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Abstract: Designing and developing software for 
autonomous robot control system is a challenging task. 
Issues related to real-time control, embedded system 
and artificial intelligence are involved in the software 
development process. This type of software must be 
developed with proper software methodology or well- 
define development process in order to increase the 
productivity and quality of the software design and 
software products. This paper presents a review of two 
real-time software development methodologies and 
compares their suitability for developing real-time 
control software for a wall-climbing robot under 
development at Universiti Teknologi Malaysia (UTM). 
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I. INTRODUCTION 

Climbing robots belong to the class of mobile robot. A 
Wall-Climbing Robot (WCR) climbs up and down the 
wall, performs its designated tasks, senses its 
environment and intelligently reacts to it. As the 
complexity and functionality of the robot is increased, 
such as adding more sensors to the robot so as to 
increase its reactivity and intelligence, designing and 
developing control software for this type of robot can be 
very difficult and a challenging task. 

Issues related to real-time control, embedded system 
and artificial intelligence are involved in the climbing 
robot software development process. This type of 
software must be developed with proper software 
methodology or well-defined development process. 
Typically, the software or firmware is embedded in the 
onboard controller. To provide intelligence and reactive 
action, the robot firmware must sense its environment 
with multiple sensors and process the information and 
taking actions in real-time. 

In a real-time system such as a climbing robot, the 
correctness of the system depends not only on the 
logical results, but also on the time at which the results 
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are produce. A real-time system is inherently 
concurrent and multitasking since it has to react to and 
process numerous events simultaneously. Therefore 
real-time software differs from the traditional data 
processing software in that they are constrained by non- 
functional requirements such as timing and 
dependability. 

In order to increase the software productivity, 
maintainability and flexibility in developing real-time 
robot software, proper software engineering need to be 
considered. Proper software engineering methodology 
ensures the software development process is 
manageable, and that reliable and correct program is 
constructed. The aim of this paper is to review some of 
the Real-Time Software Engineering Methodologies 
(RTSEM) and critically assess the suitability of these 
RTSEM for developing the UTM WCR control 
firm ware. 

This paper is organised as follows. Section I1 discussed 
the WCR controller hardware, which is under 
development at the Universiti Teknologi Malaysia 
(UTM). In Section 111, two popular RTSEM main 
attributes are studied and applied to the WCR control 
firmware design. Section IV presents some results 
comparing and assessing the suitability of these RTSEM 
for developing the WCR control firmware. Finally, the 
conclusion is presented in Section V. 

11. THE WALL-CLIMBING ROBOT CONTROLLER 

The UTM wall-climbing robot consists of a body and 
four similar jointed legs. The body carries the embedded 
controller and it’s associated electronics, and others 
load. Each leg has three joints, which will give a three- 
degree of freedom movement for each leg. Each joint is 
move by a direct-current (DC) motor and position 
sensors measure the angles of movement for each joint. 
At the tips of each leg there is a suction pad which will 
stick the robot on the wall. Pressure sensors monitor the 
pressure inside the suction pads. Proximity sensors and 
collision sensors detect obstacles around the robot. The 
robot can be moved forward and backward by making a 
sequence of predefined steps. 
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'The block diagram of the embedded controller for the 
WCR is shown in Fig. I .  The embedded controller is 
based on Intel 8OCI 88XL microcontroller .with 64K 
EPROM and 64K RAM. The main function of the 
controller is to move the.four legs of the robot with a 
predefined sequence during clim6ing operation and 
monitor its environment and react to it intelligently. 

The embedded controller monitors its environment 
using some sensors. The ' environment must be 
monitored, typically, every half a second to detect the 
presence of obstacles using the collision and the 
proximity sensors during the forward and reverse 
movement of the robot. At each sampling period, the 
control signals to the DC motors are calculated using 
the proportional-derivative (PD) control algorithm. The 
current position of each leg joint is sensed using the 
position sensors and fed back to the embedded 
controller. The computation of the control signal 
typically, must be completed within SO milliseconds to 
ensure the correct movement of the legs. The embedded 
controller also communicates with a remote PC -to 
receive commands and sending back information via a 
serial communication link. 

