminal user of the product. From the point of 

IT product consumer or buyer, benchmark is used in technical specifications for the 

procurement of personal computers, notebooks and servers. For instance, bulk buyer like 

government generally use the brand neutral benchmark(s) based specification to evaluate 

their target IT products in order to obtain a fair performance assessment and even save cost 

[10]. 

1.1.3 What kind of performance does benchmark measure 
As mentioned before, benchmark mainly dedicates in measuring the performance of the 

software and hardware platform. Standard Performance Evaluation Corporation (SPEC) 

CPU benchmarks are widely used benchmarks, which almost covers all aspects of 

microprocessor performance for personal computer and server [15]. Also, there exists 

MediaBench for performance of multimedia and communication [5], NHFSSTONES for file 

server performance, NetBench for network transaction [14], and 3Dbench for 3D sense 

performance [12]. In embedded system domain, MiBench is used to cover the common 

aspects of the performance for embedded microprocessor [6]. Those benchmarks are widely 

used for the following main aspects: 

 Numerical (integer operations and floating-point intensive) calculation; 

 Linear algebra calculation; 

 Multimedia process; 

 I/O throughput; 

 Network transaction; 

 Graphical recognition; 

 3D sense process; 
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We can say any aspects of IT product that matters users‘ use can be and should be 

benchmarked. 

1.2 Multiprocessor System 
In order to fulfill the increasing computing requirement and purse the faster computing speed, 

dual core processors are widely used now days e.g. Intel Pentium Core 2 Duo [20] and AMD 

Opteron [21]. According to hardware architecture, the multiprocessor system categorizes 

into three types [26]: 

 Shared-memory multiprocessor 

 Message-passing multi-computer 

 Wide area distributed system 

Message-passing multi-computers is a kind of system where each processor has its own 

memory as shown in figure 1.1 b, they communicate each other using message passing over 

interconnection. Wide area distributed system is comprised of several computer systems 

connected over a network as shown in figure 1.1 c. The communication between them also 

takes advantage of message passing over network but with network delaying. Shared-

memory multiprocessor system generally specifically means a computer or a digital device 

with more than one processor that share a global memory as shown in figure 1.1 a.  

 

 
(a)                                         (b)                                       (c) 

Figure 0-1 Multiprocessor System 
 

In shared-memory multiprocessor system, all processors can access memory through shared 

bus. In this project, our research is based on shared-memory multiprocessor system. 

Multiprocessor system, in the rest of the report, stands for shared-memory multiprocessor 

system by default. Hereby, multiprocessor system based on shared-memory is a computer 

system in which two or more processors share full access to a common RAM by bus. 

 

Physically, a multiprocessor system is constructed in two ways with NUMA and UMA [26]. 

Non-uniform Memory Access (NUMA), shown in figure 1.2, accessing some memory 

address is slower than others [26]. In other words, the time a processor takes to access its 

local memory is quicker than accessing the remote memory. All processors communicate at 

the bus level. In this system, each processor has private memory, directory and bus; they 

communicate each other over an interconnection network. 

 
Figure 0-2 NUMA system 
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Uniform Memory Access (UMA) is a mode that all memory addresses are reachable as fast 

as any other address, which means all processors at least share a global memory. In UMA 

bus-based multiprocessors, there are three types of architecture [26]: 

 CPUs access shared memory via bus; 

 CPUs have a local cache to reduce bus access; 

 CPUs have private memory, and access shared memory via bus; 

The first mode is a traditional technique to implement the small-size shared memory 

multiprocessors in which they interconnect and access shared memory with a shared bus as 

shown in figure 1.3.  

 
Figure 0-3  UMA without cache 

 

This mode benefits from a low system complexity but with a few of drawbacks. Especially, 

the available bus bandwidth is a limitation or bottleneck of performance and capability in 

UMA architecture [24]. A COMA (Cache Only Memory Architecture) was proposed to 

reduce the throughput of shared bus by using a local cache [25] as shown in figure 1.4.  

 
Figure 0-4 UMA with cache 

 

In COMA, each processor has its own local cache, by which the multiprocessor system can 

implement dynamic data updating, deleting and migrating between different processors, so 

that the data is closer to the target processor that needs it so that the system reduces the data 

accessing to shared memory by shared bus. However, operating on the cache data will bring 

up cache coherence. It is necessary to update the local data reference whose its value is 

changed by other processors when the first one wants to use it. Cache coherence is a 

performance limitation to the COMA architecture. 

 
Figure 0-5 UMA with cache and private memory 

 

Based on COMA architecture, a new UMA architecture is proposed where each processor is 

with not only private cache but also private memory as shown in figure 1.5. In this way, 

processors reduce the accessing times to shared memory and bus because the data that 

generally is used by processor is read into its local memory. They work in a way that private 



  14 

memory is generally used for respective processor and shared memory is only used for 

storing shared variable between processors. In the UMA architectures, UMA with cache is 

the most popular one. Hereby, in our project, multiprocessor system is based on UMA with 

cache architecture. For the rest of report, we define that multiprocessor system is shared-

memory multiprocessor system with UMA with cache architecture. 

1.3 Multiprocessor in Embedded System 
A number of hardware vendors develop and market system-on-chip (SoC) devices [16]. The 

IBM RS64-IV [17, 18] was a first coarse-grained multithreading CPU introduced in 1998, to 

set up parallelization in CPU. The chip level multiprocessing which is also known as chip 

multiprocessor use more processors on a chip rather than packing into a chip a single CPU 

with a higher frequency. Such embedded multiprocessor systems are becoming increasingly 

common today in applications ranging from digital audio/video equipment to portable 

devices such as cellular phones and personal digital assistant. The design task of such 

multiprocessor systems-on-chip is complex, and the complexity will be increasing along 

with the development of multiprocessor architecture and embedded system in the future [28]. 

The first chip containing two single threaded processors came forth in 2001 which known as 

POWER4 [19].  

 

Designing architecture of embedded systems, the designer should compromise the 

performance and programmability [29]. The embedded system developers use general 

purpose processors [23] such as Intel, ARM, IBM Power and AMD instead of 

microcontrollers or DSPs (Digital Signal Processors) because of an increase in the demand 

for computational power. McKenney has forecasted that there will be sort of Chip 

Multiprocessing (CMP) and Chip Multithreading (CMT) processors in embedded systems in 

a near future [22]. The forecast is agreed because the small increase in power consumption 

will likely be justified by the large increment of computational power available to the 

embedded system‘s applications by including multi-core processors. On the other hand, as 

considering development regularity of IT products that a new technology is definitely used 

on embedded device when it is mature enough on personal computer platform, so embedded 

system based on multiprocessor maybe occurs in near future. 

 

A natural generalization of fully-programmable multiprocessor integrated circuits is the class 

of multiprocessor systems that consists of an arbitrary, possibly heterogeneous, collection of 

programmable processors as well as set of custom hardware elements on single chip [28]. In 

this project, when we refer to a multiprocessor based on embedded system, we will imply an 

architecture that, is comprised of different types of programmable processor, and may 

include custom hardware elements. All of the applications or programs that we present and 

implement for this project can be applied on general class of parallel processing architectures 

namely multiprocessor system in computer or workstation. In the past, embedded devices 

only run the applications written directly with assembly language. However, the current 

trend in the embedded domain shows compliers being used for even the simplest 

microcontrollers and the highest performance DSP [6]. DSP systems are typically 

components of embedded applications, and the computational characteristics of embedded 

applications are fundamentally similar as those of general purpose systems [28]. Therefore, 

all programs for embedded systems in our project can be compiled as compiled in a 

multiprocessor based computer system with a compiler. The general-purpose processor is 

able to simulate embedded processor [29]. Alike in our project, the programming and testing 

environment for simulating multiprocessor based embedded system is also a general-purpose 

multiprocessor based computer system with a compiler.  
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1.4 Multiprocessing 
In multiprocessor systems, a number of processors that can cooperate would solve a single 

problem faster or process more computing tasks simultaneously. Multiprocessor systems 

support  

 Multiple users with multitasks 

 Multiple applications running simultaneously; 

 Multitasking within an application 

 Multi-responsiveness for multiple applications 

 Larger throughput 

In instruction level, multiprocessor systems provide three parallel working ways, single 

instruction multiple data (SIMD), multiple instruction and single data(MISD) and multiple 

instruction multiple data (MIMD) [27].  SIMD is also called array processors or data parallel 

machines as shown in figure 1.6. A single control unit is responsible for dispatching the 

same instruction to the processors that process different data, so synchronization arises 

between each instruction.  

 
Figure 0-6 SIMD 

 

MIMD is regarded as control parallelism architecture. Each processor has its own control 

unit, by which each processor can execute multiple instructions with different data streams at 

the same time as shown in figure 1.7.  

 
Figure 0-7 MIMD 
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MIMD can guarantee not only data parallelism, but also instruction parallelism. 

Synchronization comes forth between the instruction groups. MIMD processors can execute 

different programs on different processors simultaneously. A variant of MIMD, called single 

program multiple data (SPMD), runs the same program on different processors. Additionally, 

MISD didn't exist when Flynn was categorizing the machines [27]. Its application is very 

limited and expensive, and there seems to be no commercial implementations so far. But it is 

a research interest. In practice, SIMD and MIMD are often more appropriate so as to widely 

used for common data parallel techniques in multiprocessor system.  

1.5 Parallel Computing 
Multiprocessor computers have become commodity products, for example, Quad-processor 

Penium Pros, Sun workstation and SGI [26]. At present, parallel computing has been already 

utilized in traditional science and engineering computing, as well as business and personal 

computing.  

 

In application level, multiprocessor system implements parallelism with multi-processes or 

multithreads. Multi-process programming model is of heavy-weight parallelism model that 

keeps all memory that processes use local unless explicitly specified or allocated as a shared 

memory. Multi-process model is expensive and high-costing so that it is not suitable for 

embedded systems. Multithreading is another important model for parallel computing. The 

big advantage that multiprocessor system provides is parallelism, and parallelism absolutely 

requires multithread [23]. Multithread model is light-weight programming model. 

Multithreaded programming is supported by commodity operating systems like Windows 

series and Unix/Linux kernel based system. There are two API widely used to support the 

multithreaded programming, OpenMP and POSIX threads [46]. OpenMP Application 

Program Interface (API) supports multi-threaded, shared-memory parallel programming in C, 

C++ and Fortan [23]. It is a portable and scalable programming model with a relatively 

simple and flexible interface for developing parallel applications on shared-memory platform 

from the desktop to workstation. OpenMP provides a directive-based API to implement 

parallel programming. These compiler directives corresponding to API functions support 

data handling, synchronization and concurrency. Using OpenMP directives, the developer do 

not need to explicitly set up mutual-exclusive lock, condition variable, data scope (global or 

local), and initialization and so on.   OpenMP directives layered in high level encapsulate the 

functions so as to facilitate the programming difficulty. However, there are some drawbacks. 

For instance, OpenMP may increase the overhead of data movement, false sharing and 

aggravate threads contention. Compared with OpenMP, POSIX threads, also called Pthreads, 

is layered in the low lever and prone to system programming. It is a POSIX standard for 

threads. The standard defines API for creating, manipulating and terminating threads. 

Pthreads is most commonly used in Unix POSIX systems. Pthread-w32 [30] is an 

implementation of Pthreads API for Windows 32-bit platform, distributed under GNU Lesser 

General Public License (LGPL). Being a low-lever multithread API, Pthreads provide 

developers a more open programming model. It requires explicitly creating and terminating 

threads, and explicitly setting up synchronization using mutex lock and condition variables. 

One demerit is no collective communication operation [31]. For our project, we choose 

Pthreads model as parallel programming model based on the following reasons: 

 Pthreads makes data exchange more apparent, which alleviate the overhead of data 

moving, false sharing and contention; 

 Pthreads provides richer basic API to explicitly express mutex locks, condition 

variable so as to increase the flexibility for synchronization operations; 

 Pthreads is more scalable and compatible than OpenMP when being used in 

embedded system; 

 Pthreads, being low-level multithread implementation, is more economic and power-

saved for embedded system. 
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CHAPTER 2: PROBLEM DEFINITION AND GOALS 

2.1 Motivation/Background  
The embedded system developers use general purpose processors [23] such as Intel, ARM, 

IBM Power and AMD instead of microcontrollers or DSPs (Digital Signal Processors) 

because of an increase in the demand for computational power. A number of hardware 

vendors develop and market system-on-chip (SoC) devices [16]. The IBM RS64-IV [17, 18] 

was a first coarse-grained multithreading CPU introduced in 1998, to set up parallelization in 

CPU. The chip level multiprocessing which is also known as chip multiprocessor use more 

processors on a chip rather than packing into a chip a single CPU with a higher frequency. 

 

The first chip containing two single threaded processors was introduced in 2001 which 

known as POWER4 [19]. Dual core processors are widely used now days e.g. Intel Pentium 

Core 2 Duo [20] and AMD Opteron [21]. McKinney‘s forecast [22] that there will be sort of 

Chip Multiprocessing (CMP) and Chip Multithreading (CMT) processors in embedded 

systems in a near future. We agree with his forecast because the small increase in power 

consumption will likely be justified by the large increment of computational power available 

to the embedded system‘s applications by including multi-core processors. 

 

Benchmarking is a critical part of application design process from a performance point of 

view [1]. A number of benchmarks have been proposed including Dhystone, LINPACK, 

Whetstone, and MediaBench etc [6]. The aforementioned benchmarks are targeted towards 

specific areas of computation. LINPACK is for numerical (floating point) intensive 

applications and others to other specific tasks. The Embedded system domain has diversity 

so benchmarking of embedded applications is important. MiBench [6] has been proposed for 

benchmarking purpose which comprises 35 embedded applications. It consists of six 

application suites or categories: Automotive and Industrial Control, Consumer Devices, 

Office Automation, Networking, Security, and Telecommunications. 

 

There is an emerging trend in multiprocessor based embedded systems. To measure the 

performance of these systems, we propose a benchmark named OpenMPBench (Open 

Source Multiprocessor Based Benchmark). Already there exists benchmark named 

Multibench [9] but the problem is that it is commercial and we would like to develop an 

open source benchmark suite for embedded systems. 

 

The applications from automotive/industrial control, consumer, office, network and security 

domain has been selected. We will develop a parallel version of selected applications by 

means of suitable parallelization strategy. OpenMPBench consists of these parallel 

algorithms. The performance of OpenMPBench will be measured in terms of speedup of 

parallel algorithms against sequential one. 

 

The purpose of automotive/industrial control is to demonstrate the use of embedded 

processors in embedded control systems. It deals with performance of basic math, bit 

manipulation, data input/output and simple data organization. The systems in which they are 

used are: air bag controllers, engine performance controllers, sensor systems etc. For simple 

mathematical calculations which do not require any dedicated hardware support in embedded 

system Basicmath [6] application is used. To check the bit manipulation abilities of 

processors Bitcount [54] algorithm is used. To recognize the corners and edges in Magnetic 

Resonance Images of the brain, Susan package [44] is used. It has abilities to smooth an 

image and has adjustments for threshold, brightness, and spatial control. 
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The devices like switches and routers are covered by Network suite. The employed 

embedded processors perform shortest path calculations, tree and table lookups and data 

input/output. The shortest path is calculated by using Dijkstra [34] algorithm. To place very 

sparse leaf nodes in place of full trees, a data structure called Patricia [40] is used. The 

routing tables are represented in form of Patricia. 

 

The security of internet traffic is going very important. Various algorithms in MiBench 

related to data encryption, decryption and hashing are included. To produce digital 

signatures and secure exchange of cryptographic keys, SHA [16] algorithm is used. It is a 

secure hash algorithms which produces a 160-bit message digest for a given input. 

 

The Consumer Devices domain has many consumer devices like scanners, digital cameras 

and Personal Digital Assistance (PDA). It focuses on multimedia applications with image 

color format conversion, image dithering, color palette reduction etc. The Lame [6] is a 

GPL‘ed MP3 encoder that supports constant, average and variable bit-rate encoding. It uses 

small and large wave files for its data inputs. 

 

The Office Automation is related to text manipulation algorithms to represent office 

machinery like printers, fax machines and word processors. Many consumer devices rely on 

the manipulation of text for data organization. Stringsearch [42] benchmark perform search 

using case insensitive comparison algorithms. 

2.2 Challenges/ Problem’s Focused 
The main problem is: No benchmark for multiprocessor based embedded systems just like 

MiBench for uniprocessor embedded systems. 

 To develop a parallel solution for ―Basicmath‖ application. 

 To develop a parallel solution for ―Bitcount‖ application. 

 To develop a parallel solution for ―SUSAN‖ application. 

 To develop a parallel solution for ―Dijkstra‖ application. 

 To develop a parallel solution for ―Patricia‖ application. 

 To develop a parallel solution for ―SHA‖ application 

 To develop a parallel solution for ―Stringsearch‖ application 

2.3 Goals / Results 
The main goal of this project is to create a new benchmark for multiprocessor based 

embedded systems, which consists of parallel algorithms specified to cover main domains of 

embedded systems. 

 

The project has several objectives. The first objective is to implement some parallelization 

algorithms and then compare performance with sequential ones. Results will be collected for 

many different data sets so that the performance can be measured and compared. This project 

is important, because the result will be important for benchmarking of multiprocessor based 

embedded system applications in terms of performance  

 

First of all, this project will result a benchmark which includes parallel algorithms for 

selected MiBench applications. Further it will include several graphs which measure 

performance trends as certain parameters are changed. Secondly this project will provide 

implementation in ANSI C language.  
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CHAPTER 3: METHODOLOGY   
 

The research studies can be categorized on base of empirical research strategies which can be 

descriptive or explorative [55]. Explorative study helps to gain insights and tries to get new 

views of the phenomenon e.g. open ended questionnaires etc. Explanatory Studies purpose is 

to explain a relationship or a concept in the studied population. The observations are 

classified on base of distribution of attributes about the phenomenon. 

 

Qualitative study helps to dig inside the phenomenon which has not investigated in detail 

[56]. The new questions, ideas come to existence with the help of qualitative study. It 

investigates the real properties of objects in their natural settings and environment. The 

findings documented in form of text instead of numbers or graphs. There is no predefined 

specification which guides how to start the investigation, how it should progress but it is 

dynamic and can adapt to new insights gained during the study.  

 

The base is laid down when complete vision has been gained and new questions or ideas 

arise. The direction of study narrowed down and move toward specific issue, at this stage the 

study is handover to quantitative investigation. The quantitative data is collected, statistical 

operations are performed, and hypotheses are accepted or rejected on base of results, finding 

are plotted in form of graphs and finally conclusions are made. The quantitative research 

identify the cause-effect relationship [57] 

3.1 Metaphors in Research 
Different research methods exist like surveys, case study and experiment which make it 

possible to use previously collected knowledge, experiences and techniques to answer the 

research questions effectively. The research method choice depends on nature of research 

questions.  

 

 Survey is a comprehensive system for collecting information, to describe, explain or 

compare knowledge, attitudes and behavior [58]. It is conducted in form of interview 

and questionnaires. 

 Experiment is a formal test to conduct study in actual environment. The more 

control on objects in formal experiment to a case study performed in a real world 

organization [59]. The steps in experiment: objects are randomly drawn from the 

population of interests; objects are randomly assigned to different groups. The value 

of independent variable is varied between the two groups while other variables are 

fixed and controlled. The effects on dependent variable in the two groups help to 

draw a conclusion about the degree of cause-effect relationship between independent 

and dependent variables. The experiment is called Randomized Controlled 

Experiment when the sample is random and the assignment to groups is also random 

[56]. 

 Case study is conducted in real settings and environment. When there is no isolation 

of phenomenon from its environment or environment interacts with the phenomenon 

[55].The large and small type cases are collected in a case study. 

3.2 Research Questions 
1. How to parallelize the selected sequential algorithms of MiBench?  

 What speedup can the parallelization algorithms reach?  

