Engineering Realistic Software in a University EnvironmentM.J. Oudshoorn, A.L. Brown and K.J. MaciunasDepartment of Computer ScienceUniversity of AdelaideAdelaideSA5005AustraliaAbstract.This paper discusses the approach andphilosophy of teaching software engineering within auniversity environment at the University of Adelaide.The discussion revolves around the project work set in1995. The project work attempts to expose students torealistic problems which they are likely to encounter inthe workforce after graduation. The focus of the courseis on the software engineering process and the qualityof the system produced.1.Software Engineering EducationThe Department of Computer Science at the Universityof Adelaide believes that software engineering is anessential part of any graduate�s education as it properlyprepares them for the workforce and links togethertheir experiences from previous subjects in the Com-puter Science curriculum. The subject, Software Engi-neering and Project was introduced into the under-graduate curriculum in 1992. The benefits of the proj-ect oriented course has been discussed in[Oudshoorn94].The aim of the course has been to teach softwareengineering through a group-based project which ex-poses the students to the issues of dealing with pro-gramming-in-the-large and provides them with experi-ence in the complete software lifecycle. The projectalso exposes students to human resource issues by vir-tue of its group nature. Tutorials and some 24 lecturescovering topics such as group dynamics, project man-agement, verification and validation, design, qualityassurance, modern software engineering environments,safety-critical and real-time software engineering ac-company the project. The lectures and tutorials essen-tially serve to support the project and to consider soft-ware engineering topics that may not be directly rele-vant to the project work. Readings are also set from thetextbook and associated references [Booch94, Press-man92, Sommerville92] to encourage students to learnfor themselves. Students are also encouraged to shareinformation amongst themselves. The subject repre-sents a 25% workload for a single semester (15 weeks)with students expected to devote 7 hours each week tothe project. This results in projects of some 15,000lines of code or 450 person-hours work.We believe that the only way to learn software en-gineering is to do it. As a result, the projects selected inthe past have been realistic and challenging. Our ex-pectation is that students learn about, and apply, soft-ware engineering principles, rather than produce fullyfunctional and marketable software, while working as amember of a group in an environment that, as closelyas possible, models the workplace situation. We havethe students focus on the software process and thequality of their software and associated documentation.We have chosen to have each of the students in theclass participate in the same project rather than at-tempting to place the students in industry where theycould work on a current software project. This allowsus to fairly assess the students relative to each otherand to monitor their progress during the semester withsome ease. Finally, class sizes of 120 do not reallymake industry placement a feasible option.Past projects have included a referencing systemsimilar to the Endnote product [Niles91], software tosimulate a personal organiser [Rupp92], and a simula-tion of a building management and evacuation system1.For each of these projects, students have been requiredto understand and analyse the problem before submit-ting a requirements analysis, a functional specification,demonstrate a prototype, produce a user manual andfinally demonstrate a working final product. The for-mat of the project has been extremely successful andwe did not wish to depart from that format in 1995.However, we have identified two deficiencies in theproject work which we wanted to address in 1995:firstly, previous projects have not required students tothink about, or work in, areas with significant safety-critical or real-time aspects; and secondly, studentshave not interfaced with external hardware. Given thatthese are growing areas for software developers, wefelt it was desirable the students should graduate withat least some idea of what work in these areas entails.The only past project which vaguely addressed theseconcerns was the building management system butstudents were able to ignore any real-time issuesthrough the use of a simulator and the safety-critical

1 We wish to thank the Adelaide Metropolitan FireService and the South Australian Country Fire Servicefor helpful advice and insight.