The main functional operation of the robot controller 
can roughly be divided into four major tasks: high-level 
navigation, environment monitoring, motor control and 
serial communication with remote PC. To satisfy the 
timing requirements for these major tasks, a real-time 
kernel is used to achieve multi-tasking in  the control 
firm ware. 
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Fig. 1: Block diagram of the WCR controller. 

111. REAL-TIME SOFTWARE ENGINEERING 
METHODOLOGY 

The purpose of software engineering methodology IS to 
promote a certain approach to solve software problems 
(41. Software engineering methodology provides 
guidelines in software development process and 
notation for analysis, design and documentation of the 
software developed. There are many software 
engineering methodologies developed over the years 
such as Structured Analysis and Structured Design 
(SNSD), Jackson Structured Design (JSD), Object- 
Oriented Design (OOD) and others. However. most of 
these methodologies do not directly accommodate the 
development of real-time software since they do not 
consider non-functional requirements such as timing 
during the software engineering process [ 11. As a result, 
new methodologies and extension of the existing 
methodologies were developed for the development of 
real-time software. 

This section will review a structured RTSEM called 
Structured Analysis and Design for Real-Time Systems 
(RTSAD) and an object-oriented RTSEM called Unified 
Modeling Language for Real-Time (UML-RT). The 
reason for choosing RTSAD is because of its popularity 
in industry [SI, [I61 and UML-RT is currently among 
the most popular RTSEM in the market [2], [ I  I ] .  

A. Structured Analysis and Design for Real-Time 
Systems (RTSAD) 

RTSAD is an extension of Structured Analysis and 
Structured Design (SNSD) to address the needs for  
real-time systems, There are two variations of RTSAD, 
the Ward-Mellor [ I S ]  and Hatley-Pirbhai (61 
approaches. These two methodologies are extension of 
SNSD i n  which behavioural characteristics of the 
system being developed are represented more precisely 
through the use of state transition diagrams, control 
flows and integrating state transition diagrams with data 
flow diagrams. In this paper only Ward-Mellor 
approach will be reviewed. 

The Ward-Mellor method provides support for the 
analysis and design of software. Analysis is concerned 
with identifying the properties of a system, external 
events and how the external can influence the behaviour 
of the system, and then building a model called essential 
model, based on this information. There are two models 
develbped in the analysis stage: environrnentul model 
and behaviour model. Environmentul model defines the 
system in terms of its connections with the 
environments, while behaviour model describes the 
functions, dynamics and relationship in the system 
behaviour. Fig. 2 shows con.texr diugrum used to define 
environment model and Fig. 3 shows dutuJlow diagrum 
and Fig 4. shows stute trunsition diugrum used in 
behaviour model of the WCR control firmware. 
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Design stage is concerned with implementing the 
essential model on the hardware and software structures 
available to the designer. The implementation model 
composed of three models: the processor environmental 
model, the sr$trvare environmental model and the code 
organisation model. The processor environmental 
model models the allocation of tasks to processors. The 
software environmental model used to examine the 
software aspect such as each processor requirements, 
examining the software architecture available of each 
processor and deciding on the software configuration. 
The code organisation model describes the modular 
structure of each task using structure chart. A dura 
dictionary is created to capture all information from 
diagrams and charts used in  the methodology. 

B. Unified Modeling Language for Real-Time 
(UML-RT) 

UML-RT [3] is a third generation object-oriented 
modeling language. It adapts and extends the published 
works of Booch [7], Rumbaugh [ 171 and Jacobson [9]. 
UML-RT meant to be applicable to the modeling to all 
types of systems, it  applies equally well to real-time 
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systems and other kinds of "standard" software 
applications. 

Fig. 2: WCR context diagram 
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Fig. 3: Data and control tlow diagram for WCR 
firmware. 
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Fig. 4: WCR firmware state transition diagram. 

Like Ward-Mellor, UML-RT also combines graphical 
.and textual notations in order to model the systems. 
Modeling process using UML-RT consists of two major 
phases: analysis phase and design phase. 