3.3 Research Design 
The research work has been completed on base of detailed information about various 

existing parallel solutions of subjected sequential algorithm, analysis of the merits and 
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demerits of different methods, choice for best method to implement. This proposed Project is 

composed on two major components: Research Component and Coding Component. The 

description of each part is given as follows: 

3.3.1 Research Component (Qualitative) 
 The first task is to establish a better grounding on the subject and a comprehensive 

knowledge of the problem. Good handbooks on ―Parallel Algorithms‖ have been 

studied. 

 After getting sufficient knowledge on the subject, a search for technical information 

and good research papers has commenced.  

 The finalization or selection of algorithm and data structure to implement has been 

made on base of Pseudo code for parallelization strategy.  

 The refreshing of C and Pthreads knowledge is made from books, online tutorials. 

3.3.2 Coding Component (Quantitative) 
 The coding commenced after detailed information on the most efficient algorithms 

and data structures. The good quality code fragment from other sources has been 

referenced and adapted/integrated as best as possible. 

 The first step is completed by selecting and implementing parallel algorithms. 

 After parallelization of algorithms, a versatile framework (it includes data input file 

generation, a selection of Linux multi-core machine, measure  execution time, 

speedup, efficiency and overhead with different workers, program behavior analysis 

using graphs) for testing their performance has been established. 

 The major result collection phase is completed when desired solutions was properly 

finished. Many properties of parallel solution were changed like: data size, method 

parameters, number of threads etc. 

 The sufficient results which have been gathered have been analyzed and graphed so 

as to determine the performance of parallel solution over sequential solution in 

certain situations 
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CHAPTER 4: THEORETICAL WORK 

4.1 Parallel Algorithm Design 

4.1.1 Designing Principle 
A sequential algorithm is an essential method or sequentially basic steps for solving a given 

issue in a single-processor computer system.  In the same thought, a parallel algorithm is a 

similar recipe that can be used to solve a given problem using multiprocessor. They are all 

task-oriented. However, the single difference between them is the execution mode. In 

sequential algorithms, the instructions that implement certain task are executed in sequence 

no matter whether it is run on single-processor system or multiprocessor system. In fact, any 

sequential algorithm is just executed on one processor although its execution platform is 

based on multiprocessor. In other words, algorithm executed in sequence can not make use 

of the merit of multiprocessor based system that can executed applications in. In principle, 

an application or algorithm designed for parallel executing, which is called parallel 

application or parallel algorithm, would utilize the features and merits of multiprocessor 

based system to run in parallel. At the very least, a parallel application has the added 

dimension of concurrency and the algorithm designer must specify sets of steps that can be 

executed simultaneously [34]. What is more essential design principle is to obtain the 

performance benefit from the use of parallel computing. In practice, designing an excellent 

parallel algorithm might include some or all of the following steps [34]: 

 Identifying portions of the task that can be performed concurrently; 

 Mapping the concurrent pieces of work onto multiple processes running in parallel; 

 Distributing the input, output, and intermediate data associated with application or 

algorithm; 

 Managing accesses to data shared by multiple processors; 

 Synchronizing the processors at various stages of the parallel program execution; 

 

In multiprocessor based system, the key for implementing a parallel algorithm is to partition 

the computing tasks into a set of sub-computing tasks and then distribute them into different 

processor, which brings forward a key problem in parallel algorithm design, how to 

decompose the tasks for concurrent executing. Accordingly, some decomposition techniques 

are proposed as follows [34]: 

 Recursive decomposition;   

 Data decomposition; 

 Exploratory decomposition; 

 Speculative decomposition; 

 Hybrid decomposition; 

Recursive decomposition makes use of a dividing and conquering strategy. The strategy 

divides a main problem into a set of independent sub problems that may be divided 

recursively into the smaller. Those independent sub problems could be solved in a parallel 

way. Accordingly, solving all sub problems means the main problem is solved. In other 

words, every result of sub problems is a part of the final result. Another commonly used and 

effective decomposition strategy is data decomposition. In this strategy, the data used for 

logical computing is partitioned, and then the partitioned data derives the decomposition of 

the computational tasks. The data partitioning can be performed in the different ways 

including input data decomposition, intermediate data composition and output data 

decomposition. The selection on the methods of partitioning data depends on the algorithm 

logic primarily. For those problems whose basic computation is based on the search of a 

space, exploratory decomposition has been proposed to solve this kind of problem. In 

exploratory decomposition, a searching space is decomposed into smaller sub-spaces, which 

are searched in parallel until the expected result is found out. When a subspace finds the 
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result, the rest will stop working. In other words, the result of any subspace might be the 

final result, which is different from recursive decomposition and data decomposition. 

Speculative decomposition is preferably used when a computation task may face many 

possible computation branches, and the selection on computation branches depends on other 

computations that precede it. This kind of decomposition performs like a switch expression 

in C language, all switch branches can be regarded as computation branches [34]. In parallel 

computing theory, these branches are independent each other so that they can be performed 

in parallel. Hybrid decomposition is a compound use of other decomposition methods. The 

decomposition methods can often be combined and used together rather than being exclusive 

to solve a problem.  

4.1.2 Dependency  
Some factors would impact on parallel algorithm design. An important factor that affects the 

parallel algorithm design is dependency. Dependence exists between program statements 

where the order of statement execution affects the results of the program [37]. In a sense, a 

block of program statements is difficult to be parallelized or even can not be parallelized 

because of purely sequential executing on dependencies. In addition to that, single statement 

or expression is also a kind of statement dependency because it is generally difficult to 

partition operands from single statement or expression especially the statement or expression 

processes on data of system built-in type. Data dependency results from multiple uses of the 

same locations in storage by different tasks [37]. Data dependencies include memory 

accessing, data registers (sink-source), operand availability, and procedural dependency 

(conditional branch) [33]. Data dependencies are essential to parallel programming design 

because they are one of the primary inhibitors to parallelism. When designing a parallel 

program, loop carried dependencies are particularly important since loops are possibly the 

most common target of parallelization efforts [37].  

4.1.3 Granularity 
Whatever decomposition method(s) parallel applications uses, the key is to decompose the 

computation tasks into the smaller. The number and size of sub-tasks decomposed 

determines the granularity of decomposition [34]. Therefore, the number and size of sub-

tasks is another factor that seriously impacts on the parallel algorithm design. Decomposing 

a task into a large number of small tasks is called fine-grained granularity. Coarse-grained 

represents decomposing a task into small number of large task [34]. However, it dose not 

mean that the fine-grained granularity is better than coarse-grained one in terms of degree of 

concurrency. It depends on the parallel environment. For instance, given two processors, a 

task can be decomposed into either two sub-tasks or four sub-tasks.  In four sub-tasks 

decomposition mode, the algorithm may have to introduce a lock barrier for every two tasks, 

which might result in a worse performance than two sub-tasks decomposition mode. In most 

cases, the overhead associated with communications and synchronization is high relative to 

execution speed so it is advantageous to have coarse granularity in a sense [37]. Generally, 

fine-grain parallelism can help reduce overheads due to load imbalance [37]. Therefore, how 

to choose the decomposition granularity also depends on not only algorithm logic, but also 

the environment the parallel algorithms run on. 

4.1.4 Load Balancing 
In terms of performance, load balancing is another important factor that affects the parallel 

programming deign. We can take an example on how load balancing could affect the 

execution time of a parallel program. 

 
             Figure 4-1 Example of Load imbalance 
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In the example of figure 4.1, the eventual execution time depends on the running time of the 

worse case (task 2). In most cases, the execution time of the worst case impact on the whole 

performance of parallel program to big extent. Parallel program design has to primarily take 

into load balancing consideration in order to minimize the discrepancy of execution time 

between sub-tasks. For achieving the load balancing, equal partition and dynamic partition 

are proposed [37]. Equally partitioning the tasks, each sub-task receives a relatively even 

workload. This strategy is commonly used for array operations, loop iterations and matrix 

processes. Load balancing in dynamic mode stresses on keeping workload balanced during 

processing. For example, Adaptive grid methods where some sub-tasks may need to refine 

their mesh while others do not. In some cases that the total workload is unpredictable or 

uncountable at the beginning, dynamic load balancing is needed during computing.  

4.1.5 I/O Operations 
Another factor that could affect the parallel application design is I/O operations. The idea of 

parallel I/O systems has been proposed for implementing parallel I/O operations in system 

level. However, parallel I/O systems are immature or not available for most of systems [37]. 

For most of systems especially in embedded systems, parallel I/O operations are not 

supported so far. As a result, I/O operation is another inhibitor to parallelism. Writing file in 

parallel will result in file overwriting; parallel reading can be affected by file server‘s ability 

to handle multiple reading requests. When reading over network, it may crash the file servers 

or cause bottleneck of file servers. However, some systems that support parallel I/O 

operations have occurred like IBM AIX, HP SFS, SUN LUSTR, NEC SX-4, and SGI 

Origin2000 [38] [39]. They support native parallel file system and I/O operations. For 

portability, OpenMPBench does not provide supporting for parallel I/O operation. Since I/O 

operations are essential factor that affects the performance of parallel programs, some 

advices have been proposed for designing I/O operations in shared-address-space parallel 

program [37]: 

 Reduce overall I/O operations as much as possible; 

 Confine I/O operations to specific serial portions of the job, and then use parallel 

communications to distribute data to parallel tasks; 

 Create unique filenames for each task if possible; 

In OpenMPBench, we do not consider the system shipped with parallel file server. Hence, 

we make use of the above advices to handle with I/O operations in parallel programs that 

OpenMPBench includes. 

 

4.2 Multi-core Computing Model 
The computing model based on multi-core (MCM) can be considered as a connected graph 

MNM (P, C), Where  

 

 P =   is a set of processors where n is number processors.  The 

processor capacity is measured in terms of cache size and speed, clock speed and bus 

speed. 

 

 C is standard interconnection network for processors based on different topologies 

like crossbar, buss, ring or mesh where speed depends on selected topology. The 

bandwidth for any pair of processors is same.  

 

If the processors employed are identical then it is called homogenous multi-core system 

otherwise it is called heterogeneous multi-core system. 

 

The comparison of parallel computer system is performed on base of metrics. The metrics 

presented are defined and published in [34]. The classes of metrics are of characterization 

and performance. 
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4.2.1 Metrics for Homogenous Multi-core Systems (HMS) 
The comparison of parallel computer system is performed on base of metrics. The metrics 

presented are defined and published in [16]. The classes of metrics are characterization and 

performance metrics. 

4.2.1.1 Characterization Metrics 

 The computing power of a processor can be presented as follows: 

PW (X) =  

i.e., where X is any application and  is execution time for computing X 

on processor  

 

 The time taken by any application can be calculated by its cyclomatic complexity. 

 
 

 The speed of CPU Sc is same for homogeneous multi-core systems. It can be represented 

by following formula.  

 
 

 The execution time of segment K on any CPU N is denoted by TCPU (k, N) and can be 

represented by following formula: 

 
i.e., where TCPU is required time of CPU for segment k 

 

 The parallel execution time for segment K on any HMS denoted by TCPU (k, HMS) and 

represented by: 

 

i.e., where  is computational power of CPU on homogeneous Multicore system. 

 

4.2.1.2 Performance Metrics 

The performance gain from a parallel computation of an application X on homogenous 

multi-core system over its computation on a single core system can be quantified by speedup. 

The speedup of homogenous multi-core systems is measured by following formula: 

 

 

i.e., where  is parallel execution time of application K on homogeneous 

Multicore system (HMS) and  is sequential execution time of application k on HMS. 

 

The overhead of parallel system is the total time collectively spent by all processing units 

over and above that required by the fastest known sequential algorithm for solving the same 

problem on a single processing unit.  It is denoted by T0 and represented by: 

 

 

i.e., where P is the number of processing elements  is execution time of 

application k and Ts is the sequential execution time. 

 

The measure of time percentage in which a HMS is usefully employed in parallel computing 

is called Efficiency.  The efficiency of parallel execution of an application k on a HMS is 

denoted by following formula: 
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The parallel solution is scalable if same trends are observed by using different data set sizes. 

4.3 Pthreads Programming 
As we mentioned in chapter 1, OpenMPBench is a specific benchmark for shared-address-

space multiprocessor based embedded system shipping with Linux/Unix-kernel that supports 

multithreaded model. Shared address space programming paradigms can vary on 

mechanisms for data sharing, concurrency models, and support for synchronization [34]. 

Multi-process based models assume that all data associated with a process is private by 

default, unless otherwise specified using UNIX system calls such as shmget, shmdt and 

shmat [35]. In addition to that, the overheads associated with enforcing protection domains 

make processes less suitable for parallel programming [34].  Therefore, multithreaded model 

is a preferred one for parallel programming when considering parallel programming in a 

shared address space. A thread consists of the information necessary to represent an 

execution context within a process. It includes a thread id that identifies the thread within a 

process, a set of register values, a stack, a scheduling priority and policy, a signal mask, and 

error variable and thread-specific data [36]. Everything within a process is shareable among 

the threads in a process, including the text of the executable program, the program‘s global 

and heap memory, the stacks and the file descriptors. Threaded programming models offer 

the some significant advantages over message-passing programming models and multiple 

processes models. These advantages include: 

 Software portability 

 Latency Hiding 

 Scheduling and load balancing 

 Ease of programming, widespread use 

These advantages are beneficial for not only computer systems, but also embedded system 

that requires better software compatibility and portability, faster reaction rate and the 

requirement for increasing task concurrency. 

 

POSIX threads, Pthreads, are layered in the low lever and prone to system programming. It 

is a POSIX standard for threads. The standard defines APIs for creating, manipulating and 

terminating threads. Pthreads is most commonly used in Unix/Linux-kernel POSIX systems. 

Being a low-lever multithread API, Pthreads provides developers with an open programming 

model that requires explicitly creating and terminating threads, and explicitly setting up 

synchronization by using mutual-exclusive locks and condition variables. Although the 

communication between processors is implicit in shared address space programming, much 

of the works associated with writing correct threaded programs is spent on synchronizing 

concurrent threads with respect to their data accesses and scheduling [34]. Pthreads API 

provides supporting for implementing mutual exclusion locks (mutex-locks). A mutex-lock 

is basically a lock that the program sets before accessing a shared resource and release 

(unlock) when finishing processing. When a data structure is read and written frequently, 

read-write locks are preferred. Mutex-lock mechanism is designed only if we design our 

threads to follow the same data-access rules [36]. Deadlock derives from the mutex-lock 

mechanism. A deadlock may occur when we allow one thread to hold a mutex-lock while 

trying to lock a second mutex-lock at the same time that another thread holding the second 

mutex-lock tries to lock the first mutex-lock. Condition variables are another 

synchronization mechanism available to threads [36]. Condition variables provide a place for 

threads to rendezvous like a barrier. When working with mutex-lock, condition variables 

allow threads to wait in a race-free way for arbitrary conditions to occur. Generally, the 

condition variable itself is protected by a mutex-lock. Some recommendations are introduced 

for designing multithreaded applications [34]: 

 Never rely on scheduling assumptions when exchanging data; 

 Never rely on aliveness of data resulting from assumption on scheduling; 
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 Do not rely on scheduling as a means of synchronization; 

 Where possible, define and use group synchronizations and data replication; 

4.4 OpenMPBench Description 
OpenMPBench is a specific benchmark for multiprocessor based embedded system. It can be 

used to assess and evaluate a variety of performance features of multiprocessors in 

embedded system at runtime. The structure of OpenMPBench refers to EEMMBC and 

MiBench that organizes the selected applications according to some categories that 

corresponds the application domain. A categorized benchmark enables the users to examine 

their design more effectively for a particular market segment of embedded devices [6]. In 

OpenMPBench, we alike provide four categories as follows: 

 Automation and Industry Control 

 Network 

 Office 

 Security 

Another important goal of defining category is not to define the application requirements in a 

specific application domain or carry out the optimizations used for certain hardware platform. 

Instead, we can conduct broader conclusion about hardware requirements, like 

microprocessor [32]. As categories in EEMMBC and MiBench, OpenMPBench also 

classifies the selected applications according to the computing features and a possible 

application domain of embedded platform. Since MiBench is a classical and widely used 

benchmark for uniprocessor based embedded systems, OpenMPBench refers to the selection 

of MiBench applications. However, the big difference that applications in OpenMPBench 

differ from MiBench applications is that applications in OpenMPBench can be run on 

multiprocessor based system in parallel. In other words, the applications in OpenMPBench 

are parallel versions of same applications in MiBench. In this project, we present seven 

parallel embedded applications for OpenMPBench: 

 Bitcount 

 SUSAN 

 Basicmath 

 Patricia 

 Dijkstra 

 Stringsearch 

 SHA 

The parallel implementations of all applications can be run on multiprocessor based 

Unix/Linux platform that definitely supports Pthreads API. All parallel implementations in 

OpenMPBench are programmed with standard C language which can be compiled by GNU 

Compiler Collection (GCC). The applications we selected for OpenMPBench are 

functionality-oriented that corresponds to assess a specific functional performance of 

multiprocessor in embedded platform.  

 

Automation and Industry Control category includes Bitcount, Sun and Basicmath, this 

category focuses on demonstrating the use of multiprocessors in embedded control systems 

that stress a bit manipulation. Network category including Patricia and Dijkstra is intended to 

represent the network process ability of embedded multiprocessor. Office category, which 

includes Stringsearch, represents the office machines that require a text-intensive 

manipulation. SHA is in security category that is to typify the data security like encryption 

and decryption of data. In practice, each category in embedded market corresponds to a type 

of embedded devices, which has different functional and performance requirement. 

Generally, each category captures a pattern of computation and communication common to a 

class of important applications [32]. Thereby, different category emphasizes on different 

computing features and performance of embedded multiprocessor. 
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4.5 Automation and Industry Control 
Automation and Industry Control category focuses on demonstrating the use of 

multiprocessor in embedded control system. The multiprocessors have a high requirement to 

the performance in basic arithmetic computation, bit manipulation, simple data organization 

and data input or output [6]. The typical applications in this category are like sensor systems, 

engine or power monitors and car air big. In OpenMPBench, automation and industry control 

category includes Bitcount, SUSAN and Basicmath algorithm. 

4.5.1 Bitcount 
Sequential version of Bitcount measures the ability of bit manipulation for a processor by 

counting the number of bits using different counting strategies. Accordingly, Bitcount 

algorithm consists of nine sub-algorithms whose outputs are the number of bits which value 

is 1, namely how many bits with 1 reside in input argument. Bitcnts is an entry program that 

can invoke each sub-algorithm to count the bit number. The rest eight respectively 

implements different bit counting strategies.  

 

The related work with respect to the parallel bit counting implementation has been 

researched. An (N, M) parallel counter has been implemented for simultaneously dealing 

with at most N inputs (N is up to 1023) and produce an M-bit binary count of the number of 

its input [52]. The parallel counter has been designed and implemented on a circuit that is 

regular and modularized. The sum of N k-bit integers can be found using the pipelined 

circuits [52]. The data decomposition strategy is laid in the hardware-level in which the 

operand is divided into the even bits and the odd bits. The sum of the even and the odd is 

computed using a binary carry-propagate adder [52]. Another parallel bit counting example 

shows up in [53]. The researchers partitioned a string/chromosome length in multiples of 20, 

from 40 to 120 bits, and each search about the string/chromosome was respectively 

conducted on 2, 4, and 8 processors in parallel [53]. In this example, data decomposition 

strategy is used for the bits partitioning. 

4.5.1.1 Bitcnt_1 in sequence 

Bitcnt_1 algorithm counts the bit number by using Ratko‘s 1 bit/loop counter. The loop in it 

is going to execute once for each bit of x set. The pseudo code of main logic is shown as 

follows: 

 

Procedure BITCNT_1 (input, counter) 

Begin 

if input do 

Begin 

             do 

                   counter++; 

           endwhile  0 != ( input := input & (input-1) )  

Endif 

End BITCNT_1 

 

The input is an input of long type and the counter is an output as the bit number. The logic is 

conducted on the bit position. When am input is nonzero number, it goes into a DO WHILE 

loop. In the loop, the counter is added 1 at the first time, which means that the bit number is 

at least 1 if the input is a nonzero number. The condition of the loop is to control the next 

input entering into loop, it uses a bitwise AND to eliminate a bit whose value is 1 in input. 