aspects were viewed by the students as somewhat sec-ondary. There was also no real building available torun their software on.2.Changes to Course in 1995To address these issues, we searched for a softwaresystem that was interesting, achievable in the course ofa single semester, real-time, safety-critical and in-volved some kind of interface to outside hardware thatwas under computer control. We eventually decided ona railway network which could be simulated through acomputer controllable model railway. The actual de-sign and implementation of the model railway is dis-cussed in [Oudshoorn96].There were several reasons for choosing such asystem for the students to work with. Access to Trans-Adelaide staff, both train drivers and controllers, pro-vided us with a detailed knowledge of the workings ofthe actual rail line which we had chosen to model. Sev-eral students caught trains on this line to travel to andfrom University and could hence �see� the real systemat work. Finally, the real-time and safety-critical as-pects of the project are immediately obvious and can-not be overlooked.The use of a railway model is not new and has beentried with mixed success elsewhere. Reports indicatethat the major difficulty with such projects has been theexpense of the trains as students continually crashthem. We address this by insisting that students simu-late the rail network and demonstrate a working systembefore gaining access to the model railway. This fur-ther reflects reality where a contractor would not bepermitted access to TransAdelaide rolling stock in or-der to debug their software. The availability of com-puter controllable model railways has also made ourjob easier than it has been for others before us.Another difficulty that we have experienced in thissubject is the disruption caused by students withdraw-ing from the subject part way through the semester.This has the potential to force us to reallocate somegroups and this is disruptive to the students involvedand to the timetable the students must adhere to withrespect to product deliverables. We hope that the inter-esting project will help reduce the number of studentswishing to withdraw. However, we have also con-ducted a rudimentary personality test on each studentand then balanced the randomly generated studentgroups so that there was at least one member from eachof the four categories (leader, follower, creative thinkerand worker). Past experience has shown that groupswithout leader personalities have difficulty as dogroups with more than one strong leader.3.Project Outline for 1995In 1995 the University of Adelaide gave the Depart-ment of Computer Science a Quality Teaching Grant toconstruct a real-time system for projects in softwareengineering. With the grant, we have constructed arailway network that simulates the Adelaide to Belaircommuter line. This line used to be a two track net-work, one track for each direction. However, one trackwas recently sold to Australian National Railways to beconverted to standard gauge for the Brisbane-Perthfreight line. The result was a single track for passengertraffic with four passing loops.The topology of the constructed network corre-sponds closely to the actual topology of the rail line.The differences are deliberate and serve to make themodel simpler and the problem easier for the students.Interference from other passenger services crossing theactual Adelaide-Belair line is not considered in themodel, although a freight train which crosses the modelrail line has been introduced so that students must con-sider external events to the passenger service. Thefreight train should have priority when crossing thecommuter line as restarting a freight train is very ex-pensive in terms of fuel. In consultation with the Tran-sAdelaide timetabling staff we have been able tosimulate the real rush-hour passenger loads presentingthe students with a real-life problem some of them areactually part of each day. With a time scaling of 3 realseconds per minute of simulated time, the runningtimes for train services correspond closely to the realtimetabled running times.The actual project that the students undertook in1995 is the timetabling and running of three passengertrains to provide a service between Adelaide and Belairin the Adelaide Hills. Students were provided with ar-rival rates for passengers at various times during theday and had to ensure that no passenger waits morethan 20 minutes for a train. The students� projects hadto be flexible enough to handle delays at stations(wheelchair access to a train takes a considerableamount of time) and delays in tracks (speed restrictionsdue to works on the tracks). In addition, the softwarehad to be able to handle difficulties such as passingloops, and so forth, becoming unavailable. Other con-straints on their systems are relatively obvious: namelyno collisions, and no derailments.Students were told that their software was a proto-type for an automated (driverless) train system. Thereare a number of mechanisms in the model rail systemfor students to locate trains are which could be realisedwith sensors in a real system. Students also had to pro-vide an X windows [Nye92] interface for a controllerto interact with their software. This interface was toshow the location of trains and allow the controller toset track speed limits and restrictions. Finally, studentshad to simulate the rail network and show that theirsystem was working before being permitted to executeit on the model railway.The problem domain also provides some additionalconstraints on the software to be written by the stu-dents. For example, points can only be set when notrain is directly over them otherwise a derailment willoccur. Students were expected to analyse the problemdomain with sufficient care and derive these, somewhatobvious, constraints for themselves.It should be noted that the project