Analysis phases looks at key concepts and structures in 
the system that is independent of how the solution is 
implemented. There are three sub-phases in this phase: 
requirement analysis, structure analysis and behaviour 
analysis. Requirement analysis aims to identify and 
analyse the set of external object of significance and 
their interactions with the system. Structure analysis 
phase is to identify the key objects and classes and their 
relationship within the system itself. Behaviour analysis 
define and refine operations *and behaviour (reactive 
behaviour and inter-object behaviour) of the system. Six 
types of diagrams are used in  analysis phase are: 

External event object diagram. It shows interaction 
between the system and external objects. 
Use case diagram. They capture a broad view of  
the primary functionality of the system and how 
the system will be used, as shown in  Fig. 5.  
Sequence diagram. The diagram shows the 
sequence of messages between objects, as shown 
in Fig. 6. 
Collaboration diagram. It shows the same basic 
information as the sequences diagram but 
collaboration diagram focus on the messages 
exchanged by a set of objects, refer to Fig. 7. 
Class diagram. The diagram captures the object 
structure of the system, including the classes, 
objects, and their relationships. 
Statechart. It shows the sequence of states for a 
reactive or interactive during its life in  response to 
stimuli, together with its responses and actions. 
Fig. 8 shows the WCR environment monitoring 
statechart. 
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Fig. 5: WCR use case diagram. 

Fig. 6: Sequence Diagram for WCR starting system 

Design specifies a particular solution that is based on 
the analysis model. Design phase consists of 
architectural design phase, mechanistic design phase 
and detail design phase. Architectural design identifies 
the key strategies for the high level organisation of the 
system under development. Mechanistic design is the 
middle level of design, which deals with small set of 
classes, and objects collaborate to archive common 
goals. Detuil design phase specify the detail internal 
structure such as storage format used for attributes, how 
associations are implemented, set of operation the object 
provides, selection of internal algorithms and 
specification of exception handling within the object. 
The UML-RT does define a special kind of state 
diagram, called an activity diagram, to decompose 
activities in the detail design phase. 

IV. COMPARISON OF TWO METHODOLOGIES FOR 
WCR CONTROL FIRMWARE 

Both methodologies studied in Section 111, capable of 
specifying functional and behavioural requirements in a 
real-time system. Specifically they provide models, 
methods and tools. UML-RT provides more 
diagramming tools for modeling than the Ward-Mellor 
method. 
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Fig. 7: Collaboration diagram for WCR starting system 
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Fig. 8: Statechart for environment o r  sensors 
monitoring. 

The criteria used for comparing the two methodologies 
are: software life cycle coverage, capabilities of 
methodology to support task structuring and 
concurrency model, timing analysis, maintainability and 
simplicity with good documentation. The developmental 
nature of the UTM WCR will also be considered in the 
comparison. 

A. Software Life Cycle Coverage 

A methodology must support the entire software Iife- 
cycle which includes requirements analysis, 
requirements allocation, system and sub-system 
specification, preliminary design, detailed design and 
product specification. In these aspects both 
methodologies support the entire system development 
life-cycle. 

As the WCR is developmental, the control firmware 
will evolve in functionality and complexity. When more 
functional specification is added, for example extending 
sensing capability to the robot, the methodology should 
be able to cope with these incremental changes. Any of 
the methodologies is sufficient for software 
development and they will cope with the incremental 
changes in  specification. However, both methodologies 
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do not provide sufficient guidelines on how to do the 
iterative and incremental development. 

B. Task Structuring and Concurrency Facilities 

In the development of the robot control firmware a real- 
time kernel will be used to provide multitasking and 
concurrency facilities. Software design with a real-time 
kernel will be much easier if tasks are properly 
structured. Any methodology which can provides task 
structuring i n  the design stage will be beneficial to the 
development of the robot control firmware. 

The Ward-Mellor methodology proposes a functional- 
based task structuring while UML-RT proposed object- 
based structuring. Object tasks structuring seem to be 
natural for the WCR controller, with sensor and actuator 
objects, and control objects between them. 

The Ward-Mellor methodology addresses structuring 
the system into concurrent tasks, but it does not address 
the issues of task structuring in detail. UML-RT 
supports concurrency models in a couple of way using 
class diagram, statechart, collaboration and sequence 
diagrams. It seems that UML-RT support concurrency 
and task structuring in a clear and visible manner, but 
this have to be further investigated and evaluated. 