For instance as shown in figure 4.1,  
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Figure 4-2 Example of 1 bit/loop 

 

The input is 7, whose binary value is 0111. When executing input & (input-1) namely 0111 

bitwise AND 0110, the result is 0110. We can find that the last bit whose value is 1 is 

eliminated. Each bit with 1 will be released in a way of replaced by 0 over each cycle, and 

the counter is added by 1 until the input becomes 0. This is why the DO WHILE loop is 

called 1 bit/loop. Finally, the counter value is the bit number that input has.  

4.5.1.2 Bitcnt_1 in parallel 

The 1bit/loop once processes a bit and then makes use of a loop condition to change the 

original input with a new value that is used in next cycle entry. At first sight, parallelizing 1 

bit/loop in Bitcnt_1 can be worked out with a typical task parallelization strategy. For 

example as shown in figure 4.2, 

 

 
Figure 4-3 Example of Parallel 1 bit/loop 

 

Given 2 processors, an input is 7 whose binary value is 0111 can be bitwise divided into two 

new binary namely 01 and 11, the decimal are 1 and 3 respectively. Each new decimal goes 

into the 1 bit/loop as an input. In this way, the workload of loop processing is definitely 

degraded, in other words, the cycle frequency of 1 bit/loop is decreased to each given 

processor meanwhile the sum of counter of 1 bit/loop in each processors turns out the bit 

number of original input. By using the task parallelization, the potential workload of 1 

bit/loop in bitcnt_1 of sequential version is theoretically evenly distributed to the given 

multiple processors. In this instance, processor 0 processes the two low-address bits namely 

11, and processor 1 handles the two high-address bits namely 01. In this instance, 1 bit/loop 

of sequential version of bitcnt_1 needs to cycle 3 times actually because there are 3 bits 

whose value is 1. After bitwise partitioning on the input, 1 bit/loop in processor 0 cycles one 

time and process 1 cycles two times. The workload is assigned to all processors in this way. 

As what we mentioned above, the sum of a counter of each processor will be the final bit 

number, which is the algorithm output. The strategy used is a hybrid method of recursive 

decomposition and data decomposition. Based on above analysis, we demonstrate the pseudo 

code of parallel bitcnt_1 as follows: 
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Procedure PARALLEL_BITCNT_1(input) 

Begin 

/*Main Thread:*/ 

ps := Number of working processors; 

hexinput := convert input of long type into a hexadecimal string; 

length := length of hexinput; 

                /*All Thread Starting:*/ 

pid := Processor id; 

  start := length / ps * pid; 

end := length / ps * (1+pid) + (1+pid == pa && length %ps !=0        

                    ?  length % ps : 0);  

local_hexinput  := partition (hexinput, start,  end); 

local_longinput := convert back to a value of long type;  

      if local_longinput do 

 begin 

                 do 

          counters[pid]++; 

      endwhile  0 != (local_longinput := local_longinput & local_longinput – 

1) ) ) 

endif 

/*All Thread Finishing Except Main Thread;*/ 

/* Main Thread:*/ 

         i := sum := 0; 

        while i++ in (0, ps) do 

               sum  +:= counters[i]; 

End PARALLEL_BITCNT_1 

4.5.1.3 Bitstring in sequence 

Bitstring algorithm counts bits sum of a set of input, and outputs a bit pattern of string as a 

right-aligned triangle in which every four bits set a blank. An output example with 16 inputs 

that are processed by Bistring is shown in figure 4.3. 

 

 
Figure 4-4 Example of Bitstring Output with 16 inputs 

 

In Bitsring algorithm, each input of long type is processed as a binary format string. For 

keeping the right-aligned output format, the algorithm firstly calculates the blank number of 

indent needed. After that, it goes into a WHILE loop in which each bit is picked up through 

bit shifting to convert into the type of char, meanwhile every four chars remains a blank 

except the lowest address char. Eventually, a right-aligned bit pattern string is printed out. 

The pseudo code is shown as follows: 
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Procedure BITSTRING(input, strwid) 

Begin 

 byze := biz := input; 

indent := strwid – (biz + (biz>>2) – (biz%4 ?  0:1)); 

i := 0; 

 for i++ in (0, indent) do 

       * str++  :=  ‗ ‘; 

while  --Biz >= 0 do 

begin 

       *str++  := ((byze>>biz) & 1) + ‗0‘; 

       if !(biz%4) and biz){ 

            *str++ := ‗ ‘; 

endwhile 

End BITSTRING 

 

 BIZ counts of bits to be shown (counted from lowest bit, can be any even or odd 

number); 

 STR controls the output format; 

 BYZE is the value input to transform to bit string; 

 STRWID is constant value that represents the total width the binary string shall have. 

Since between every 4 bits a blank (0x20) is inserted (not added after lowest bit), width 

of bit-format string only is (BIZ+(BIZ/4-1)). Bits are printed right aligned, positions 

from highest bit to start of string filled with blanks. If value of STRWID smaller than 

space needed to print all bits, STRWID is ignored;  

4.5.1.4 Bitstring in parallel 

Obviously, one way to implement parallel Bitstring for multiprocessor processing is directly 

to partition the input set. In this way, each processor would take over and handle a sub-set of 

input. Given two processors and a set of 16 inputs of long type, the parallelization is 

conducted as in figure 4.4. 

 

 
Figure 4-5 Example of Parallel Bitstring 

 

In this example, a set of 16 inputs are evenly partitioned into two sub-sets of inputs with the 

number of processors. Each processor handles 8 inputs. By which, the workload would be 

evenly distributed to the processors so that the parallel version of Bitstring is supposed to 

take less time than its sequential version to finish the same work. The strategy used is a data 

decomposition method. In this strategy, one point that we need to pay more attention is about 

printing format, which in a certain sense decides the final execution efficiency.  We have two 

options, one option is that a processor can output when it finishing its own sub-set, the other 

is to use one of the processors as master to collect all strings processed on each processor 
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and then print out the result. Since considering the output format requirement that the 

algorithm should produce a triangle-liked output with a right-aligned mode, the first mode 

can not guarantee the formatted output, it may result in a disordered output. Alternatively, 

the second method should be applied that makes use of a master processor, which is 

generally processor 0, is responsible for formatting and printing the result eventually. Based 

on above analysis, we demonstrate the pseudo code of parallel Bitstring implementation as 

follows: 

 

Procedure PARALLEL_BITSTRING(input[]) 

Begin 

/*Main Thread:*/ 

ps := Number of working processors; 

strwid := size of input[]; 

                /*All Thread Starting:*/ 

 length := 0; 

pid := Processor id; 

 start := strwid / ps * pid; 

end := strwid / ps * (1+pid) + (1+pid == ps && strwid %ps !=0        

                    ?  strwid % ps : 0);  

       i := 0; 

       for i++ in (start, end) do 

       begin 

      biz := byze := i; 

      indent := strwid – (biz + (biz>>2) – (biz%4 ?  0:1)); 

      j := 0; 

       for j++ in (0, indent) do 

            *( str + length + j)  :=  ‗ ‘; 

      while  --biz >= 0 do 

      begin 

             *(str + length + indent-1) : = ((byze>>biz) & 1) + ‗0‘; 

             indent ++; 

             if !(biz%4) and biz do 

             begin 

                  *(str + length+ j) := ‗ ‘; 

                  Indent ++; 

             endif 

             *(str + length + indent) : = ‗\n‘; 

             length := length + indent +1; 

       endwhile 

   endfor 

   *(str + length + 1) := ‗\0‘; 

/*All Thread Finishing Except Main Thread;*/ 

/* Main Thread:*/ 

         i := sum := 0; 

        while  i++  in (0, ps) do 

               printf ( str[i] ); 

End PARALLEL_BITSTRING         

4.5.1.5 Bitcnts in sequence 

As we said above, Bitcount algorithm is composed of some sub-algorithms. In last two 

sections, Bitcnt_1 and Bitstring have been discussed about their logic in both sequence and 

the available parallelization strategy, which has been implemented in a way of pseudo code. 

The rest includes Bitcnts, Bitcnt_2, Bitcnt_3 and Bitcnt_4. Among them, Bitcnts is actually a 

trigger program by which user can specify which sub-algorithm(s) they want to run by using 

the different control parameters. In addition to that, Bitcnts itself holds a function that 
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implements bit counting as well. We list the rest sub-algorithms‘ names and functions for bit 

counting as follows: 

 Bitcnts      –  bit_shifter 

 Bitcnt_2.c –  bitcount 

 Bitcnt_3.c –  ntbl_bitcount, BW_btbl_bitcount, AR_btbl_bitcount, 

 Bitcnt_4.c –  ntbl_bitcnt 

All the above functions receive an input of long type and use their own logic to count the bit 

number. However, they present a common feature is that they can not be parallelized in 

terms of logics. In the following, we list the reason why they are impossible to be 

parallelized: 

 Bit_shifer : Data dependency 

 Even though the function has a FOR loop that seems have possibility to 

parallelize, the result of each processing in FOR loop will be used as an 

input for next cycle of the FOR loop. 

 Bitcount : Data dependency 

 This function consists of five bitwise AND expressions. Besides the first 

one expression that processes the input, the others all depend on the 

result from previous statement.  

 Ntbl_bitcount: Single expression 

 This function conducts bit counting with a single expression using non-

recursive bit count by nybbles.  

 BW_btbl_bitcount: Single expression 

 This function conducts bit counting with a single expression using non-

recursive bit count by bytes. 

 AR_btbl_bitcount: Data dependency 

 This function conducts bit counting using non-recursive bit counting by 

bytes, and it has strict data dependency. 

These algorithms that can not be parallelized respectively could be regarded as a function set. 

The pseudo code of sequential version is shown as follows: 

 

Procedure BITCNTS (SEED) 

Begin 

 i := 0; 

for i++ < SEED do 

begin 

          Bit_shifter(i); 

                Bitcount(i); 

                Ntbl_bitcount(i); 

                BW_btbl_bitcount(i); 

                AR_btbl_bitcount(i); 

endfor 

End BITCNTS 

 

In each cycle, the five functions are invoked and run with a same input of long type. 

4.5.1.6 Bitcnts in parallel 

Theoretically, we have two options to implement parallel Bitcnts, recursive decomposition 

and data decomposition. Using recursive decomposition, one processor runs one function 

with the same SEED iteration as shown below. 
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Figure 4-6 1st Example of Parallel Bitcnts 

 

Although recursive decomposition method is simple and logically clear, it brings two 

important problems. Firstly, this method can only use at most five processors. Secondly, it 

could not keep the load balancing over processors even though one processor runs one 

function, because the execution time of parallel Bitcnts depends on the time that the worst 

case takes. The other way, data decomposition, is to decompose SEED over processors. In 

this way, each processor will take over a part of SEED in order to implement load balancing. 

For example, given 3 processor and SEED equals 9, the SEED decomposition over 

processors is like follows: 

 
Figure 4-7 2nd Example of Parallel Bitcnts 

 

SEED is evenly distributed to three processors in which all functions run with different input 

but in same frequency. This method could keep load balancing in a sense. The difference of 

the time taken by different function is minimized by performing all functions in same 

frequency. It may be a best way to keep load balancing at both the beginning and run time, 

even though there will be a little imbalance at run time. We conclude the pseudo code as 

follows: 

 

Procedure PARALLEL_BITCNTS (seed) 

Begin 

/*Main Thread:*/ 

ps := Number of working processors; 

                 /*All Thread Starting:*/ 

       pid := Processor id; 

        start := seed / ps * pid; 

       end := seed / ps * (1+pid) + (1+pid == ps && seed %ps  

!=0 ?  seed % ps : 0);  

        i := 0; 

        for i++ in (start, end) do 

        begin 

 Bit_shifter(i); 

                  Bitcount(i); 

                  Ntbl_bitcount(i); 

                  BW_btbl_bitcount(i); 

                  AR_btbl_bitcount(i); 

        endfor 

/*All Thread Finishing Except Main Thread;*/ 

/* Main Thread:*/ 

       output(); 

End PARALLEL_BITCNTS 
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4.5.2 SUSAN 
Smallest Univalue Segment Assimilating Nucleus (SUSAN) is an approach to low level 

image processing on edge and corner detection, and structure preserving noise reduction [44].  

It was developed for recognizing corners and edges in Magnetic Resonance Images of the 

brain [6]. SUSAN introduced a new feature detector that is based on minimizing the local 

image region, and the noise reduction method uses this region as the smoothing 

neighborhood.  It can smooth an image and has adjustments for threshold, brightness, and 

spatial control [6]. SUSAN edge and corner enhancement uses no image derivatives that 

integrate the non-linear response to offer a strong noise rejection. Strength of SUSAN edge 

detector is that the use of controlling parameters is much simpler and less arbitrary, therefore 

easier to automate, than with most other edge detection algorithms like Univalue Segment 

Assimilating Nucleus (USAN). Noise reduction in SUSAN refers to USAN used to choose 

the best local smoothing neighborhood [44]. 

 

The related work about a parallel SUSAN implementation has been researched. Filed 

Programmable Gate Arrays (FPGA) based architecture has been proposed for high speed 

edge and corner detection [48]. The proposed architecture is based on the SUSAN algorithm, 

the architecture design aims at minimizing on the number of access to the image memory. 

FPGA architecture uses parallel modules in hardware level with an internal pipeline 

operation. The pipeline scheme for processing guaranties one cycle operation with a latency 

of the number of pixels read from the image memory to complete a mask computation [48]. 

The architecture comprises two functional modules, USAN model and SUSAN model. 

SUSAN algorithm is in a separate module that subtracts the value from one USAN module 

as well as a geometric threshold stored in the configuration registers in parallel. They can 

work in parallel by the internal pipelines. In addition to that, The FPGA architecture consists 

of two RAM memories. The first memory reads the image and communicates with a 

processor to process the image pixel while storing temporary data and, the second memory 

will receive the data processed from the processor and output to external devices by the 

architecture.  

4.5.2.1 SUSAN in Sequence 

SUSAN algorithm is an algorithm based on the gray-scale information of the picture to 

detect the edges and corners. The main idea is to use a sub-rounding or 3×3 mask moving on 

the lattice of gray-scale data, and calculate the SUSAN region using a threshold value within 

the mask, and then adjust the brightness, smooth the noise and detect the corners or edges, 

finally output a new picture that is magnified with certain features. Theoretically, SUSAN 

makes use of two dimension cycle to implement moving a sub-rounding or 3×3 mask on the 

gray-scale data lattice in a way of from left to right, and from top to bottom. It will traverse 

every grid within the sub-rounding or 3×3 mask to obtain the key value of the region, and 

then update lattice in the current mask with the key value for the desired output. The pseudo 

code we conclude as follows: 

 

Procedure SUSAN 

Begin 

 i := j:= g:= 1; 

 for i from top to bottom do 

      for j from left to right do 

            begin 

          while g in mask  do 

          begin 

               calculating for key value with i, j and g offset; 

               updating current grid with key value; 

                endwhile 

         calculating for output; 
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      endfor                    

End SUSAN 

 

SUSAN uses Portable Gray Map (PGM) picture as input. The algorithm mainly implements 

the following four functions: 

 Adjusting Brightness 

 Smoothing/Reducing Noise 

 Detecting Corners 

 Detecting Edges 

All above functions basically follow the same logic like the pseudo code we have 

implemented above. The flowchart of SUSAN algorithm is drawn as below: 

 

 
Figure 4-8  Flowchart of SUSAN 

 

We note the functions can be invoked by the different option combination. SUSAN provides 

six types of option combinations for six types of outputs. For instance, using ―-e -p‖ 

combination can implement the corners drawing with a sub-rounding mask, and outputting a 

picture featured with the corners. 

4.5.2.2 SUSAN in Parallel 

Based on the pseudo code of sequential SUSAN, we can make sure of the following 

functions that can be partitioned by means of data decomposition. 

 Adjusting Brightness 
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 setup_brightness_lut 

 Smoothing/Reducing Noise 

 susan_smoothing 

 Detecting Corners 

 susan_principle (shared with Detecting Edges category) 

 susan_corners_quick 

 susan_corners 

 Detecting Edges 

 susan_principle_small 

 susan_edge_small 

 susan_edge 

 int_to_uchar (an intermediate function) 

 susan_thin 

 edge_draw 

Those functions follow the same style as the above pseudo code, so they can be parallelized 

in a same way of using data decomposition. The data decomposition is in the location of first 

FOR loop, whose iterator is decomposed by the number of working processors. The pseudo 

code for parallel SUSAN implementation is shown as below: 

 

Procedure PARALLEL_SUSAN 

Begin 

/*Main Thread:*/ 

ps := Number of working processors; 

                 /*All Thread Starting:*/ 

       pid := Processor id; 

        start := seed / ps * pid; 

       end := seed / ps * (1+pid) + (1+pid == ps && seed %ps  

!=0 ?  seed % ps : 0);  

        i := j:= g:= 1; 

        for i from start to bottom do 

            for j from left to right do 

                  begin 

                 while g in mask  do 

                 begin 

                     calculating for key value with i, j and g offset; 

                     updating current grid with key value; 

                        endwhile 

                 calculating for output; 

             endfor  

/*All Thread Finishing Except Main Thread;*/ 

/* Main Thread:*/ 

       output();              

End PARALLEL_SUSAN 

4.5.3 Basicmath 
The real world problems are formulated in form of algebraic equations. The various fields 

like chemistry, graph theory, image compression etc get benefit from linear algebra. The 

situation or problem is modelled in form of polynomials or matrices or system of linear 

equations. The relationship between triangle sides and angles are studied in trigonometry. 

Angle conversion is one of its identities like degree to radian conversion or vice versa. There 

are enormous numbers of uses of trigonometric functions. The fields which make use of 

trigonometric functions include astronomy, music theory, optics, electronics etc. The integer 

square root of a positive integer number n is the positive integer m which is the greatest 

integer less than or equal to the square root of n.  

 



  37 

The solution of various algebraic problems using computer, becomes intractable because of 

the time and the space required for their solution. The key point in these problems is 

reducing time and space requirements as much as possible. The solution for these problems 

is to devise parallel algorithms to get benefit of multi-core technology. People designed 

parallel algorithms for many computer algebra algorithms, [60] designed a parallel algorithm 

for GCD computation of two polynomials in the context of quantifier elimination. Various 

research groups developed parallel variants of computer algebra packages: Multiprocessing 

Data Tool [61] it encompass micro and macro parallelisms, [62] Hong et al developed a 

shared memory multi-core version of SACLIB computer algebra. In [63] Zima proposed a 

parallel algorithm for SIMD architectures to perform the shift operation on polynomials in O 

(1) time by using O (n2) Processor Elements (PEs). The sequential algorithm which can 

compute multivariate polynomials of degree d using C sequential steps there can be a 

parallel algorithm of with O (log d) (log C + log d) steps [64]. The sine and cosine functions 

based speedy approximation or square root calculation is used in digital signal and image 

processing, to evaluate these functions various methods are proposed [65]. 

4.5.3.1 Basicmath in Sequence 

The limits are defined for different variables used for solution of Cubic Equations, Integer 

Square Calculation, Long Square Calculation, Radian to Degree and Degree to Radian 

Conversion.  

 

Procedure Sequential_BasicMath (MO (Math Operation), DS (Data Set)) 

Begin 

1. Initialize Data limits according to DS value (Large or small). 

2. If (MO = CUBIC) then Solve Cubic Equations. 

3. If (MO = ISQRT) then find integer square roots. 

4. If (MO = LSQRT) then find long square roots. 

5. If (MO = RADTODEGREE) then convert radian to degree. 

6. If (MO = DEGREETORAD) then convert degree to radian. 

7. If (Print is true) then show calculated values. 

End 

4.5.3.2 Basicmath in Parallel 

The master worker implementation represents different stages. In first stage, data limits are 

defined for different variable. In second stage, subtasks for different processors are created 

and allocated equally for load balancing. In third stage, workers initialization is performed. 