is deliberately de-fined in such a way that the student groups are able totake the project and define specific project goals forthemselves. This allows those groups whose members have a high degree of competence to evolve the projectfurther than those groups whose members struggle orlack confidence. In addition, the vagueness of theoriginal project outline provided to students forcesthem to seek clarification from the lecturers who arethe clients in this project. The lecturing staff (therewere three involved in the teaching of this subject in1995) all have different ideas about the project and tryto behave in a manner that emulates real clients asmuch as possible; that is, they present students withdiffering and sometimes conflicting views. Studentsgain valuable experience in having to decide for them-selves what is important and essential versus what isperipheral to the project. They are also expected tobudget their own time and resources and so anotherimportant consideration for the students is the amountof time it will take to develop a solution.4.Project EnvironmentThe student development environment is intended to bea combination of tools such as RCS [Tichy85] and theGNAT Ada95 compiler [Dewer95]. At the start of theproject a complete set of Ada95 [Ada95] to X bindingswas not available so a pre-existing set of bindings forAda83 [Ada83] to the Athena widget set [Peterson92]was used. Unfortunately this required the students towrite their graphical user interfaces using MeridianAda. To allow the rest of their system to be writtenusing GNAT Ada, a simple process control packagewas provided. This allowed child processes to bespawned and communicated with by exchangingstrings. The package provides for non-blocking I/O sothat individual processes need not be blocked if somepart of the total system fails to respond. It also allows asimulation program to be written that mimics, in realtime, the behaviour of the railway network. This per-mits students to do realistic testing of their softwarecontrol system. A project group is not permitted accessto the physical rail network until they can demonstrateconvincingly, using their simulation, that their controlsystem will work.4.1.Software DeliverablesFor both the prototype and final demonstration the stu-dents are required to submit an easy to install release oftheir software. This allows their software to be auto-matically relinked or recompiled by the customer, pos-sibly on a different computer architecture. The realinterface to the railway network is only supplied at thisstage. One reason for this approach is to encourage thegroups to maintain working versions of their system sothat last-minute trivial changes do not destroy theironly working system. The tendency to make last min-ute alterations to code before demonstrating it to staffhas appeared to be irresistible to many students in thepast. This practice has resulted in some groups not be-ing able to demonstrate a working product as the lastminute change has introduced serious bugs.4.2DocumentationIn addition to the software that the students must sub-mit, a requirements analysis, functional specificationand a user manual must also be submitted. Hard dead-lines are set for the delivery of the documentation andsoftware, although students are permitted to reviewtheir documents and are invited to resubmit all docu-mentation at the end of the course. This provides staffwith the opportunity to comment on the documents andprovides the students with the opportunity to revisetheir submissions.A high level of quality is expected in the docu-mentation and students are encouraged to take part inwriting classes that are provided by the University.Staff have noted that students often tend to ignore thedocumentation and testing of their software in the sub-jects that they have studied earlier. As a result of this, ahigh percentage of the marks for the project are allo-cated to the documentation associated with it. Thishelps to correct the misunderstanding held by somestudents that employment as a programmer or softwareengineer means that the whole day is spent coding.5.StudentsThis course is undertaken by a wide cross section ofthe student community, but the two dominant groupsare: students studying Mathematics and Computer Sci-ence and those studying engineering, particularly elec-trical engineering and computer systems engineering.The �maths� students take this course in their final(third) year, whilst the engineers take it in their third orfourth year of study (of a four year degree). In additionto these two main classes of students, there are also asmall number of students who are completing a oneyear postgraduate diploma for whom this course ismandatory. This latter category represents some stu-dents for whom the programming language Ada is anew language and this is the first course in which theyhave to write substantial amounts of code.The students find this course considerably morechallenging than other courses offered by the depart-ment although the intellectual content of the course isquite low. The unstructured nature of the project workforces students to adopt a far more methodical ap-proach to time management than they otherwise would.5.1Perception prior to startingThe students are aware that this course has a largeproject associated with it before commencing thecourse. The actual project is not announced until afterthe course starts so the particular project chosen eachyear plays no part in selecting particular interest groupsto the course.Students are aware of what the previous years stu-dents did by way of project work and have �folklore�about how much work was involved. It is fair to statethat they are prepared for a substantial amount of ef-fort, but the vast majority of students falsely believethat this effort will be coding effort, rather than design,documentation, testing and coding.