However, none of the methodologies provide facilities 
to prioritise the structured tasks or objects. The priority 
allocation facility is important in development of WCR 
firmware because it will be developed using a pre- 
emptive real-time kernel where task priority will be 
allocated to tasks. 

C .  Timing Analysis 

The WCR control firmware is a categorised as hard 
real-time systems. In hard real-time system the issues of 
timeliness and dependability is the most critical issues, 
therefore methodologies which provide timing analysis 
will be very beneficial in  the WCR software 
development. 

Both methodologies address the timing analysis, but at 
different levels of detail in the timing analysis. Ward- 
Mellor addresses timing constraints during the analysis 
and design phase. The response time specification is 
developed during analysis phase and the timing 
requirements of each task including frequency of task 
activation and context switching overhead are 
determined during design phase. 

UML-RT used sequence diagram and statechart to 
analyse the system timing by presenting the massages 
sequence, time constraints for particular massage 
patterns between objects and time constraints for 
particular action. Sequence diagram and statechart are 

used at all stages of analysis and design model. It aimed 
to represent the timing constraints at different level and 
different objects. To assist the representation of 
sequence diagram, collaboration diagram is used to 
provide message sequence numbering for all objects in 
UML-RT. 

UML-RT can present timing constraint more visual and 
more detail using sequence diagram, statechart and 
collaboration diagram as compare to Ward-Mellor, 
which using state diagram. 

D. Maintainability 

The evolving nature of the WCR system requires the 
firmware to be easy to maintain and modify. 
Traceability and adaptability of the WCR specification 
and design is important in order to make the firmware 
easy to maintain and modify. The methodology should 
be traceable in term of technique used in  derivation of 
requirement and design. 

In requirement specification stage, both methodologies 
describe the boundaries and the communication between 
the environment and the system. . However, the 
environment model used in the methodologies differs in 
the aspects of scope of the system and the external 
events, and information presented. 

In the Ward-Mellor's context diagram, devices used to 
interact with environment such as sensors and actuators 
are considered external events, whereas the context 
diagrams in  UML-RT consists of object diagram along 
with appropriate stereotypes on messages and objects. 
This makes environment model for UML-RT less detail 
and there is a clear boundary between requirements and 
design. Consequently, UML-RT avoids the tendency to 
make design decision during the specification phase 
particularly if the specification gets detailed. This will 
be an advantage to the changing specification of the 
developmental WCR firmware. 

E. Simplicity and Good Documentation 

The notation used in Ward-Mellor is much simpler and 
some of the constraints are represented in textual 
notation. The advantage is that at can be easily 
understood by users and minimum. training is needed. 
This is important in the development of UTM WCR' 
controller as the software designer are usually electrical 
engineers with little training in software development 
methodology. Because of the simple notation used, the 
non-functional requirements cannot fully be represented 
diagrammatically. 

~- 

Ward-Mellor methodology was introduced almost 
twenty years ago, so it is stable and many references 
[14], [I51 documentation [I31 and, reviews [lo], [8], 
[I21 of this methodology are available. Because of its 
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simplicity and stability, the methodology is widely used 
:in industry. 

UML-RT is a methodology which rich of notation. A 
proper training is needed, in order to fully use the 
capability of the methodology. The use of CASE tools 
in this methodology is a necessity, because of the 
complexity of the notation used in the methodology. 
UML-RT is a relatively new modeling technique used in  
industry and academic research works, consequently 
there are few deficiencies and weaknesses in the 
methodology for some real-time applications. However 
modification and enhancement have been proposed by 
different companies and academic institution [2], [ I  I]. 

v. CONCLUSION 

A proper real-time firmware methodology in needed in  
development of the WCR controller software in order to 
ensure the correctness and the quality of the software. 
Therefore, the suitability of real-time software 
methodologies for the WCR software development must 
be evaluated. 

Both methodologies reviewed can support real-time 
concept and each methodology has their own specialty 
in solving real-time problems. Ward-Mellor is very 
popular in industry because of its simplicity to represent 
real-time problem and UML-RT is been currently 
promoted because it can provide almost a complete 
notation to represent soft real-time system. However, 
UML-RT does not yet have enough capability to 
represent hard real-time system. 
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