In fourth stage the workers performed the assigned operation for assigned data set size. In 

fifth stage master wait for workers until they complete their work. 

 

Procedure Parallel_BasicMath (MO (Math Operation), W (Workers or processors), DS (Data Set)) 

Begin 

8. Initialize Data limits according to DS value (Large or small). 

9. Divide the tasks into subtasks for ‘W’ workers or processors. 

10. Initialize the workers. 

11. Create workers and perform assigned operation depends on value of 

MO (CUBIC, ISQRT etc) 

12. Wait for workers to finish their work. 

End 

4.6 Network 
Network category represents embedded systems used in the domain of network devices like 

routers and switches [6]. This category includes the process related to table lookups, tree 

addressing, calculations of the shortest path and so on. Network category of OpenMPBench 

aims at providing a performance evaluation on the universal embedded processors rather 
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than networking processors, so the algorithms included are related to fundamental 

networking operations. In OpenMPBench, this category consists of Patrica and Dijkstra 

algorithm. 

4.6.1 Patricia 
Patricia trie is a kind of data structure used in place of full trees with very sparse leaf nodes 

[6]. Therefore, Patricia trie is a kind of compressed and optimized tree that can store same 

data but with less data space than full trees. An example is shown in figure 4.6 and 4.7 to 

illustrate how a full tree and Patricia trie look like. Given storing three binary data 010, 011 

and 101, a full binary tree looks like figure 4.6 (1) that needs three levels and five prefix 

nodes (intermediate node). If we want to optimize the storing space by ignoring those prefix 

nodes which only has one child, we can get a tree like the figure 4.6 (2), in which the grey 

circles represent the ignored nodes that only have one child. We can collapse upwards those 

ignored nodes to obtain a compressed trie. For indexing the node, the edge weight is 

maintained and the index bits are added into prefix nodes. Eventually, we can get a 

compressed binary tree that can store same data with less storing space than full binary tree, 

which is a Patricia trie, like figure 4.7. 

 

 
Figure 4-9 Example of Full Tree 

 

 

 
Figure 4-10 Example of Patricia Tree 

 

In conclusion, Patricia trie has the following features over a full tree: 

 Each intermediate has a index/check bit; 

 Each intermediate holds at most 2 children nodes with child pointers; 

 Leave node stores real data content; 
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Some related works about the parallel search trie-based scheme have been researched. A 

parallel trie-based search scheme has been proposed for fast IP lookup [49]. The scheme 

makes use of a controlled prefix expansion and independent memories for parallel access 

[50].  The implementation is to find the longest prefix match in maximum memory access 

times. The researchers selected four level based on trie (8, 16, 24 and 32) as the target levels 

to parallelize the lookup processing. Each target level has a vector, for example, level-8 

vector contains the prefixes from level 1 to level 8. The rest is deduced by analogy. 

Eventually, the lower level has priority to match the lookup object. The scheme is actually a 

vertical partition on the trie searched. However, the scheme is based on a special hardware 

that ships a separate memory for each target level [49]. Another research [51] focuses on 

whether a balanced binary trie could speed up or slow down the addressing process. The 

result about Patricia trie is active, that Patricia trie does not need to be restructured to keep 

balanced for lookup performance. Therefore, the structure of Patricia trie does not affect the 

performance of a parallel Patricia implementation. 

4.6.1.1 Patricia in Sequence 

Patricia is also an algorithm itself that takes a flexible way to store, index and retrieve 

information because Patricia trie is economical of indexing space and of re-indexing time 

[40]. In application domain, Patricia tries are often used to represent routing tables in 

network applications related to IP addressing [6]. For IPv4, the trie depth is 32 at most, and 

for IPv6, the maximum depth is 128 [41]. In OpenMPBench, Patricia algorithm is used for 

IP addressing. The algorithm input is a set of IP addresses that are required to addressing in 

an existing routing table. The flowchart of addressing process is shown as follows: 

 
Figure 4-11 Flowchart of Patricia Addressing 

 

In the addressing process, the most matched position will be found for the searched node in 

Patricia trie. The process begins from the top of Patrica trie that is a prefix node having a 
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check bit. The possible nodes will be put into a stack in a loop, in which the check bit of 

node is checked by BIT_TEST to decide to go left or right. In other word, if bit verification 

on certain bit position is 0, left child node of current node replaces the current node. If not, 

right child node of current node is in place of current node. After the loop processing, the 

nodes in the stack are reversely pop up to check its mask and bit length with the searched 

node to find the most matched position in the Patricia trie. The most matched position means 

directly matching its position in the Patricia trie, if not matching fully, the result is a position 

that is the most suitable to the searched node for inserting. 

4.6.1.2 Patricia in Parallel 

In fact, Patricia algorithm consists of three functions: inserting node, removing node and 

addressing node. For the functions of inserting and removing node, we consider they can not 

be parallelized because no matter we insert or remove any nodes in a Patricia trie will result 

in reconstructing the trie. We continue the example of figure 4.7 with inserting two new 

nodes, 011 and 110.  

 
Figure 4-12  Example of Patricia Inserting 

 

From comparing figure 4.7 and 4.9, we can find that the structure after inserting two nodes 

has been changed a lot over the one before inserting. We could hypothesize two threads 

working simultaneously to insert ‗011‘ and ‗110‘ respectively; one thread has already 

located the most matched position and prepares to insert 011. At the moment, 110 is 

inserting into the Patricia trie by second thread so that the trie is restructured immediately. 

However, First thread continues to the inserting action using the most matched position it 

found out. This will result in an error because the trie has been restructured and the most 

matched position for first thread might have been changed as well. Deducing by analogy, 

removing nodes in parallel can not be achieved. 

 

For parallelizing the addressing process, we have two options, partitioning trie or 

partitioning task. We consider partitioning trie is not a reasonable strategy. First, as we 

mentioned above that the trie depth is 32 at most for IPv4, and for IPv6, the maximum depth 

is 128. That means that Patricia algorithm only needs to pass through at most 32 nodes for 

IPv4 addressing or 128 nodes for IPv6 addressing. For addressing an IP address, Patricia can 

locate the target node using a loop cycling at most 32 times for IPv4 or 128 times for IPv6 

format without any redundant work due to index/check bit. Therefore, we can conclude that 

the speedup of a parallel Patricia implementation is extremely small even if we implement a 

multithreaded addressing for one IP address. When the cost of creating and terminating 

threads is taken into consideration, the performance of a parallel implementation may be 

worse than a sequential implementation. Secondly, partitioning Patricia trie into threads will 

result in a lot of redundant works that take some times for meaningless addressing regardless 
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of whether we vertically or horizontally partition a Patricia tree. Thirdly, as we mentioned 

that the time Patricia algorithm takes to addressing an IP node is extremely small. Even 

though we find out a perfect partition strategy, the time it spends in calculating the partition 

position could account for a large part of the running time, or even be longer than the time 

that an addressing logics itself spends.  The last reason is that data dependency lies in the 

logics of Patricia algorithm. Within the first loop, BIT_TEST will decide the input of the 

next cycling so that this loop can not be decomposed anyway. As to the second loop, it may 

terminate at any time when the mask is matched between a node pop up from the stack and 

the searched node, so any decomposition for this loop may result in redundant work in 

threads so as to take more running time. Based on the above analysis, we parallelize Patricia 

algorithm by means of partitioning input set. Given 2 processors and a set of 20 IP addresses 

which need addressing. The input set is decomposed into two sub-sets corresponding to the 

number of working processors for load balancing. The first processor is to addressing for the 

first 10 IP address, and the second processor addresses for the last 10 IP addresses. In this 

way, we can minimize the cost that the decomposition work consumes to obtain the best 

speedup over the sequential version. The strategy used is the data decomposition method. 

The pseudo code is shown as follows: 

 

Procedure PARALLEL_PATRICIA (ips) 

Begin 

/*Main Thread:*/ 

ps := Number of working processors; 

                 /*All Thread Starting:*/ 

       pid := Processor id; 

        start := ips / ps * pid; 

       end := ips / ps * (1+pid) + (1+pid == ps && ips %ps  

!=0 ?  ips % ps : 0);  

        i := 0; 

        For i++ in (start, end) do 

 ADDRESSING (i); 

        /*All Thread Finishing Except Main Thread;*/ 

/* Main Thread:*/ 

      Output (); 

End PARALLEL_PATRICIA 

4.6.2 Dijkstra 
Dijkstra algorithm is a well-known solution to the shortest paths calculation [6]. This 

algorithm is commonly used for the network routing [42]. It is basically a weighted graph 

search algorithm that deals with both single-source shortest paths and all-pairs shortest paths 

problem [34]. In general, we consider that the edge weight is nonnegative value that 

represents the cost of passing through a path, which could be time, loss, penalty or any 

quantity that additively accumulates along a path and is to be minimized [34]. Single-source 

shortest paths problem is to find the shortest paths namely paths with the lowest cost for a 

given source vertex to all other vertices in a graph. An example is shown as follows: 
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Figure 4-13 Example of Dijkstra 

 

For given a graph G = (V, E, w) in figure 4.10, vertices V is {1, 2, 3, 4, 5, 6} and edges E 

represents the paths connected two vertices and the starting vertex is vertex 1. Weight (w) 

can be represented as the below adjacency matrix: 

 

 
Figure 4-14  Single-source Shortest Paths of Dijkstra 

 

The single-source shortest paths from vertex 1 to all other vertices V‘ = V / {1} = {2, 3, 4, 5, 

6} is listed as below: 

 Vertex 1   Vertex 2:  5 ,  Pass through 1, 3, 2; 

 Vertex 1   Vertex 3:  4,   Pass through 1, 3; 

 Vertex 1   Vertex 4:  5,   Pass through 1, 4; 

 Vertex 1   Vertex 5:  8,   Pass through 1, 3, 2, 5; 

 Vertex 1   Vertex 6:  10, Pass through 1, 3, 2, 5, 6; 

Compared with the single-source shortest paths problem, all-pairs shortest paths problem is 

to find the shortest paths between all pairs of vertices, VI, VJ ∈ V (i ≠j). For a given graph 

with N vertices, the output of an all-pairs shortest paths is an N×N adjacency matrix L = (lI,J) 

such that lI,J is the minimum cost of the single-source shortest path from vertex VI to vertex 

VJ. We use the graph in figure 4.10 once more to illustrate the output of the all-pairs shortest 

paths of V {1, 2, 3, 4, 5, 6} as 6×6 matrix: 

 

 
Figure 4-15  All-pairs Shortest Paths of Dijkstra 

 

Some related works about the parallel Dijkstra implementations have been researched. The 

source-partitioned formulation strategy has been proposed for all-pairs shortest paths 
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problem, and source-parallel formulation strategy has been proposed for single-source 

shortest paths problem [34]. The source-partitioned formulation strategy dose not need 

communications over multiple threads. However, it limits the available number of processors 

or threads. Source-parallel formulation makes use of dividing and conquering strategy, 

which divides the adjacency matrix with the number of processors or threads using 1-D 

mapping. The shortest paths from a fixed source vertex to other target vertex will be 

calculated in parallel. Multiple queue strategy and single queue strategy has been proposed 

for storing the minimum weight value from the source vertex to a target vertex [13]. Using 

single queue strategy, all processors or threads share a queue, a master processor or thread is 

responsible for calculating the global minimum value that is going to be distributed to all 

other processors or threads for further calculation. For the multiple queue strategy, each 

processor or thread owns a local queue. Using multiple queue strategy can degrade the 

synchronization over the processors or threads in a sense. However, it needs to frequently 

lock data for writing and reading [13]. 

4.6.2.1 Dijkstra in Sequence 

Dijkstra algorithm is to solve the shortest paths problem in a given graph. It is a kind of 

greedy algorithm, which always chooses a joint edge with the lowest cost from a source 

vertex to a target vertex [34]. For a given graph G (V, E, w) and a source vertex s, the 

pseudo code [34] of single source shortest paths is shown as below: 

 

Procedure DIJKSTRA_SINGLE_SOURCE_SHORTEST_PATHS(V, E, w, s) 

Begin 

 VT: = {s}; 

 For all v ∈ (V - VT) do 

 Begin 

        If (s, v) exists set l[v] := w(s, v); 

        Else set l[v]:= ∞; 

 Endfor 

 While VT ≠ V do 

 Begin 

       Find a vertex u such that l[u] := min{l[v] | v ∈ (V - VT)  }; 

       VT: = VT ∪ {u}; 

       For all v∈ (V - VT) do 

             L [v]:= min {l[v], l[u] + w (u, v)}; 

 Endwhile 

End DIJKSTRA_SINGLE_SOURCE_SHORTEST_PATHS 

 

This algorithm uses VT to store those vertices that construct the single source shortest paths 

from vertex s to all other vertices. l[v] represents the minimum cost namely the minimum 

edge weight from vertex s to vertex v. The shortest paths between vertex s and vertex v may 

pass through any vertices in V. For any vertex v in V, l[v] = w(s, v) only if edge (s, v) exists, 

otherwise l[v] = ∞. l[u] is the minimum value among all l[v]. In the WHILE iteration, the 

vertex u is inserted into VT such that l[u]:= min {l[v] | v ∈ (V - VT)}. All other l[v] should 

be updated with l[u] because inserting a new vertex into VT might bring a new edge with a 

smaller weight between the vertices in VT. The algorithm terminates such that VT = V. This 

single-source shortest paths algorithm is also a good solution for all-pairs shortest paths 

problem [34].  

4.6.2.2 Dijkstra in Parallel 

The all-pairs shortest paths problem could be solve by executing the single-source shortest 

paths algorithm on each processor or thread [34]. As a result, for parallelizing all-pairs 

shortest paths algorithm, the first decomposition method we can think of is a hybrid method 

of recursive decomposition and data decomposition. Calculating the single-source shortest 
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paths for each vertex in a given vertex set is equivalent to calculate the all-pairs shortest 

paths for this vertex set, which totally matches the thought of recursive decomposition. 

Given a vertex set that include N vertices and N threads we have, using recursive 

decomposition, each thread will calculate the single-source shortest paths for one vertex. 

Eventually, the aggregation of the single-source shortest paths of all vertices is the solution 

of the all-pairs shortest paths. Meanwhile, the input is partitioned in a way of data 

decomposition. The parallel method is also called source-partitioned formulation [34]. The 

pseudo code is like below: 

 

Procedure PARALLEL_DIJKSTRA (V, E, w) 

Begin 

/*Main Thread:*/ 

ps := Number of working processors; 

sizev := size of vertices of V 

                 /*All Thread Starting:*/ 

       pid := Processor id; 

        start := sizev / ps * pid; 

       end := sizev / ps * (1+pid) + (1+pid == ps && sizev %ps  

!=0 ?  sizev % ps : 0);  

        For i++ in (start, end) do 

 DIJKSTRA_SINGLE_SOURCE_SHORTEST_PATHS(V, E, w, i); 

        /*All Thread Finishing Except Main Thread;*/ 

/* Main Thread:*/ 

      output(); 

End PARALLEL_DIJKSTRA 

 

At second thought, we obverse that Dijkstra algorithm is iterative. It iteratively inserts a new 

vertex into a set every time. Since the value of l[v] of any vertex v in target set VT might 

change every time when a new vertex is added in VT, it is impossible to select more than one 

vertex to process at the same time because any one could change l[v] in VT. Hence, it is 

impossible to decompose the iteration and run it in parallel. However, another possible place 

that can be decomposed and run in parallel is at the place of calculating the minimum l[v] 

namely ―find a vertex u such that l[u] := min{l[v] | v ∈ (V - VT)  };‖.  Dijkstra algorithm 

firstly obtains the minimum l[v] by traversing the weight values of all vertices in (V - VT), 

and then updates the weight value of all vertices in VT if needed. This process can be 

decomposed for parallel running. Firstly, let P be the number of processors or threads, N is 

the number of vertices in given V. Additionally, we hypothesize N can be divided by P with 

no remainder. Using 1-D mapping, V is partitioned into P subsets, and each subset possesses 

N/P vertices. In other words, each processor or thread handles with N/P consecutive vertices. 

We use the data from the example of figure 4.11 to illustrate the 1-D mapping into 3 

processors as shown in figure 4.13. 

 

 
Figure 4-16 1-D Mapping 
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Using 1-D mapping, each processor can calculate the local minimum value l[u] within N/P 

elements. The master processor collects these values and then calculates the global minimum 

value l[u]. The vertex with the global l[u] will be added into VT. After that, all processors 

update local l[v] with the global l[u]. The partition method we used here is a hybrid of data 

decomposition and recursive decomposition. The pseudo code is like follows: 

 

Procedure PARALLEL_DIJKSTRA (V, E, w, s) 

Begin 

/*Main Thread:*/ 

       ps := Number of working processors; 

       sizev := size of vertices of V 

       Setup thread barrier; 

                /*All Threads Starting:*/ 

pid := Processor id; 

 start := sizev / ps * pid; 

end := sizev / ps * (1+pid) + (1+pid == ps && sizev %ps  

!=0 ?  sizev % ps : 0); 

 Vt := {s}; 

 for all v ∈ (Vend -Vstart - VT)  do 

 begin 

        if (s, v) exists set local_l[v] := w(s, v); 

        else set l[v] := ∞; 

 endfor 

 Thread barrier for synchronizing all threads; 

 while VT ≠ V do 

 begin 

       find a vertex u such that local_l[u] := min{local_l[v] | v ∈ (Vend -Vstart - 

VT)  }; 

      Thread barrier for synchronizing all threads; 

     /*Main Thread:*/ 

      Calculate the vertex u with the global minimum value global_l[u]; 

             VT := VT ∪{u}; 

     Thread barrier for synchronizing all threads; 

     /*All Threads Starting:*/ 

      for all v∈ (Vend -Vstart - VT)  do 

           local_l[v] := min{local_l[v], global_l[u]+ w(u,v)}; 

 endwhile 

/* Main Thread:*/ 

output(); 

End PARALLEL_DIJKSTRA 

 

A shared-address-space parallel implementation for Dijkstra could practically use either a 

single queue shared between all processors, or multiple queues for each processor storing 

those local minimum values. As stated in [13], the multiple queue strategy was better than 

single queue strategy for some shortest paths algorithms when the multiple queue strategy 

uses randomly assigned data in each queue. However, in Dijkstra algorithm, the multiple 

queues would have been used with spatially assigned data (as the partitions are spatially 

assigned with 1-D mapping). Another main drawback of the multiple queue strategy is that 

the memory address of the elements may be locked unnecessarily while other processors are 

waiting to read the value of the same element [44]. In Dijkstra, it needs update all possible 

l[v] every time so that the data reading and writing with locks is very frequent. Too many 

locks on l[v] elements may result in time wasting. Therefore, the multiple queue strategy 

does not certainly remain this performance advantage over a single-queue-strategy for 

parallel Dijkstra implementation based on shared address space. We are going to obverse the 
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practical performance of implementations using multiple queue strategy and single queue 

strategy in next chapter. 

4.7 Office 
The Office Automation is related to text manipulation algorithms to represent office 

machinery like printers, fax machines and word processors. Many consumer devices rely on 

the manipulation of text for data organization. 

4.7.1 Stringsearch 
Approximation string matching deals with the classical string algorithms have application to 

computational biology, multimedia information retrieval, Computational molecular biology, 

artificial intelligence and pattern recognition, text mining and web search engines. A large 

text collection k=  of length n, a pattern P =  of length 

m is given and a maximal number of errors allowed E, our objective is to find the text 

positions where the pattern matches the text up to E =  errors. The 

possible errors can be substituting, deleting or inserting a character.  