Informal interviews with the students have revealedthat they perceive the project to be fair and unbiased.No student felt that the choice of a �model trainset�favoured any particular category of student. In par-ticular, the female students did not believe that themale students held some advantage which was a fearexpressed by some colleagues prior to the start of thecourse.5.2Perceptions after finishingOverall, most students believed the project to be �toobig� and felt that they were poorly prepared for the taskthey were set. Virtually all the students believed, how-ever, that if they were to tackle the project again, theywould be able to deliver the system on time and withthe desired functionality. Many of the project groupshad deep concerns about some of the information theywere given pertaining to the model train set - we madeno attempt to filter all the information and providethem with only the �relevant� material. As a conse-quence of this, many projects foundered because thestudents failed to recognise the need for simple feed-back in the system and instead tried to predict the exactposition of the trains by using simple models of thetrain�s acceleration and velocity profiles. Interestinglyenough, project groups with final year electrical engi-neering students also fell into this trap and producedsystems which ignored the feedback the system pro-vided, despite having undertaken a course on engi-neering feedback control systems.Of the 18 project groups which undertook thecourse, only one group managed to implement a com-plete control system which was able to move multipletrains on the track. Most groups were able to control asingle train in a limited way and some groups wereunable to move any trains at all. This �failure toachieve� engendered a reasonable level of dissatisfac-tion amongst the students, with many commenting thatthey had worked very hard all semester and had noth-ing to show for it at the end. This feeling of failure wasnot justified as all groups had produced more than ade-quate user interfaces, and other support software. Themajor failing of these groups was simply an inability tobuild the system up from a small working system,rather than initially attempting to build a large system;this is despite the advice given to them.6.ConclusionsThe use of this style of large scale, group orientedproject has been outlined in an earlier paper[Oudshoorn94] and the extension of this methodologyto encompass safety critical and control systems hasbeen described. The choice of a model railway as atarget is a good one as the issues involved are easilyappreciated by the students and intuitive. In addition tothis, interviews with students has revealed that there isno perception of this project favouring a particulargroup of students. We believe the model rail system isa valuable tool and intend to make use of it again.The benefits of this style of project are manifold,but the primary benefit to the student comes from therequirement to address the real-time nature of the proj-ect. The students become aware of issues they havenever before had to consider varying from issues suchas time order complexity in algorithms, communica-tions latency and communications reliability. Whilstthese problems might be hidden from the implementorsof such a system in real life by the use of a real-timeoperating system, in the context of a student project theexposure of these issues has a high educative value.Whilst it is too early to draw statistically meaning-ful comparisons with past projects in this course, thereare some interesting observations which can be made.Firstly, the scope of the project was a little too great.The students were required to not only implement thecontrol system as described but also a simulator withwhich to test and debug their control system. Thesimulator itself was a reasonably challenging project initself and while it should have given the students greatinsight into the task at hand, it was the source of a greatdeal of frustration and loss of productive time for thestudents. In addition to this most of the simulators pro-duced by the students did not exhibit appropriate real-time behaviour. This resulted in many groups beingable to demonstrate their system operating correctlywith their simulator, but when connected to the realsystem they failed to process events quickly enough(the usual failure mode was to process at about onethird the required speed). Because of these problems,we propose to provide the students with an accuratesoftware simulation of the system in future. Thisshould effectively gain the students about a 20% im-provement in their productivity (most groups dedicatedat least one group member to this task). Secondly, thepersonality tests that were used to construct groupsseems to have had little effect on the