 

The simplest string searching algorithm is naive or brute force approach where try to match 

any pattern of length m is made in the text with pattern. The processing of pattern is easy in 

on-line version of the problem instead of entire text collection processing. The problem of 

string search can be solved with various strategies; the simplest strategy is naive algorithm, 

Barth [66] published its analysis in 1984. Markov chains work is base of his analysis which 

assumes that the probabilities of a transition from one state to another do not depend on the 

past. The expected number of the comparisons to find the first match using the naive 

algorithm can be calculated by using following formula: 

  First match=  where c is the 

alphabet size. 

The searching with a pattern of length m in a text of length n (n ≥ m) by using brute-force or 

naive algorithm performs expected number of text-pattern comparisons [67]: 

    n=  +O (1).  

 i.e., it is drastically different from the worst case (m*n). 

The classical solution to decrease the execution time involves dynamic programming and has 

asymptotic time O (m*n) [68]. In surveys [69, 70] a number of sequential algorithms 

improved the classical time consuming one, the subset of them are sublinear in the sense that 

they do not inspect all the characters of the text collection. In embedded systems, we are 

interested in pattern searching from very large text collections where the fastest sequential 

algorithms are not practical and therefore the parallel and distributed processing becomes 

necessary.  

 

The two methods can be used to increase the performance of approximate string matching on 

large data collection: approximate string matching on base of fine-grain parallelism [71, 72, 

73, 74, 75 and 76] and other is based on the distribution of the computation comparison of 

network of stations [77]. In [78], a fast string matching algorithm over the network processor 

platform is implemented that conducts matching sets of patterns in parallel with constraints 

of case-sensitive string matching, signature prioritization and multiple content signatures. In 

[79], a design and an evaluation of parallel string matching algorithms is performed for 

software and hardware implementation, i.e., multi-core processors and hardware 

implementation on FPGAs.  Finally, in [80], the algorithms for sequence comparison have 

been implemented to a variety of parallel computers, i.e., shared and distributed memory 

architectures. 

 



  47 

The Boyer-Moore string search algorithm is efficient in terms of cyclomatic complexity [81]. 

The algorithm pre process the string which is being searched for. The execution time can be 

sublinear because it does not need to check every character; it becomes faster as the key 

being searched becomes longer. The variants which based on its concept are: Boyer-Moore-

Horspool, Pratt-Boyer-Moore -Horspool.  Three different variants of Boyer-Moore-Horspool 

and other is Pratt-Boyer-Moore is used to evaluate the parallel implementations.  

4.7.1.1 Stringsearch in Sequence 

The pattern file and the file in which to search are read into memory. The String search 

operation is performed on based of value of String Operation value.  

 

Procedure Sequential_BasicMath (SO (String Operation), IF (Input File), PF (Pattern File) 

Begin 

1. Perform initialization.  

2. If (SO = PBMH) then Pratt-Boyer-Moore string search. 

3. If (SO = BMH_CS) then Case-sensitive Boyer-Moore-Horspool string 

search. 

1. If (SO=BMH_CIS) then Case-Insensitive Boyer-Moore-Horspool string search. 

2. If (SO = BMH_CISA) Boyer-Moore-Horspool (Case-insensitive with 

accented character translation) string search. 

3. If (Print is true) then show found strings. 

End 

4.7.1.2 Stringsearch in Parallel 

The master worker implementation contains three phases. In first phase, a file containing 

search string and a file containing patterns are read respectively. For load balancing, the 

number of patterns to search is equally divided into available workers. The tasks for each 

worker are generated which are equal to number of workers. In second phase, workers are 

created; each worker is responsible for searching the allocated patterns. The workers search 

the patterns using sequential implementation of string search algorithms; each worker stores 

the results in memory. In third phase, master displays the found or not found strings. 

 

Procedure  

 Parallel_BasicMath (SO (String Operation), W (Workers), IF (Input File), PF (Pattern File) 

Begin 

1. Perform Initialization and devide the tasks into subtasks for ‘W’ 

workers or processors. 

2. Initialize the workers. 

3. Create workers and perform assigned String search operation depends 

on value of SO (PBMH, BMH_CS etc) 

4. Wait for workers to finish their work. 

5. If print is true then show found strings 

End 

4.8 Security 
The security of internet traffic is going very important. Various algorithms in MiBench 

related to data encryption, decryption and hashing are included. To produce digital 

signatures and secure exchange of cryptographic keys, SHA-1 [16] algorithm is used. It is a 

secure hash algorithms which produces a 160-bit message digest for a given input.  

 

4.8.1 SHA-1 
Secure Hash Algorithm (SHA) [83, 84] is one way hash function iterative cryptographic 

algorithm which can process a message to produce a message digest. There are four varieties 

of SHA named SHA-1, SHA-256, SHA-384 and SHA-512. The difference between them is 
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based on number of bits for security which they provide and further difference is in terms of 

the size of the blocks and words of data that are used during Hashing. The operations 

performed on w-bit words (where w is 32 bit for SHA-1 and SHA-256, 64 for SHA-384 and 

SHA-512) in all variants of SHA are as follows: 

 Bitwise logical AND, OR, XOR and NOT word operations. 

 Addition modulo 2
w 

: Z= (X+Y) mod 2
w
 

 Shift right operation SHRn (x), where x is a w-bit word and n is an integer with 0<= 

n<w.  

 The circular right, left operations ROTRn (x) and ROTLn (x) respectively where x is 

a w-bit word and n is an integer with 0<= n<w.  

 

The performance gain that can be achieved using SIMD operations are analyzed in four 

versions of Secure Hashing Algorithm (SHA), named SHA-1, SHA-256, SHA-384 and 

SHA-512 [85]. Various appropriate parts of each algorithm are identified by authors, where 

SIMD instructions can be used. The thread level parallelism and parallel digest calculation of 

two files using MMX register has been discussed. They showed that each SHA algorithm has 

a great potential to boost both its speed and throughput using SIMD Technology. In [86], 

authors have constructed a new hash function SHA-1Q2 based on the hash function SHA-1 

and it s security improvements. That function is 3% faster than SHA-1 and has 16 steps in 

the Message Expansion part and 8 iterative steps. The hardware implementation of SHA-1 

by following pipelined designed approach has been investigated in [87] the authors showed 

that the pipeline architecture is ideal for very faster speed processing.  

4.8.1.1 SHA-1 in Sequence 

The algorithm has two stages: pre processing and hash function computation. The pre 

processing consist of padding a message, setting the initialization values to be used for hash 

computation, and parsing the padded message into a m-bit block where m is 512 for SHA-1. 

The hash function generates a message schedule from the padded message and uses that 

schedule, along with the constants, functions and word operations to iteratively generate a 

series of hash values. The outcome of hash computation is a message digest. The message 

block has 512 bits which are represented as a sequence of sixteen 32-bit words and 

operations are performed on 32 bit words.  

 

Algorithm SHA-1: 

The message M is parsed into 16-word blocks M1, M2... Mn. The processing of each Mi 

involves 80 rounds. The Hj is initialized to some constant values before any of the blocks is 

processed.  

 

Procedure Sequential_SHA-1 

Begin 

1. Divide Mi into 16 words W0, W1... W15 where W0 is the left-most word 

2. For t = 16 to 79 { 

 Wt = ROTL1 (Wt−3 XoR Wt−8 XoR Wt−14 XoR Wt−16) 

           } 

3. Let A = H0,B = H1,C = H2,D = H3,E = H4 

4. For t = 0 to 79 do { 

TEMP = ROTL5 (A) + ft (B, C, D) + E +Wt + Kt 

E = D 

D = C 

C = ROTL30 (B) 

B = A 

A = TEMP 

              } 

5. H0 = H0 + A 

H1 = H1 + B 
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H2 = H2 + C 

H3 = H3 + D 

H4 = H4 + E 

End 

 

The message scheduling is in step 1 and 2 and last two ones are compression functions. The 

message digest is the 160-bit string represented by the five words H0H1H2H3H4; it is 

calculated after processing the last message block.  

4.8.1.2 SHA-1 in Parallel 

The parallel implementation strategy for SHA is comprised of different stages. The first 

stage starts by initializing some parameters like partition the size which shows the number of 

tasks for each worker, and task generation for each worker on base of partition size. In 

second stage, all files data whose digest need to calculated are read into memory by master. 

In third stage and fourth stage initialization and creation of workers is done. The worker 

calculates the digest and writes it to memory location assigned to them. The master waits for 

the workers to finish their work. Finally the master writes the output into separate digest files. 

 

Procedure Parallel_SHA-1 

Begin 

Input: Proc (Sequential or Parallel), W (Workers or processors)                                                                      

Output: Writes the calculated digest by workers into different files 

1. Initialization or calculation of data partition and divide the tasks into 

subtasks for ‘W’ workers or processors. 

2. Reads the files data into memory 

3. Initialize the workers. 

4. Create workers and calculate the digest of files assigned to each 

worker 

5. Wait for workers to finish their work. 

End 

 

 



  50 

CHAPTER 5: EMPIRICAL STUDY 

5.1 Programs Implementation  
The parallel implementations for seven applications that cover four categories are shown 

according to the category: 

 Automation and Industry Control 

 Bitcount 

 SUSAN 

 Basicmath 

 Network 

 Patricia 

 Dijkstra 

 Office 

 Stringsearch 

 Security 

 SHA 

Among them, Bitcount, Dijkstra and Stringsearch involve more than one parallel application 

implemented for different functions or using different strategies. Bitcount consists three 

parallel applications, parallel Bitcnt_1, parallel Bitstring and parallel Bitcnts, that 

implemented bit counting with different strategy. Three parallel applications implemented 

for Dijkstra. One is for all-pairs shortest paths problem. Another two are for solving single-

source shortest paths problem using single queue strategy and multiple queue strategy 

respectively. Stringsearch consists of Pratt-Boyer-Moore, Case-sensitive Boyer-Moore-

Horspool, Case-Insensitive Boyer-Moore-Horspool, and Boyer-Moore-Horspool (Case-

insensitive with accented character translation) implementations. 

 

Source code of sequential versions of these applications download from MiBench library as 

well as the standard output based on x86-linux [6]. For OpenMPBench, all parallel 

applications have been implemented in ANSI C language [45] using POSIX threads [46]. All 

libraries related to implementations are based on GNU standard library [47]. Development 

environment is in UBUNTU 9.04 with 2.6.28-generic Linux kernel, GCC 4.2.4 compiler, 

and Emacs 22.1 editor.  

5.2 Experiment Purpose 
Firstly, the purpose of project is to propose an open-source benchmark, OpenMPBench, for 

multiprocessor based embedded systems.  In the part of qualitative research, we have gone 

deeper into the logic of sequential version of those applications included in OpenMPBench, 

and proposed possible parallelization strategies, which have been implemented. Accordingly 

for quantitative research, the purpose of this empirical study is to obtain the performance of 

OpenMPBench implemented. In detail, the running time, efficiency and overhead of parallel 

applications will be measured and analyzed. In addition to that, the speedup of parallel 

applications over corresponding sequential versions will be calculated and analyzed as well. 

The experiment data is valuable for both developers and potential OpenMPBench user in 

practice. For developers of OpenMPBench, the performance data will validate how well the 

theoretical strategies were implemented and where and even how they need to be improved 

or refined. As to the possible OpenMPBench user, the performance data seems more 

important because the data will be regarded as a standard or yardstick to evaluate the 

performance of products with multiprocessor based embedded systems. The data comparison 

might discover the merits and demerits of target products.  
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5.3 Variables 
OpenMPBench comprises 7 parallel algorithms involving 15 implementations. In addition to 

that, every parallel implementation corresponds to a sequential version. A parallel 

implementation and its sequential version are considered as an experiment object. As we 

mentioned before, those experiment objects cover different performance features for 

multiprocessor, so the type of input data or quantity has to change according to the feature 

the experiment object covers. The effective performance analysis depends on the study of 

how algorithm performance varies with parameters such as problem size, processor count, 

number of input parameters, and length of each parameter. For scalability of OpenMPBench 

and obtaining more detailed performance data, the amount of processors involved in the 

experiment will vary as well. To quantify the performance data we used execution time, 

speedup, efficiency and overhead for every experiment object. Hereto, we conclude the two 

types of variables related to the empirical study: 

 Independent Variables: 

 Input type or size; 

 Amount of processor; 

 Dependent Variables: 

 Execution time; 

 Efficiency; 

 Overhead; 

 Speedup; 

5.4 Experiment Environment 
As we mentioned in background part, embedded system developers have been using general 

purpose processors [23] such as Intel, ARM, IBM Power and AMD instead of 

microcontrollers or DSPs (Digital Signal Processors), the general purpose processor is 

available for the experiment on OpenMPBench. Additionally, since most of embedded 

systems are based on Linux kernel, the experiment environment shipping with operating 

system based on Linux kernel is competent. On the basis of current hardware condition, a 

workstation with 8 processors, shipped with UBUNTU 4.2.4, is selected for experiment 

environment. UBUNTU is a free GNU Linux version that offers all GNU standard library 

and GCC compiler has been installed by default. In conclusion, we consider this experiment 

environment is available to simulate the multiprocessor based on embedded systems.  

5.5 Experiment Design 
All input data are design for both parallel version and sequential version. Execution time, 

efficiency, overhead and speedup will be recorded and plotted 

.  

Bitcount (Bitcnts, Bitcnt_1 and Bitstring)  

For maximizing the feature of bit counting, an input of long type, 2147483647 (31 bits with 

1), is chosen for the three parallel implementations. For Bitcnts, the effect is magnified to 

1125000 times by iterating 1125000 times, every time Bitcnts calculates the bits number of 

same input data. For Bitcnt_1 and Bitstring, we use same strategy to magnify to 2000000 

times and 9200 times effect respectively. The magnification degree is chosen actually 

according to different coding feature, for instance, the selection on magnification degree has 

to consider the boundary of array unit.  The output is in text format.  

SUSAN 

A 2.8 MB PGM picture is used for input. The output picture is also in PGM format. 

Basicmath 

The two data sets are generated to quantify the parallel execution time, one is small and other 

one is large. In small data set, five hundred Mega or in large data set one Giga elements or 

numbers are generated for Integer or Long square root calculation. The offsets of different 

values: 1e-9, 1e-8 and 1e-10 are assigned for Cubic equation, degree to radian and radians to 
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degree data generation respectively whereas in large data set offset values are 1e-10, 1e-9 

and 1e-11 in same order as stated above.  

Patricia 

A text file including 5000 IP addresses is used for input. The output is written into a text file. 

Dijkstra 

For all-pairs shortest paths solution, a text file including a 160×160 adjacency matrix is used 

for input. For single-source shortest paths solution, a text file including 2000×2000 

adjacency matrix is used for input for both multiple queue strategy implementation and 

single queue strategy implementation. The assignment for the two implementations is to 

obtain the single-source shortest paths from vertex 0 to all other vertices. The output is in 

text format. 

Stringsearch 

The two text files one size is 16 MB and other size is 32 MB are used. The five different files 

each separately are containing 1024 number of patterns of length (m):5, 10, 20, 40 and 60 are 

used as keys to search from subjected text files. 

SHA 

The sixteen text files of size (300 to 911 KB) whose digest calculation is required are 

generated. 

5.6 Performance Analysis 

5.6.1 Bitcount 

5.6.1.1 Bitcnts 

In figure 5.1, the experimental execution time, speedup, efficiency and overhead of parallel 

Bitcnts implementation are demonstrated respectively. The red line in first sub figure 

represents the execution time of sequential Bitcnts. The entire performance parameters are 

good, efficiency and overhead perform normally within a linear range. The best performance 

is obtained when using 6 processors. However, the execution time becomes a little bit worse 

irregularly when using 8 processors, which is due to final I/O operations for which one 

thread has to wait all other threads finished and then outputs the result into a text file. In our 

implementation, 8 threads are created for running on 8 processors. The threads waiting time 

will increase along with the increment of number of working processors. When using 8 

threads, the problem is magnified, so we think the performance falling is acceptable. The 

detailed data is in Appendix B. 

 
Figure 5-1 Bitcnts 
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5.6.1.2 Bitcnt_1 

In figure 5.2, the experimental execution time, speedup, efficiency and overhead of parallel 

Bitcnt_1 implementation are demonstrated respectively. The red line in first sub figure 

represents the execution time of sequential Bitcnts. The entire performance parameters are 

good, efficiency and overhead perform normally within a linear range. Like parallel Bitcnts 

implementation, the best performance is obtained when using 6 processors. When using 8 

processors, the execution time grows upwards. The same reason like Bitcnts is due to final 

I/O operations for which one thread has to wait all other threads finished and then outputs 

the result into a text file, so we think the performance falling is acceptable. The detailed data 

is in Appendix B. 

 
Figure 5-2 Bitcnt_1 

 

5.6.1.3 Bitstring 

In figure 5.3, the experimental execution time, speedup, efficiency and overhead of parallel 

Bitstring implementation are demonstrated respectively. The red line in first sub figure 

represents the execution time of sequential Bitstring. The entire performance parameters are 

good, efficiency and overhead perform normally within a linear range. The best performance 

is obtained when using 8 processors. However, we find that, along with the increasing of 

processors from 4 to 8, the increment of speedup is going down. The reason, we presume, is 

threads waiting or the cost of creating and terminating threads being increased when the 

number of threads increases, so we think the degression of speedup is acceptable. The 

detailed data is in Appendix B. 
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Figure 5-3 Bitstring 

5.6.2 SUSAN 
In figure 5.4, the experimental execution time, speedup, efficiency and overhead of parallel 

SUSAN implementation are demonstrated respectively. In this implementation, smoothing, 

detecting edges and detecting corners are called as a unit. Figure 5.4 shows the performance 

of the unit. The red line in first sub figure represents the execution time of this 

implementation. The entire performance parameters are good. Execution time, speedup, 

efficiency and overhead perform normally within a linear range. The best performance is 

obtained when using 8 processors at present. However, the execution time is linearly 

decreasing, so we are sure that the best performance would occur when the number of 

processors approaches to infinity. The detailed data is in Appendix B. 

 
Figure 5-4 SUSAN Smoothing & Edges & Corners 
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In figure 5.5, the experimental execution time, speedup, efficiency and overhead of parallel 

SUSAN smoothing implementation are demonstrated respectively. In this implementation, 

only smoothing functional unit is called. Figure 5.4 shows the performance of the unit. The 

red line in first sub figure represents the execution time of this implementation. The entire 

performance parameters are good. Execution time, speedup, efficiency and overhead perform 

normally within a linear range. The best performance is obtained when using 8 processors at 

present. However, the execution time is linearly decreasing, so we are sure that the best 

performance would occur when the number of processors approaches to infinity. The 

detailed data is in Appendix B. 

 

 
Figure 5-5 SUSAN Smoothing 

 

In figure 5.6, the experimental execution time, speedup, efficiency and overhead of parallel 

SUSAN implementation for detecting edges are demonstrated respectively. In this 

implementation, only edges-detecting functional unit is called. Figure 5.4 shows the 

performance of the unit. The red line in first sub figure represents the execution time of this 

implementation. The entire performance parameters are good. Execution time, speedup, 

efficiency and overhead perform normally within a linear range. The best performance is 

obtained when using 8 processors. However, we find, as the increase of processors, the 

speedup goes downward. The reason, we presume, is threads waiting or the cost of creating 

and terminating threads being increased when the number of threads increases. From 6 to 8 

processors, it is almost a vertical line, which seems that this parallel implementation has 

approached the limit. At the point of using 8 processors, the speedup has reached bottleneck 

even thought we increase the number of working processors. The detailed data is in 

Appendix B. 
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Figure 5-6 SUSAN Edges 

 

In figure 5.7, the experimental execution time, speedup, efficiency and overhead of parallel 

SUSAN implementation for detecting corners are demonstrated respectively. In this 

implementation, only corners-detecting functional unit is called. Figure 5.4 shows the 

performance of the unit. The red line in first sub figure represents the execution time of this 

implementation. The entire performance parameters are good, efficiency and overhead 

perform normally within a linear range. The best performance is obtained when using 6 

processors. The execution time increased that the speedup goes down when using 8 

processors. The reason, we presume, is threads waiting or the cost of creating and 

terminating threads being increased balance increment that more threads can speed up, or the 

parallel implementation has reach the limit at the point of using 6 processors. The detailed 

data is in Appendix B. 

 
Figure 5-7 SUSAN Corners 
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There are 11 option combinations that implements different functions in SUSAN. We only 

list three performance graphs for main functions of SUSAN. The rest are included in 

Appendix A. 

 

5.6.3 Basicmath 
The experimental execution time, speedup, efficiency and overhead of parallel 

implementation of five different basic math operations are showed in Fig 5.8, Fig 5.9, Fig 

5.10, Fig 5.11 and Fig 5.12 respectively. From figures we observed that the different results 

exist due to small and large data sets. The decreasing behavior is observed in execution time 

and linear speedup is achieved in most of cases. We observed that the linear speedup 

behavior is maintained in most of cases for small or large data set sizes. The efficiency 

remains in interval [0.9 to 0.1]. The overhead is negligible but in figure 5.12 we noted that 

the overhead value is negative which shows that speedup tends to increase from linear. The 

application performance scales well in case of large data sets.  

 

 
Figure 5-8 Basic math: Cubic Equations 

 

The possible reasons of these results are: data size is large enough so that the benefit of 

concurrent execution balances the time requires to partition the data and manage separate 

execution threads, the operations are not memory bound where the memory access time 

dominates the processing time. The speedup of more than number of processors is observed 

in some cases which are due to cache effects. The possible reason can be that a certain size 

may be too large to fit into the cache of one processor but half the data does fit into the cache 

of one processor and other half in other processor‘s cache. The other reason is that the 

functions use the in place operations instead of creating new variables. 
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Figure 5-9 Basic Math: Integer Square Root Calculation 

 

 
Figure 5-10 Basic Math: Long Square Root Calculation 
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Figure 5-11 Basic Math: Degree to Radian Conversion 

 

 
Figure 5-12 Basic Math: Radian to Degree 

 
 

5.6.4 Patricia 
In figure 5.13, the experimental execution time, speedup, efficiency and overhead of parallel 

Patricia implementation are demonstrated respectively. The red line in first sub figure 
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represents the execution time of sequential Patricia. The entire performance parameters are 

perfect. Speedup, efficiency and overhead perform normally within a linear range. The best 

performance is obtained when using 8 processors. However, we find that the decrement of 

execution time is small along with the number of processors increased. We mentioned in 

theoretical work part that, only addressing process is possible to parallelize excluding 

structuring tree, but the process of structuring Patricia trie is a time-cost work, so only 

parallelizing addressing process can not make execution time decreased dramatically. 

However, the decreasing trend of execution time is very stable, so we are sure that the best 

performance would occur when the number of processors approaches to infinity. The 

detailed data is in Appendix B 

 
Figure 5-13  Patricia 

5.6.5 Dijkstra 

5.6.5.1 All-pairs Shortest Paths Solution 

In figure 5.14, the experimental execution time, speedup, efficiency and overhead of parallel 

Dijkstra implementation for all-pairs shortest paths problem are demonstrated respectively. 

The red line in first sub figure represents the execution time of this implementation. The 

entire performance parameters are good. Execution time, speedup, efficiency and overhead 

perform normally within a linear range. The best performance is obtained when using 8 

processors at present. However, the execution time is linearly decreasing, so we are sure that 

the best performance would occur when the number of processors approaches to infinity. 

The detailed data is in Appendix B 
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Figure 5-14 Dijkstra for All-pairs Shortest Paths 

5.6.5.2 Single-source Shortest Paths Solution 

In figure 5.15, the experimental execution time, speedup, efficiency and overhead of parallel 

Dijkstra implementation for single-source shortest paths problem using single queue strategy 

are demonstrated respectively. The red line in first sub figure represents the execution time 

of this implementation. The entire performance parameters are good. Execution time, 

speedup, efficiency and overhead perform normally within a linear range. The best 

performance is obtained when using 8 processors at present. However, the execution time is 

linearly decreasing, so we are sure that the best performance would occur when the number 

of processors approaches to infinity. The detailed data is in Appendix B. 

 
Figure 5-15  Dijkstra for Single-source Shortest Paths with Single Queue 
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In figure 5.16, the execution time, speedup, efficiency and overhead of parallel Dijkstra 

implementation for single-source shortest paths problem using multiple queue strategy are 

demonstrated respectively. The red line in first sub figure represents the execution time of 

this implementation. The entire performance parameters are good. Execution time, speedup, 

efficiency and overhead perform normally within a linear range. The best performance is 

obtained when using 8 processors at present. However, we find that, along with the 

increasing of processors from 4 to 8, the increment of speedup is going down. The reason is 

that, we mentioned in theoretical work part that multiple queue strategy introduces lots of 

locks for l[v] elements, so more and more threads introduce increasingly more threads 

contention and waiting. Current situation analysis, when the number of threads is more than 

4, the threads contention becomes standout that affects the speedup increment. However, 

even though the increment of speedup is small, the execution time is linearly decreasing 

anyway, so we are sure that the best performance would occur when the number of 

processors approaches to infinity. The detailed data is in Appendix B. 

 
Figure 5-16  Dijkstra for Single-source Shortest Paths with Multiple Queue 

 

Parallel Dijkstra can be implemented using either single queue strategy or multiple queue 

strategy. As we mentioned in last chapter, the multiple queue strategy implementations do 

not certainly remain this performance advantage over the implementations of single queue 

strategy in parallel Dijkstra implementation based on shared address space. There are two 

reasons. First, the multiple queue strategy was better than single queue strategy for some 

shortest paths algorithms when multiple queue strategy uses randomly assigned data in each 

queue. However, in Dijkstra algorithm, the multiple queues would have been used with 

spatially assigned data (as the partitions are spatially assigned with 1-D mapping). The other 

is that the memory address of l[v] elements may be locked unnecessary while other 

processors are waiting to read the value of the same element [44]. In Dijkstra, it needs update 

all possible l[v] every time so that the data writing is very frequent, which could cause 

locking some l[v] elements every time when obtaining a minimum value. Too many locks on 

l[v] elements may result in time wasting. Compared with figure 5.15 and 5.16, we can find 

that the performance of parallel implementation with different strategy is almost same.  
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5.6.6 Stringsearch 
Fig 5.17, Fig 5.18, Fig 5.19 and Fig 5.20 demonstrate the experimental execution time, 

speedup, efficiency and overhead of parallel implementations respectively. We observe that 

the execution time, speedup, efficiency and overhead which are plotted in Fig 5.17, Fig 5.18, 

Fig 5.19 and Fig 5.20  respectively are a result of five pattern lengths (m=5, 10, 20, 40 and 

60). From figures we observe that different pattern lengths lead to different performances. 

The worst performance is obtained for m=60 where parallel solution and sequential one 

becomes equal or cost optimal because the sequential solution becomes faster as the pattern 

length increases in other words pattern length and execution time are inversely proportional. 

Lengthy patterns leads to large skip of characters in case of any mismatch in string [81].  The 

better performance is obtained in case of pattern length m=5 because inner computation 

increases and parallel solution give better results than sequential one.  

 
Figure 5-17 Experimental execution times of parallel implementation of four string 

searching methods 
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Figure 5-18  Speedup of parallel implementation of four string searching methods 

with respect to the number of workers 
 

 
Figure 5-19  Efficiency of parallel implementation of four string searching methods 

with respect to the number of workers 



  65 

 
Figure 5-20 Overhead of parallel implementation of four string searching methods 

with respect to the number of workers. 
 

5.6.6.1 Scalability Issue 

To analyze the scalability of parallel implementation we setup the experiment in the 

following way: We simply double the old text size which was 16 Mb and the new text 

collection is around 32 MB. The results from these experiments are depicted in Fig 21, Fig 

22, Fig 23 and Fig 24 respectively. The results show that the parallel implementation still 

scales well though the problem size has been increased two times (i.e., doubling text size). 

The execution time similarly decreases as in case of original text size, when the number of 

workstations has been added to eight. The speedup factor also increases when the number of 

workstation increases. Similarly efficiency decreases and overhead increases.  But in case of 

pattern length m= 60 same results are obtained as in case of original text size, cost optimality 

is achieved, efficiency tends to equal to zero and overhead becomes constant. 
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Figure 5-21 Execution Time of parallel implementation of four string searching 

methods with respect to the number of workers 

 

 
Figure 5-22 Speedup of parallel implementation of four string searching methods 

with respect to the number of workers 
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Figure 5-23  Efficiency of parallel implementation of four string searching methods 

with respect to the number of workers 
 

 
Figure 5-24 Overhead of parallel implementation of four string searching methods 

with respect to the number of workers 
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5.6.7 SHA-1 
The experimental execution time, speedup, efficiency and overhead are shown in Fig 25. 

From figure, we observe that in case of two workers the parallel execution time is less than 

the sequential time, we see that as workers increases to 4, 6 and 8 , the parallel time tends to 

equal to sequential one in others words two algorithms tends to be cost optimal. The speedup 

and efficiency tends to decrease as workers increases and overhead increases.  The possible 

reasons can be that load imbalance in form of different size of files, when number of workers 

is less, distribution of work balance the load. When number of workers increases then load 

imbalance increases. The workers have to wait for other workers to finish their work which 

contributes in parallel execution time. The effect is observed in speedup, efficiency and 

overhead 

 
Figure 5-25 Performance of parallel implementation of SHA with respect to the 

number of workers 
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CHAPTER 6: VALIDITY THREATS 
 

The validity of results obtained through experiment can be confronted with possible threats 

which can occur during experiment design, operation and after completion. The purpose of 

this section is to discuss the possible threats faced by authors during experimentation process. 

In literature, various frameworks have been proposed for validity evaluation of results, but in 

this study, the authors used the proposed framework of Wohlin [57]. 

 

Internal validity of experiment deals with issues faced by independent variables without 

researcher‘s knowledge [57]. One threat is: input size is too small and other threat is: results 

are not drawn for variable number of processors. The aforesaid threats are lessened by using 

reasonably large data set, text files etc. The parallel time is measured by using different 

number of processors, to see the trends and tendency in results.   

 

The generalization of experiment results to industrial practice is deal by external validity 

framework [57].  The usage of development language and thread API is possible threat. The 

alleviation of this threat is done by using ANCI C language and POSIX standard library. The 

applications which programmed using standard C language can be complied by GNU 

Compiler collection. Although the UNIX POSIX systems use Pthread library commonly for 

thread manipulation but for Windows 32-bit platform, Pthread-w32 is also available. 

 

Conclusion validity concerns about problems that may affect correct correlation of 

treatments and outcomes [57]. One threat is reliability of the measures and other threat is 

related to data generation strategy for testing the logic. The first threat is lessened by using 

standard ‗time‘ command of LINUX to calculate the execution time of program. To alleviate 

other threat, we generated data sets by using random strategy and further for scalability 

analysis data set size of double of original one is used, to check whether solution is scalable 

or not. 
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CHAPTER 7: CONCLUSION 
 

The Parallel Bitstring algorithm has been implemented by using recursive and data 

decomposition. Dividing tasks as well as partitioning input data are for parallel computing 

on every processor. The best performance of parallel Bitcnt_1 and Bitstring are both 

obtained when using 6 processors. When using 8 processors, the execution time grows. The 

same reason is due to final I/O operations for which one thread has to wait all other threads 

until each work finished and then outputs the result into a text file, so we think the 

performance falling is acceptable.  The rest sub-algorithms are invoked as a unit by parallel 

Bitcnts. In which, data decomposition strategy is preferably used. The speedup of parallel 

Bitcnts would be increasing as the number of processor increases. The best performance 

would occur when the number of processors approaches to infinity 

 

In SUSAN, we observed that 11 functions that can be parallelized separately. The speedup 

would be increasing as the number of processor increases. The best performance would 

occur when the number of processors approaches to infinity. 

 

Parallel Basicmath operations are based on input data partition strategy. We achieved better 

results through static load balancing strategy for different data sets. We observed the 

relationship of data size with performance, as data set size increases, application 

performance scales well. The linear speedup is achieved and in some cases speedup is more 

than number of processors 

             

Parallel Patricia algorithm uses the data decomposition strategy to partition the input data. 

Each processor involved addressing for a sub-set of input data. The speedup would be 

increasing as the number of processor increases. The best performance would occur when 

the number of processors approaches to infinity. 

 

Dijkstra algorithm has been parallelized by using two strategies, one using single-queue 

strategy and the other with multiple queue strategy. In single-queue-strategy implementation, 

all processors share a queue. In multiple-queue-strategy implementation, each processor 

maintains a local queue. The experiment has proven that the implementations using single-

queue and multiple queue strategy perform similarly. As to all-pairs shortest paths problem, 

parallel Dijkstra typically uses data decomposition strategy in a way like one processor 

handles one vertex to get its single-source shortest paths. Recursive decomposition strategy 

is also applied in there. All-pairs shortest paths are composed of the single-source shortest 

paths of all vertices. The speedup would be increasing as the number of processor increases. 

The best performance would be obtained when the number of processors approaches to 

infinity 

 

Parallel string search has been implemented by distributed different patterns among 

processors. We have observed that our parallelization strategy using static load balancing 

produces a better performance in terms of execution time, speedup, efficiency and overhead 

than sequential one. Specially, for one case we achieved cost optimal result for m=60.  We 

also found from our experiment that our approach scale well though we increase our problem 

size two times. 

 

The parallelization of SHA is based on input data partition where each processor calculates 

the digest of separate file. We observed that although the numbers of files are equally 

distributed among workers for load balancing purpose but files of different size also 

contributes to load unbalancing. The effects are observed in execution time, speedup, 

efficiency and overhead. We conclude that in this case the workers and execution time are 

directly proportional. 
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OpenMPBench is a new and open-source benchmark for multiprocessor based embedded 

system. It comprises a set of parallel implementations for seven classical algorithms that 

cover different computing features of general-purpose processor. The performance data 

including tables and figures is provided for guiding the potential users to evaluate the design 

of multiprocessor based embedded system.   
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FUTURE WORK 
 

The target of developing OpenMPBench is to found the first open source benchmark for 

multiprocessor based embedded systems.  Embedded system is a broad domain, in which a 

variety of system kernel is used, different hardware norms are proposed by venders. All 

these cause a difficulty to create a benchmark that can completely cover all embedded 

systems.  At present, OpenMPBench merely covers four categories in embedded domain. 

Furthermore, algorithms in each category are limited to completely cover all computing 

features. Much more work is needed to cover more categories like Consumer category and 

Telecomm category, and for each category, the more parallel applications are desired to 

fulfill more computing features.  

 

Another weakness of current OpenMPBench is in performance data. The current experiment 

environment we are using is set up with 8 processors. We can not obtain more experiment 

data by keeping track of more processors. In addition to that, we do not have enough 

hardware condition to test OpenMPBench on different system platform. In a sense, these all 

limit the collection of OpenMPBench performance data and doing further analysis. 

 

All these, it‘s not just a master thesis could work out. That is the reason we make 

OpenMPBench as an open-source project. We hope to attract more people who are interested 

in both benchmarking and parallel computing to join in the OpenMPBench project. 

 

Both source code and documents can be accessed through 

http://code.google.com/p/multiprocessor-benchmark/ 

http://code.google.com/p/multiprocessor-benchmark/


  73 

REFERENCES 
 

[1] J.L. Hennessy and D.A. Patterson, Computer Architecture: A Quantitative Approach, 

Morgan Kaufmann, San Francisco, CA, 1996. 

 

[2] R. Weicker and S. Nixdorf. Dhrystone, CACM, vol. 27, num. 10, Oct 1984. 

 

[3] J.J. Dongarra, J.R. Bunch, C.B. Moler and G.W. Stewart. LINPACK Users Guide, 

SIAM Pub, Philadelphia, PA, 1979. 

 

[4] H.J. Curnow and B.A. Wichmann. A Synthetic Benchmark, The Computer Journal, 

vol. 19, num. 1, 1976. 

 

[5] C. Lee, M. Potkonjak and H. Mangione-Smith. MediaBench: A Tool for Evaluating 

and Synthesizing Multimedia and Communications Systems, Micro-30, Nov 1997. 

 

[6] Matthew R. Guthaus, Jeffrey S. Ringenberg, Dan Ernst, Todd M. Austin, Trevor 

Mudge, Richard B. Brown, ―MiBench: A free, commercially representative 

embedded benchmark suite‖, IEEE 4
th
 Annual Workshop on Workload 

Characterization, Austin, TX, Dec 2001, available from 

http://www.eecs.umich.edu/mibench/  [Accessed 20
th
 Sep 2009]. 

 

[7] Price, W.J. A Benchmark Tutorial. IEEE Micro 9,5, 28-43, Sep 1989. 

 

[8] Molloy, M. K. Anatomy of the NHFSSTONES benchmarks. ACM SIGMENTRICS 

Perform Evaluation Review. 19, 4, 28-39, May 1992. 

 

[9]  Weicker, R. P. An Overview of Common Benchmarks. ACM Computer 23, 12, 65-

75, Dec 1990. 

 

[10] AMD Benchmark Procurement Guidelines for Government PC Buyers Q1, 2006 

Edition, available from  http://www.amd.com/us-

en/assets/content_type/DownloadableAssets/Benchmark_Procurement_Guidelines_f

or_Government_PC_Buyers.pdf [Accessed 19
th
 Oct 2009] 

 

[11] Mashey, J. R. War of the benchmark means: time for a truce. ACM SIGARCH 

Comput. Archit. News 32, 4, 1-14, Sep 2004. 

 

[12] Tom‘s Hardware. 3D Benchmarking – Understanding Frame Rate Scores, available 

from http://www.tomshardware.com/2000/07/04/3d_benchmarking_/index.html 

[Accessed 19
th
 Oct 2009]. 

 

[13] Ihsin T. Phillips, Atul K. Chhabra, "Empirical Performance Evaluation of Graphics 

Recognition Systems," IEEE Transactions on Pattern Analysis and Machine 

Intelligence, vol. 21, no. 9, pp. 849-870, Sept. 1999. 

 

[14] Memik, G., Mangione-Smith, W. H., and Hu, W. 2001. NetBench: a benchmarking 

suite for network processors. In Proceedings of the 2001 IEEE/ACM international 

Conference on Computer-Aided Design (San Jose, California). International 

Conference on Computer Aided Design. IEEE Press, Piscataway, NJ, 39-42, Nov 

2001. 

 

[15]  B. Case. SPEC2000 Retries SPEC92, The Microprocessor Report, vol. 9, 1995. 

http://www.amd.com/us-en/assets/content_type/DownloadableAssets/Benchmark_Procurement_Guidelines_for_Government_PC_Buyers.pdf
http://www.amd.com/us-en/assets/content_type/DownloadableAssets/Benchmark_Procurement_Guidelines_for_Government_PC_Buyers.pdf
http://www.amd.com/us-en/assets/content_type/DownloadableAssets/Benchmark_Procurement_Guidelines_for_Government_PC_Buyers.pdf
http://www.tomshardware.com/2000/07/04/3d_benchmarking_/index.html


  74 

 

[16] L. Eggermont, Ed., ―Embedded Systems Roadmap‖, STW Technology Foundation, 

2002, available from http://www.stw.nl/Programmas/Progress/ESroadmap.htm, 

[Accessed 28
th
 Oct 2009] 

 

[17] J. M. Borkenhagen, R. J. Eickemeyer, R. N. Kalla, and S. R. Kunkel, ―A 

multithreaded PowerPC processor for commercial servers,‖ IBM Journal of 

Research and Development, vol. 44, no. 6, pp. 885–898, 2000. 

 

[18] S. Storino, A. Aipperspach, and J. Borkenhagen, et al., ―Commercial multi-threaded 

RISC processor,‖ in Proceedings of the IEEE 45th International Solid-State Circuits 

Conference, Digest of Technical Papers (ISSCC '98), pp. 234–235, San Francisco, 

Calif, USA, Feb 1998. 