number of grouparguments and disputes in comparison with previousyears, but has perhaps resulted in fewer students with-drawing from the course and thus has minimised thedisruption to the subject resulting from the need to re-organise the student groups.One source of stress to the students undertaking theproject is the provision of irrelevant information (someof which the students requested themselves!). We be-lieve that this is necessary, as it models real life andintend to make no changes to the information providedto the students although some lecture material isplanned which addresses this issue.The major cause of failure to achieve by the stu-dents is a difficult one to address: many groups simplyfailed to listen to advice given. All the groups whichwere having problems sought help and in most caseswere told explicitly what to do and why. In almost allcases, this advice was ignored by the students con-cerned and it was only at the final demonstration oftheir project work that they admitted that they had ig-nored the advice. In most cases, the students suggestedthat had they listened, things might have worked forthem with some suggesting we give lectures on thissubject! It may also be the case that the fairly�obvious� nature of the project work lulls them into thinking that they will be able to handle the work intheir usual ad hoc way.It is interesting to note that the most successfulgroup was the last one to start coding having spent themajority of their time planning and evaluating theirdesign. The groups which experienced difficulties indemonstrating their final software admitted that theycould retrospectively see the value of planning anddesigning their solution carefully prior to coding, ratherthan as they coded. The admission that they at leastlearned from their mistakes is good as it is preferablethat they make these discoveries within the Universityenvironment rather than in the workplace.Whilst this project has been more difficult for thestudents to complete than previous projects, it has nev-ertheless been a very valuable learning experience tothe students. Exit interviews with the students continueto show they regard this course as the most valuableone the department teaches. Feedback from employershas shown that they regard this project very highly andwere impressed by the descriptions students gave oftheir work. The department has been contacted by em-ployers directly, seeking to find out what we teach andhow we teach in the subject Software Engineering andProject.7.AcknowledgmentsThe authors wish to acknowledge the support of theUniversity of Adelaide in providing a grant to enablethe purchase of the train set and development of sup-port programs. We wish to thank Tammy Braybrookand Karlie Hutchens for their programming efforts.The authors are indebted to TransAdelaide staff fortaking the time to discuss the real-life issues and prob-lems involved in a rail system, and for helping ussimulate those difficulties using our model.References[Ada83]The Programming Language Ada, ReferenceManual, American Standards Institute Inc.ANSI/MIL-STD-1815A-1983, Springer Verlag,Lecture Notes in Computer Science, Volume 155,1983.[Ada95]Ada95 Reference Manual, InternationalStandard ANSI/ISO/IEC-8652:1995, January1995.[Booch94]G. Booch, Object-Oriented Analysis andDesign, second edition, Benjamin/Cummings,1994[Dewer95]R. Dewer and E. Schonberg, �The GNATProject: A GNU-Ada9X Compiler�, Free SoftwareFoundation, 1995.[Niles91]Niles and Associates, Endnote Plus, 1991.[Nye92]A. Nye and T.O�Reilly. The DefinitiveGuides to the X Window System, Volume 4, XToolkit Intrinsics Programming Model,OSF/Motif 1.1 Edition for X11 Release 5,O�Reilly and Associates, Addison Wesley, 1992.[Oudshoorn94]M.J.˚Oudshoorn and K.J. Maciunas,Experience with a Project-Based Approach toTeaching Software Engineering, Proceedings ofthe Southeast Asian Regional Computer Confed-eration 5th Annual Working Conference on Soft-ware Engineering Education, Dunedin, New Zea-land, IEEE Computer Society Press, November1994, pp.˚220-115.[Oudshoorn96]M.J. Oudshoorn, A.L. Brown andK.J. Maciunas, Simulating Real-Life Software En-gineering Situations in the Classroom, SoftwareEngineering: Education and Practice, Dunedin,New Zealand, January 1996.[Peterson92]C.D. Peterson, Athena Widget Set - CLanguage Reference Manual, X Window System,X11 Release 5, MIT X-Consortium, Cambridge,Massachusetts, 1992.[Pressman92]R.S. Pressman, Software Engineer-ing. A Practitioners Approach, third edition,McGraw Hill, 1992.[Rupp92]Rupp Corporation, Organizer Link II Soft-ware, 1992.[Sommerville92]I. Sommerville, Software Engi-neering, fourth edition, Addison Wesley, 1992.[Tichy85]W. F. Tichy, RCS — A System for VersionControl, Software Practice and Experience Vol-ume 15, Number 7, pp 637—654, July 1985.