 

[19] J. M. Tendler, J. S. Dodson, J. S. Fields Jr., H. Le, and B. Sinharoy, ―POWER4 

system microarchitecture,‖ IBM Journal of Research and Development, vol. 46, no. 

1, pp. 5–25, 2002. 

 

[20] Intel Corp.,  ―Intel Pentium D Processor 900 sequence and Intel Pentium Processor 

Extreme Edition 955, 965 datasheet,‖  2006, available from 

ftp://download.intel.com/design/PentiumXE/datashts/31030607.pdf [Accessed 21
th
 

Oct 2009] 

 

[21] Advanced Micro Devices,  ―AMD OpteronTM Processor Product Data Sheet,‖  2006, 

available from 

http://www.amd.com/usen/assets/content_type/white_papers_and_tech_docs/23932.

pdf [Accessed 21
th
 Oct 2009] 

 

[22] McKenney, ―SMP and embedded real-time,‖ Linux Journal, vol. 2007, no. 153, p. 1, 

2007, available from  http://www.linuxjournal.com/article/9361 [Accessed 23
th
 Oct 

2009] 

 

[23] Fittes, ‖ Using Multicore Processors in Embedded Systems‖,  Warwick University 

Science Park, Oct 2009, available from 

http://www.hitex.com/fileadmin/pdf/news/articles/multicore-processors-in-

embedded-systems.pdf [Accessed 25
th
 Nov 2009] 

 

[24] A. Landin and F. Dahlgren, Bus-Based COMA-Reducing Traffic in Shared-Bus 

Multiprocessors, in Proc. 2
nd

  International Symposium on High-Performance 

Computer Architecture, pp. 85-105, San Jose, CA, Feb 1996. 

 

[25] Hagersten, E., Landin, A., and Haridi, S. ―DDM – A Cache-Only Memory 

Architecture‖, IEEE Computer Maganize, pp 44-54, Sep 1992. 

 

[26] Andrew S. Tanenbaum, Modern Operating Systems, Prentic-Hall, Inc., Upper 

Saddle River, NJ, 2001. 

 

[27] M. J. Flynn, ―Very high-speed computing systems‖ Proc. IEEE, vol. 54, pp. 1901-

1909, Dec 1966. 

 

[28] Sundararjan Sriram and Shuvra S. Bhattacharyya, ―Embedded Multiprocessors 

Scheduling and Synchronization‖, Marcel Dekker, Inc. 2000. 

 

[29] Hansson, A., Akesson, B., and Van Meerbergen, J., Multi-processor programming in 

the embedded system curriculum, SIGBED Rev. 6,1, 1-9, Jan 2009. 

http://www.stw.nl/Programmas/Progress/ESroadmap.htm
ftp://download.intel.com/design/PentiumXE/datashts/31030607.pdf
http://www.amd.com/usen/assets/content_type/white_papers_and_tech_docs/23932.pdf
http://www.amd.com/usen/assets/content_type/white_papers_and_tech_docs/23932.pdf
http://www.linuxjournal.com/article/9361
http://www.hitex.com/fileadmin/pdf/news/articles/multicore-processors-in-embedded-systems.pdf
http://www.hitex.com/fileadmin/pdf/news/articles/multicore-processors-in-embedded-systems.pdf


  75 

 

[30] Wielemaker J., Native Preemptive Threads in SWI-Prolog, in Catuscia Palamidessi 

(ed.) Practical Aspects of Declarative Languages, Springer Verlag, Berlin, Germany, 

331-345, 2003. 

 

[31] M. Haines, P. Mehrotra, and D. Cronk. Ropes: Support for collective operations 

among distributed threads. Technical Report 95-36, CiteSeerX, Institute for 

Computer Application in Science and Engineering, 1995. 

 

[32] K. Asanovic et al., The Landscape of Parallel Computing Research: A View from 

Berkeley, tech. report UCB/EECS-2006-183, Dept. Electrical Eng. and Computer 

Science, Univ. of Calif., Berkeley, 2006. 

 

[33] Tjaden, G. S. and Flynn, M. J., Detection and Parallel Execution of Independent 

Instructions, IEEE Trans, Comput, 889-895, Oct 1970. 

 

[34] Ananth Grama, George Karypis, Vipin Kumar and Anshl Gupta, ―Introduction to 

Parallel Computing ‖ 2
nd

 ed., Addison Wesley, Jan 2003; 

 

[35] Ashwini Nanda, Yiming Hu, Moriyoshi Ohara, Caroline D. benveniste, Mark E. 

Giampapa, and Maged Michael., The Design of COMPASS: An Execution Driven 

Simulator for Commercial Applications Running on Shared Memory 

Multiprocessors, in proceedings of the 12
th
 International Parallel Processing 

Symposium, Mar 1998.  

 

[36] W. Richard Stevens and Stephen A. Rago, Advanced Programming in the Unix 

Environment, 2
nd

 ed., Addison Wesley, 2005. 

 

[37] Blaise Barney, Introduction to Parallel Computing [on-line], Livermore Computing, 

2006, available from https://computing.llnl.gov/tutorials/parallel_comp/ [Accessed 

9
th
 Dec 2009]. 

 

[38] R. Thakur, W. Gropp, E. Lusk, "An Abstract-Device Interface for Implementing 

Portable Parallel-I/O Interfaces," frontiers, pp.180, 6th Symposium on the Frontiers 

of Massively Parallel Computation, 1996. 

 

[39] Rajeev Thakur, William Gropp, Ewing Lusk, "Data Sieving and Collective I/O in 

ROMIO," frontiers, pp.182, The 7th Symposium on the Frontiers of Massively 

Parallel Computation, 1999. 

 

[40] D. R. Morrision, ―PATRICIA-Practical algorithm to retrieve information coded in 

Alphanumeric‖, JACM vol 15, no.4, pp 514-34, Oct 1968. 

 

[41] Lampson, B., Srinivasan, V., and Varghese, G., IP lookups using multiway and 

multicolumn search, IEEE/ACM Trans, Netw. 7, 3 , 324-334, Jun 1999. 

 

[42] Cormen, Thomas H., Leiserson, Charles E., Rivest, Ronald L. and Stein, Clifford, 

―Introduction to Algorithms (Second Edition)‖, MIT Press and McGraw-Hill, 2001. 

 

[43] D. P. Bertsekas, F. Guerriero, and R. Musmanno. Parallel asynchronous label-

correcting methods for shortest paths. J. Optim. Theory Appl., 88(2):297–320, 1996. 

 

[44] Stephen M. Smith and J. Michael Brady, SUSAN – A New Approach to Low Level 

Image Processing, International Journal of Computer Vision, 23(1):45-78, 1997. 

 

https://computing.llnl.gov/tutorials/parallel_comp/


  76 

[45] B.W. Kernighan, D.M. Ritchie, The C Programming Language, 2nd ed., Prentice-

Hall, Englewood Cliffs, NJ, 1988. 

 

[46] David R. Butenhof, Programming with POSIX Threads, Addison-Weskey, 1997. 

 

[47] Galassi, M. and Theiler, J., The GNU Standard Library, 1996, available from 

http://www.gnu.org/software/gsl/gsl.html [Accessed 9
th
 Dec 2009]. 

 

[48] C. Torres-Huitzil, M. Arias-Estrada, "An FPGA Architecture for High Speed Edge 

and Corner Detection," camp, pp.112, Fifth IEEE International Workshop on 

Computer Architectures for Machine Perception (CAMP'00), 2000. 

 

[49] Roberto Rojas-Cessa, Laksmi Ramesh, Ziqian Dong, Brian D‘Alessandro and 

Nirwan Ansari, ―Implementation of A Parallel-Search Trie-Based Scheme For Fast 

IP Lookup‖, Proceedings of the IASTED International Conference Communication 

Systems, Networks, and Application, Beijing, China, Oct 2007. 

 

[50] V. Srinivasan and G. Varghese, ―Faster IP lookups using controlled prefix 

expansion‖, ACM Trans. Comput. Syst., PP 1-40, Feb 1999. 

 

[51] P Kirschenhofer, H Prodinger and W Szpankowski, ―Do we Really Need to Balance 

Patricia Trees‖, Proc. ICALP, Citeseer, 1988. 

 

[52] R. F. Jones Jr. and E. E. Swartzlander, Jo., ―Parallel counter implementation‖, J. 

VLSI Signal Processing, PP. 223-232, 1994. 

 

[53] Ahmad Lotfi and Jonathon M. Garibaldi, ―Applications and Science in Soft 

Computing‖, Series: Advances in Intelligent and Soft Computing, Vol 24, Springer, 

Mar 2004. 

 

[54]  Berkovich, S., Lapir, G. M., and Mack, M. A bit-counting algorithm using the 

frequency division principle. Softw. Pract. Exper. 30,pp 1531-1540, Nov 2000  

 

[55] Creswell, J. Research Design Qualitative, Quantitative and Mixed Method 

Approaches. Sage Publications Ltd., 2002. 

 

[56] Robson, C. Real world research, second ed. Blackwell publishing, 2002 

 

[57] Wohlin, C., Runeson, P., Höst, M., Ohlsson, M., Regnell, B., And Wesslen,  A. 

Experimentation in software engineering, first ed. The Kluwer international series in 

software engineering. Kluwer Academic Publishers, 2000. 

 

[58] Pfleeger, S. L. and Kitchenham, B. A. 2001. Principles of survey research: part 1: 

turning lemons into lemonade. SIGSOFT Softw. Eng. Notes 26, 6, pp. 16-18, Nov. 

2001,. 

 

[59] Juristo, N., And Moreno, A. M. Basics of Software Engineering Experimentation, 

second ed. Kluwer Academic Publishers, 2001. 

 

[60] H., Liska, R., Robidoux, N. and Steinberg, S., Elimination of variables in parallel. 

SIAM News 33 8, pp. 1, 12–13, 2000. 

 

[61] Sorgatz, A. and Wehmeier, S., Towards high performance symbolic computing: 

using MuPAD as aproblem solving environment. Math. Comput. Simul., 49, 235-

246, 1999. 

http://www.gnu.org/software/gsl/gsl.html


  77 

 

[62] Hong, H., Neubacher, A. and Schreiner, W., The design of the SACLIB/PACLIB 

kernels. J. Symb.Comput., 19, pp. 111-132, 1995. 

 

[63] Zima, E.V., "Fast parallel computation of the polynomial shift," Parallel Processing 

Symposium, 1997. Proceedings., 11th International , vol., no., pp.402-406, 1-5 Apr 

1997. 

 

[64]  Hyafil, K.: On the Parallel Evaluation of Multivariate Polynomials, Proc., 10th 

ACM Symposium on Theory of Computing, pp. 193-195, 1978 

 

[65] J.-M. Muller, Elementary Functions: Algorithms and Implementation, Birkh äuser, 
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APPENDIX A 
 

 
Figure A-1 SUSAN Thin Edges 

 
Figure A-2 SUSAN Edges in Principle 
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Figure A-3 SUSAN Edges in 3×3 Mask 

 

 
Figure A-4 SUSAN Corners in Principle 
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Figure A-5 SUSAN Quick Corners 

 

 
Figure A-6 SUSAN Thin Edges in 3×3 mask 
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Figure A-7 SUSAN Small-Principle Edges in 3×3 Mask 
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APPENDIX B 
 

Patricia(IP=5000) 
Sequential Time 0,32    

Number of Workers Speedup Execution Time Efficiency Overhead 

2 1,37 0,23 0,69 0,15 

4 1,57 0,20 0,39 0,50 

6 1,78 0,18 0,30 0,76 

8 1,63 0,20 0,20 1,25 

Table 1 Patricia(IP=5000) 
 

 

Dijkstra (All-pair, N=160) 

Sequential Time 13,58    

Number of Workers Speedup Execution Time Efficiency Overhead 

2 3,27 4,15 1,64 -5,28 

4 5,66 2,40 1,42 -3,99 

6 6,84 1,99 1,14 -1,67 

8 7,62 1,78 0,95 0,68 

Table 2 Dijkstra (All-pair, N=160) 
 

 

Dijkstra(Single queue, nodes=2000) 

Sequential Time 1,145    

Number of Workers Speedup Execution Time Efficiency Overhead 

2 1,18 0,97 0,59 0,79 

4 1,19 0,96 0,30 2,70 

6 1,20 0,95 0,20 4,58 

8 1,21 0,95 0,15 6,46 

Table 3 Dijkstra (Single queue, nodes=2000) 
 

 

Dijkstra(Multiple queue, nodes=2000) 

Sequential Time 1,145    

Number of Workers Speedup Execution Time Efficiency Overhead 

2 1,07 1,07 0,54 0,99 

4 1,18 0,97 0,30 2,73 

6 1,19 0,96 0,20 4,63 

8 1,21 0,95 0,15 6,46 

Table 4 Dijkstra (Multiple queue, nodes=2000) 
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Bitcnts (Iteration=1125000) 

Sequential Time 0,123    

Number of Workers Speedup Execution Time Efficiency Overhead 

2 1,92 0,06 0,96 0,00 

4 2,20 0,06 0,55 0,10 

6 2,28 0,05 0,38 0,20 

8 2,09 0,06 0,26 0,35 

Table 5 Bitcnts (Iteration=1125000) 
 

 

 

Bitcnt_1(Iteration=2000000) 

Sequential Time 0,091    

Number of Workers Speedup Execution Time Efficiency Overhead 

2 1,23 0,07 0,62 0,06 

4 1,34 0,07 0,33 0,18 

6 1,40 0,07 0,23 0,30 

8 1,34 0,07 0,17 0,45 

Table 6 Bitcnt_1(Iteration=2000000) 
 

 

 

Bitstring (Using source-partitioned formulation, Iteration=9200) 

Sequential Time 0,389    

Number of Workers Speedup Execution Time Efficiency Overhead 

2 1,13 0,34 0,57 0,30 

4 1,22 0,32 0,30 0,89 

6 1,23 0,32 0,21 1,51 

8 1,24 0,31 0,15 2,12 

Table 7 Bitstring (Using source-partitioned formulation, Iteration=9200) 
 

 

 

Susan: Smoothing-s 

Sequential Time 2,966    

Number of Workers Speedup Execution Time Efficiency Overhead 

2 1,98 1,50 0,99 0,03 

4 3,82 0,78 0,96 0,14 

6 5,63 0,53 0,94 0,20 

8 7,13 0,42 0,89 0,36 

Table 8 Susan: Smoothing-s 
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Susan: Edge-e 

Sequential Time 2,018    

Number of Workers Speedup Execution Time Efficiency Overhead 

2 1,91 1,06 0,96 0,09 

4 3,09 0,65 0,77 0,59 

6 3,36 0,60 0,56 1,59 

8 3,39 0,60 0,42 2,75 

Table 9 Susan: Edge-e 
 

Susan: Corner -c 

Sequential Time 0,29    

Number of Workers Speedup Execution Time Efficiency Overhead 

2 1,69 0,17 0,84 0,05 

4 2,16 0,13 0,54 0,25 

6 2,23 0,13 0,37 0,49 

8 1,81 0,16 0,23 0,99 

Table 10 Susan: Corner -c 
 

Susan: Edge -e -n 

Sequential Time 0,595    

Number of Workers Speedup Execution Time Efficiency Overhead 

2 1,77 0,34 0,89 0,08 

4 2,71 0,22 0,68 0,28 

6 2,81 0,21 0,47 0,68 

8 2,78 0,21 0,35 1,12 

Table 11 Susan: Edge -e -n 
 

Susan: Edge -e -p 

Sequential Time 0,237    

Number of Workers Speedup Execution Time Efficiency Overhead 

2 1,56 0,15 0,78 0,07 

4 1,88 0,13 0,47 0,27 

6 1,76 0,13 0,29 0,57 

8 1,57 0,15 0,20 0,97 

Table 12 Susan: Edge -e -p 
 

Susan: Edge -e -3 

Sequential Time 1,932    

Number of Workers Speedup Execution Time Efficiency Overhead 

2 1,89 1,02 0,95 0,11 

4 2,86 0,68 0,71 0,77 

6 3,65 0,53 0,61 1,25 

8 3,46 0,56 0,43 2,53 

Table 13 Susan: Edge -e -3 
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Susan: Corner -c -p 

Sequential Time 0,24    

Number of Workers Speedup Execution Time Efficiency Overhead 

2 1,56 0,15 0,78 0,07 

4 1,61 0,15 0,40 0,36 

6 1,67 0,14 0,28 0,62 

8 1,70 0,14 0,21 0,89 

Table 14 Susan: Corner -c -p 
 

 

Susan: Corner -c -q 

Sequential Time 0,221    

Number of Workers Speedup Execution Time Efficiency Overhead 

2 1,55 0,14 0,77 0,07 

4 1,58 0,14 0,39 0,34 

6 1,63 0,14 0,27 0,60 

8 1,64 0,14 0,20 0,86 

Table 15 Susan: Corner -c -q 
 

Susan: Edge -e -p -3 

Sequential Time 0,084    

Number of Workers Speedup Execution Time Efficiency Overhead 

2 0,99 0,09 0,49 0,09 

4 0,97 0,09 0,24 0,26 

6 0,88 0,10 0,15 0,49 

8 0,85 0,10 0,11 0,71 

Table 16 Susan: Edge -e -p -3 
 

Susan: Edge-e -3 -n 

Sequential Time 0,245    

Number of Workers Speedup Execution Time Efficiency Overhead 

2 1,51 0,16 0,76 0,08 

4 1,86 0,13 0,46 0,28 

6 1,87 0,13 0,31 0,54 

8 1,91 0,13 0,24 0,78 

Table 17 Susan: Edge-e -3 -n 
 

 

SOLVE CUBIC EQUATIONS 

Small Dataset 

Processors Parallel Time (Sec) Speedup Efficiency Overhead 

1 30.09 1.00 1.00 0.00 

2 15.06 2.00 1.00 0.04 
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3 10.07 2.99 1.00 0.11 

4 7.56 2.00 0.50 0.16 

5 6.08 2.99 0.60 0.30 

6 5.10 5.90 0.98 0.49 

7 4.71 6.39 0.91 2.88 

8 3.84 7.85 0.98 0.59 

 

Large Dataset 

1 481.42 1.00 1.00 0.00 

2 240.71 2.00 1.00 0.00 

3 160.49 3.00 1.00 0.04 

4 120.40 2.00 0.50 0.19 

5 96.38 3.00 0.60 0.46 

6 80.33 5.99 1.00 0.56 

7 68.86 6.99 1.00 0.58 

8 60.32 7.98 1.00 1.16 

Table 18 SOLVE CUBIC EQUATIONS 
 

INTEGER SQR ROOTS 

Small Dataset 

Processors Parallel Time (Sec) Speedup Efficiency Overhead 

1 90.30 1.00 1.00 0.00 

2 45.45 1.99 0.99 0.60 

3 30.60 2.95 0.98 1.49 

4 23.12 1.99 0.50 2.18 

5 18.69 2.95 0.59 3.13 

6 15.64 5.78 0.96 3.51 

7 13.40 6.74 0.96 3.53 

8 11.69 7.72 0.97 3.24 

Large  Dataset 

1 181.35 1.00 1.00 0.00 

2 92.32 1.96 0.98 3.29 

3 62.40 2.91 0.97 5.85 

4 46.56 1.96 0.49 4.89 

5 37.39 2.91 0.58 5.60 

6 31.34 5.79 0.96 6.71 

7 26.96 6.73 0.96 7.39 

8 23.63 7.67 0.96 7.72 

Table 19 INTEGER SQR ROOTS 
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LONG SQR ROOTS 

Small Dataset 

Processors Parallel Time (Sec) Speedup Efficiency Overhead 

1 87.85 1.00 1.00 0.00 

2 44.83 1.96 0.98 1.81 

3 30.35 2.89 0.96 3.21 

4 22.84 1.96 0.49 3.51 

5 18.32 2.89 0.58 3.74 

6 15.34 5.73 0.95 4.20 

7 13.17 6.67 0.95 4.31 

8 11.51 7.63 0.95 4.22 

Large Dataset 

1 177.45 1.00 1.00 0.00 

2 89.94 1.97 0.99 2.43 

3 61.04 2.91 0.97 5.68 

4 45.86 1.97 0.49 6.00 

5 37.09 2.91 0.58 8.00 

6 31.09 5.71 0.95 9.10 

7 26.73 6.64 0.95 9.63 

8 23.42 7.58 0.95 9.91 

Table 20 LONG SQR ROOTS 
 

DEGREE TO RADIAN CONVERSION 

Small Dataset 

Processors Parallel Time (Sec) Speedup Efficiency Overhead 

1 63.182 1.00 1.00 0.00 

2 31.613 2.00 1.00 0.04 

3 21.096 2.99 1.00 0.11 

4 15.836 2.00 0.50 0.16 

5 12.688 2.99 0.60 0.26 

6 10.611 5.95 0.99 0.48 

7 9.107 6.94 0.99 0.57 

8 7.98 7.92 0.99 0.66 

Large Dataset 

1 631.852 1.00 1.00 0.00 

2 315.987 2.00 1.00 0.12 

3 210.633 3.00 1.00 0.05 

4 157.992 2.00 0.50 0.12 

5 126.416 3.00 0.60 0.23 

6 105.386 6.00 1.00 0.46 

7 90.365 6.99 1.00 0.70 

8 79.055 7.99 1.00 0.59 
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Table 21 DEGREE TO RADIAN CONVERSION 
 

 

 

RADIAN TO DEGREE CONVERSION 

Small Dataset 

Processors Parallel Time (Sec) Speedup Efficiency Overhead 

1 100.55 1.00 1.00 0.00 

2 50.3 2.00 1.00 0.05 

3 33.541 3.00 1.00 0.07 

4 22.392 2.00 0.50 -10.98 

5 16.819 3.00 0.60 -16.46 

6 16.852 5.97 0.99 0.56 

7 11.241 8.94 1.28 -21.86 

8 11.29 8.91 1.11 -10.23 

Large Dataset 

1 1005.662 1.00 1.00 0.00 

2 502.806 2.00 1.00 -0.05 

3 335.228 3.00 1.00 0.02 

4 223.478 2.00 0.50 -111.75 

5 167.65 3.00 0.60 -167.41 

6 167.665 6.00 1.00 0.33 

7 111.803 8.99 1.28 -223.04 

8 111.87 8.99 1.12 -110.70 

Table 22 RADIAN TO DEGREE CONVERSION 
 

 

 

SHA-1 (Secure Hash Algorithm) 
Sequential Time 0.07    

Number of Workers Speedup Execution Time Efficiency Overhead 

2 0.06 1.17 0.58 0.05 

4 0.061 1.15 0.29 0.17 

6 0.067 1.04 0.17 0.33 

8 0.068 1.03 0.13 0.47 

Table 23 SHA-1 (Secure Hash Algorithm) 
 

 

 

 

 

 

 

 

 

 

 



  90 

 
String Search: Execution Time 

Pratt-Boyer-Moore String Search 

 16 MB 

Case-sensitive Boyer-Moore-Horspool String 

Search 16 MB 

Processors m=5  m=10 m=20 m=40  m=60 m=5  m=10 m=20 m=40  m=60 

1 13.408 12.411 10.321 9.153 0.023 13.812 12.795 10.324 9.158 0.023 

2 7.097 7.91 6.056 5.317 0.023 7.804 7.028 6.03 6.552 0.023 

3 5.518 5.86 5.667 5.137 0.023 5.571 6.15 5.801 5.134 0.023 

4 4.322 4.787 4.595 4.331 0.023 4.36 4.795 4.637 4.267 0.023 

5 4.056 4.528 4.333 3.914 0.023 4.055 4.534 4.45 4.098 0.023 

6 3.717 4.103 4.202 3.824 0.023 3.792 4.154 4.363 3.64 0.023 

7 3.407 3.795 3.98 3.495 0.023 3.49 3.875 3.891 3.572 0.023 

8 3.310 3.504 3.777 3.207 0.023 3.308 3.597 3.663 3.402 0.023 

 

Case-Insensitive Boyer-Moore-Horspool String Search 

16 MB 

Boyer-Moore-Horspool  

(Case-insensitive with accented character 

Translation) 

 String Search 16 MB 

Processors m=5  m=10 m=20 m=40  m=60 m=5  m=10 m=20 m=40  m=60 

1 14.199 13.012 10.416 9.196 0.023 13.844 12.781 10.35 9.204 0.046 

2 7.967 7.115 6.048 6.563 0.023 7.296 7.028 7.394 5.337 0.039 

3 5.692 6.192 5.801 5.116 0.023 5.623 6.155 5.672 5.133 0.045 

4 4.459 4.789 4.665 4.14 0.023 4.407 4.789 4.686 4.125 0.043 

5 4.131 4.444 4.508 4.039 0.024 4.022 4.566 4.317 4.013 0.046 

6 3.772 4.098 4.231 3.897 0.024 3.714 4.192 4.266 3.769 0.044 

7 3.518 3.807 3.879 3.502 0.024 3.399 3.937 3.989 3.526 0.045 

8 3.263 3.543 3.765 3.469 0.024 3.273 3.479 3.712 3.324 0.044 

 

Pratt-Boyer-Moore String Search 

 32 MB 

Case-sensitive Boyer-Moore-Horspool String 

Search 32 MB 

Processors m=5  m=10 m=20 m=40  m=60 m=5  m=10 m=20 m=40  m=60 

1 26.181 25.164 19.693 17.775 0.042 26.987 25.935 19.698 17.791 0.042 

2 14.042 13.083 14.246 10.342 0.042 14.409 14.167 11.663 10.351 0.043 

3 10.945 11.928 10.898 10.051 0.042 11.254 11.994 11.18 10.039 0.042 

4 8.794 9.971 9.171 8.314 0.043 8.891 10.003 9.299 8.386 0.042 

5 8.423 10.139 9.418 8.44 0.042 8.6 9.603 9.213 8.501 0.043 

6 8.044 9.437 8.618 7.912 0.042 8.02 9.403 8.661 7.949 0.043 

7 7.459 8.656 8.404 7.512 0.042 7.515 8.747 8.174 7.566 0.043 

8 7.251 8.739 8.207 7.254 0.042 7.011 8.773 8.169 7.44 0.043 

 

Case-Insensitive Boyer-Moore-Horspool String Search 

32 MB 

Boyer-Moore-Horspool  

(Case-insensitive with accented character 

Translation) 

 String Search 32 MB 

Processors m=5  m=10 m=20 m=40  m=60 m=5  m=10 m=20 m=40  m=60 

1 27.725 26.369 19.857 17.861 0.042 27.054 25.901 19.74 17.865 0.065 

2 14.757 14.4 11.615 10.395 0.043 15.533 14.165 11.586 12.87 0.06 



  91 

3 11.366 12.523 11.195 10.042 0.043 11.245 12.006 10.878 10.057 0.065 

4 9.015 10.054 9.275 8.543 0.043 8.943 9.934 9.238 8.499 0.061 

5 8.694 10.137 9.228 8.391 0.043 8.623 10.08 9.379 8.468 0.065 

6 7.982 9.249 8.639 8.21 0.043 8.06 9.464 8.644 7.898 0.064 

7 7.5 8.882 8.339 7.493 0.043 7.507 8.832 8.281 7.475 0.065 

8 7.281 8.807 8.216 7.46 0.043 7.214 8.361 8.133 6.928 0.065 

Table 24 String Search: Execution Time 
 

 

 
String Search: Speedup 

Pratt-Boyer-Moore String Search 

 16 MB 

Case-sensitive Boyer-Moore-Horspool String 

Search 16 MB 

Processors m=5  m=10 m=20 m=40  m=60 m=5  m=10 m=20 m=40  m=60 

1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

2 1.889 1.569 1.704 1.721 1.000 1.770 1.821 1.712 1.398 1.000 

3 2.430 2.118 1.821 1.782 1.000 2.479 2.080 1.780 1.784 1.000 

4 3.102 2.593 2.246 2.113 1.000 3.168 2.668 2.226 2.146 1.000 

5 3.306 2.741 2.382 2.339 1.000 3.406 2.822 2.320 2.235 1.000 

6 3.607 3.025 2.456 2.394 1.000 3.642 3.080 2.366 2.516 1.000 

7 3.935 3.270 2.593 2.619 1.000 3.958 3.302 2.653 2.564 1.000 

8 4.051 3.542 2.733 2.854 1.000 4.175 3.557 2.818 2.692 1.000 

 

Case-Insensitive Boyer-Moore-Horspool String Search 

16 MB 

Boyer-Moore-Horspool  

(Case-insensitive with accented character 

Translation) 

 String Search 16 MB 

Processors m=5  m=10 m=20 m=40  m=60 m=5  m=10 m=20 m=40  m=60 

1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

2 1.782 1.829 1.722 1.401 1.000 1.897 1.819 1.400 1.725 1.179 

3 2.495 2.101 1.796 1.797 1.000 2.462 2.077 1.825 1.793 1.022 

4 3.184 2.717 2.233 2.221 1.000 3.141 2.669 2.209 2.231 1.070 

5 3.437 2.928 2.311 2.277 0.958 3.442 2.799 2.397 2.294 1.000 

6 3.764 3.175 2.462 2.360 0.958 3.728 3.049 2.426 2.442 1.045 

7 4.036 3.418 2.685 2.626 0.958 4.073 3.246 2.595 2.610 1.022 

8 4.352 3.673 2.767 2.651 0.958 4.230 3.674 2.788 2.769 1.045 

 

Pratt-Boyer-Moore String Search 

 32 MB 

Case-sensitive Boyer-Moore-Horspool String 

Search 32 MB 

Processors m=5  m=10 m=20 m=40  m=60 m=5  m=10 m=20 m=40  m=60 

1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

2 1.864 1.923 1.382 1.719 1.000 1.873 1.831 1.689 1.719 0.977 

3 2.392 2.110 1.807 1.768 1.000 2.398 2.162 1.762 1.772 1.000 

4 2.977 2.524 2.147 2.138 0.977 3.035 2.593 2.118 2.122 1.000 

5 3.108 2.482 2.091 2.106 1.000 3.138 2.701 2.138 2.093 0.977 

6 3.255 2.667 2.285 2.247 1.000 3.365 2.758 2.274 2.238 0.977 
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7 3.510 2.907 2.343 2.366 1.000 3.591 2.965 2.410 2.351 0.977 

8 3.611 2.880 2.400 2.450 1.000 3.849 2.956 2.411 2.391 0.977 

 

Case-Insensitive Boyer-Moore-Horspool String Search 

32 MB 

Boyer-Moore-Horspool  

(Case-insensitive with accented character 

Translation) 

 String Search 32 MB 

Processors m=5  m=10 m=20 m=40  m=60 m=5  m=10 m=20 m=40  m=60 

1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

2 1.879 1.831 1.710 1.718 0.977 1.742 1.829 1.704 1.388 1.083 

3 2.439 2.106 1.774 1.779 0.977 2.406 2.157 1.815 1.776 1.000 

4 3.075 2.623 2.141 2.091 0.977 3.025 2.607 2.137 2.102 1.066 

5 3.189 2.601 2.152 2.129 0.977 3.137 2.570 2.105 2.110 1.000 

6 3.473 2.851 2.299 2.176 0.977 3.357 2.737 2.284 2.262 1.016 

7 3.697 2.969 2.381 2.384 0.977 3.604 2.933 2.384 2.390 1.000 

8 3.808 2.994 2.417 2.394 0.977 3.750 3.098 2.427 2.579 1.000 

Table 25 String Search: Speedup 
 

 

 
String Search: Efficiency 

Pratt-Boyer-Moore String Search 

 16 MB 

Case-sensitive Boyer-Moore-Horspool String 

Search 16 MB 

Processors m=5  m=10 m=20 m=40  m=60 m=5  m=10 m=20 m=40  m=60 

1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

2 0.945 0.785 0.852 0.861 0.500 0.885 0.910 0.856 0.699 0.500 

3 0.810 0.706 0.607 0.594 0.333 0.826 0.693 0.593 0.595 0.333 

4 0.776 0.648 0.562 0.528 0.250 0.792 0.667 0.557 0.537 0.250 

5 0.661 0.548 0.476 0.468 0.200 0.681 0.564 0.464 0.447 0.200 

6 0.601 0.504 0.409 0.399 0.167 0.607 0.513 0.394 0.419 0.167 

7 0.562 0.467 0.370 0.374 0.143 0.565 0.472 0.379 0.366 0.143 

8 0.506 0.443 0.342 0.357 0.125 0.522 0.445 0.352 0.336 0.125 

 

Case-Insensitive Boyer-Moore-Horspool String Search 16 

MB 

Boyer-Moore-Horspool  

(Case-insensitive with accented character 

Translation) 

 String Search 16 MB 

Processors m=5  m=10 m=20 m=40  m=60 m=5  m=10 m=20 m=40  m=60 

1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

2 0.891 0.914 0.861 0.701 0.500 0.949 0.909 0.700 0.862 0.590 

3 0.832 0.700 0.599 0.599 0.333 0.821 0.692 0.608 0.598 0.341 

4 0.796 0.679 0.558 0.555 0.250 0.785 0.667 0.552 0.558 0.267 

5 0.687 0.586 0.462 0.455 0.192 0.688 0.560 0.479 0.459 0.200 

6 0.627 0.529 0.410 0.393 0.160 0.621 0.508 0.404 0.407 0.174 

7 0.577 0.488 0.384 0.375 0.137 0.582 0.464 0.371 0.373 0.146 

8 0.544 0.459 0.346 0.331 0.120 0.529 0.459 0.349 0.346 0.131 
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Pratt-Boyer-Moore String Search 

 32 MB 

Case-sensitive Boyer-Moore-Horspool String 

Search 32 MB 

Processors m=5  m=10 m=20 m=40  m=60 m=5  m=10 m=20 m=40  m=60 

1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

2 0.932 0.962 0.691 0.859 0.500 0.936 0.915 0.844 0.859 0.488 

3 0.797 0.703 0.602 0.589 0.333 0.799 0.721 0.587 0.591 0.333 

4 0.744 0.631 0.537 0.534 0.244 0.759 0.648 0.530 0.530 0.250 

5 0.622 0.496 0.418 0.421 0.200 0.628 0.540 0.428 0.419 0.195 

6 0.542 0.444 0.381 0.374 0.167 0.561 0.460 0.379 0.373 0.163 

7 0.501 0.415 0.335 0.338 0.143 0.513 0.424 0.344 0.336 0.140 

8 0.451 0.360 0.300 0.306 0.125 0.481 0.370 0.301 0.299 0.122 

 

Case-Insensitive Boyer-Moore-Horspool String Search 32 

MB 

Boyer-Moore-Horspool  

(Case-insensitive with accented character 

Translation) 

 String Search 32 MB 

Processors m=5  m=10 m=20 m=40  m=60 m=5  m=10 m=20 m=40  m=60 

1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

2 0.939 0.916 0.855 0.859 0.488 0.871 0.914 0.852 0.694 0.542 

3 0.813 0.702 0.591 0.593 0.326 0.802 0.719 0.605 0.592 0.333 

4 0.769 0.656 0.535 0.523 0.244 0.756 0.652 0.534 0.526 0.266 

5 0.638 0.520 0.430 0.426 0.195 0.627 0.514 0.421 0.422 0.200 

6 0.579 0.475 0.383 0.363 0.163 0.559 0.456 0.381 0.377 0.169 

7 0.528 0.424 0.340 0.341 0.140 0.515 0.419 0.341 0.341 0.143 

8 0.476 0.374 0.302 0.299 0.122 0.469 0.387 0.303 0.322 0.125 

Table 26 String Search: Efficiency 
 

 
String Search: Overhead 

Pratt-Boyer-Moore String Search 

 16 MB 

Case-sensitive Boyer-Moore-Horspool String 

Search 16 MB 

Processors m=5  m=10 m=20 m=40  m=60 m=5  m=10 m=20 m=40  m=60 

1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

2 0.786 3.409 1.791 1.481 0.023 1.796 1.261 1.736 3.946 0.023 

3 3.146 5.169 6.680 6.258 0.046 2.901 5.655 7.079 6.244 0.046 

4 3.880 6.737 8.059 8.171 0.069 3.628 6.385 8.224 7.910 0.069 

5 6.872 10.229 11.344 10.417 0.092 6.463 9.875 11.926 11.332 0.092 

6 8.894 12.207 14.891 13.791 0.115 8.940 12.129 15.854 12.682 0.115 

7 10.441 14.154 17.539 15.312 0.138 10.618 14.330 16.913 15.846 0.138 

8 13.072 15.621 19.895 16.503 0.161 12.652 15.981 18.980 18.058 0.161 

 

Case-Insensitive Boyer-Moore-Horspool String Search 

16 MB 

Boyer-Moore-Horspool  

(Case-insensitive with accented character 

Translation) 

 String Search 16 MB 

Processors m=5  m=10 m=20 m=40  m=60 m=5  m=10 m=20 m=40  m=60 

1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

2 1.735 1.218 1.680 3.930 0.023 0.748 1.275 4.438 1.470 0.032 
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3 2.877 5.564 6.987 6.152 0.046 3.025 5.684 6.666 6.195 0.089 

4 3.637 6.144 8.244 7.364 0.069 3.784 6.375 8.394 7.296 0.126 

5 6.456 9.208 12.124 10.999 0.097 6.266 10.049 11.235 10.861 0.184 

6 8.433 11.576 14.970 14.186 0.121 8.440 12.371 15.246 13.410 0.218 

7 10.427 13.637 16.737 15.318 0.145 9.949 14.778 17.573 15.478 0.269 

8 11.905 15.332 19.704 18.556 0.169 12.340 15.051 19.346 17.388 0.306 

 

Pratt-Boyer-Moore String Search 

 32 MB 

Case-sensitive Boyer-Moore-Horspool String 

Search 32 MB 

Processors m=5  m=10 m=20 m=40  m=60 m=5  m=10 m=20 m=40  m=60 

1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

2 1.903 1.002 8.799 2.909 0.042 1.831 2.399 3.628 2.911 0.044 

3 6.654 10.620 13.001 12.378 0.084 6.775 10.047 13.842 12.326 0.084 

4 8.995 14.720 16.991 15.481 0.130 8.577 14.077 17.498 15.753 0.126 

5 15.934 25.531 27.397 24.425 0.168 16.013 22.080 26.367 24.714 0.173 

6 22.083 31.458 32.015 29.697 0.210 21.133 30.483 32.268 29.903 0.216 

7 26.032 35.428 39.135 34.809 0.252 25.618 35.294 37.520 35.171 0.259 

8 31.827 44.748 45.963 40.257 0.294 29.101 44.249 45.654 41.729 0.302 

 

Case-Insensitive Boyer-Moore-Horspool String Search 

32 MB 

Boyer-Moore-Horspool  

(Case-insensitive with accented character 

Translation) 

 String Search 32 MB 

Processors m=5  m=10 m=20 m=40  m=60 m=5  m=10 m=20 m=40  m=60 

1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

2 1.789 2.431 3.373 2.929 0.044 4.012 2.429 3.432 7.875 0.055 

3 6.373 11.200 13.728 12.265 0.087 6.681 10.117 12.894 12.306 0.130 

4 8.335 13.847 17.243 16.311 0.130 8.718 13.835 17.212 16.131 0.179 

5 15.745 24.316 26.283 24.094 0.173 16.061 24.499 27.155 24.475 0.260 

6 20.167 29.125 31.977 31.399 0.216 21.306 30.883 32.124 29.523 0.319 

7 24.775 35.805 38.516 34.590 0.259 25.495 35.923 38.227 34.460 0.390 

8 30.523 44.087 45.871 41.819 0.302 30.658 40.987 45.324 37.559 0.455 

Table 27 String Search: Efficiency 
 


