GINGER: A Quantitative Analysis Environment for ImprovingProgrammer PerformanceKoji TORII�, Ken-ichi MATSUMOTO�, and Shinji KUSUMOTO*�Graduate School of Information ScienceNara Institute of Science and Technology8916-5 Takayama, Ikoma, Nara 630-01, Japan*Department of Information and Computer SciencesFaculty of Engineering ScienceOsaka University1-1 Machikaneyama, Toyonaka, Osaka 560, Japane-mail: matumoto@is.aist-nara.ac.jpAbstractThis paper describes GINGER, a measurement-based programming support systemwith real-time feedback, and its use in educational settings. GINGER automaticallycollects software process and product data and performs analysis to providefeedback to programmers. The information provided by GINGER allows students toassess their progress in programming projects and determine how their workcompares with that of other students. Instructors can also use this information toidentify students who need extra attention. GINGER has been used in programmingclasses, both at Osaka University and at industrial organizations in Japan, for morethan five years. An evaluation of the effectiveness of GINGER is presented. The useof GINGER to evaluate the programmer performance and the cost effectiveness ofsoftware reviews is also described.Keywords:Software measurement, software metrics, real-time feedback, softwareengineering education

- 1 -1 IntroductionThe importance of measurement for monitoring and controlling software projects˚has been well established within the software engineering community [2] [16].Metrics for software cost estimation and source code quality, for example, are nowwidely used in industry [13] and there are a number of research projects that focuson software metrics (see, for example, [12]).Measurement can provide valuable information on the software process and itsproducts. The principal benefits of measurement in software development include[6] [9]:¥Characterizing the software organization, process and products — the ability todescribe quantitatively the current state of software parameters, such assoftware quality, resources expended, and productivity.¥Monitoring progress and providing feedback — the ability to monitor progress, toanticipate problems, and to provide feedback to software personnel aboutpotential problems.¥Expressing requirements quantitatively — the ability to express requirementsquantitatively, both as goals and as acceptance criteria.¥Analyzing costs and benefits — the ability to quantify trade-offs that can beused by management in allocating resources.¥Predicting project parameters — the ability to predict software parameters, suchas cost, delivery time, and reliability.Because these benefits are primarily management-oriented, measurement is oftenconceived of solely as a management tool. Measurement can, however, also be used

- 2 -to provide feedback to developers during a project. This information can help themto assess their progress and modify their approach if needed.Measurement is also fundamental to the educational process. Graded homeworkand examinations, for example, are routinely used to assess student progress.Ideally, such measurements are used to provide feedback to students to help themimprove their skills and knowledge. This paper describes the use of some typicalsoftware metrics to provide feedback to students in programming classes in bothacademic and industrial settings. This information allows students to assess theirprogress in programming projects and determine how their work compares withthat of other students. They can then modify their behavior or seek additional helpas necessary. Instructors can also use this information to identify students who needextra attention.The impact of the information provided by measurement is most valuable if theinformation is provided in a timely fashion and presented in an easy-to-understandformat. To provide support for timely feedback of measurement to developers, wehave developed a measurement-based programming support system with real-timefeedback known as GINGER. GINGER automatically collects software process andproduct data and performs analysis to provide feedback to developers. Results ofthe analysis of data characterizing the software development process and itsproducts are presented in graphical form whenever requested. GINGER has beenused in programming classes, both at Osaka University and at industrialorganizations in Japan, for more than five years.This paper begins with a discussion of related work. This is followed, in Section 3,by an overview of GINGER. Section 4, discusses the current implementation ofGINGER and Section 5 describes the evaluation of GINGER�s usefulness. Section 6discusses two applications of GINGER that illustrate how the system has been used

- 3 -in courses at Osaka University and in industrial software organizations. Finally,Section 7 presents some conclusions on the applicability of the GINGER concept tosoftware development in non-educational settings.

- 4 -2 Related WorkSeveral systems for automatically collecting and analyzing quantitative data aboutthe software process and its products have been described. Of these, three areclosely related to GINGER in purpose and function.Basili and Rombach’s TAME (Tailoring A Measurement Environment) project at theUniversity of Maryland is aimed at collecting data, based on theGoal/Question/Metric (GQM) paradigm, in order to construct models of thesoftware process and its products [2]. Its goal is long-term improvement of thesoftware development process. The T A M E system will ultimately run in adistributed environment consisting of at least one mainframe computer and anumber of workstations. TAME is primarily intended for use on large projects, asevidenced by the large storage capacity of its experience base.Selby, et al., have specified a measurement and empirical analysis system, known asAmadeus, which enables a software developer to integrate measurement andempirical feedback mechanisms into development and maintenance processes [17],[21]. These empirically guided processes can be used, for example, to focus tool andtechnique application on high-payoff areas. The underlying principle is to makemeasurement active by integrating measurement into the software process. This workcontrasts sharply with the primarily passive use of measurement in the past.The Software Management Environment (SME) is a management tool used to displaymodels of the software development process based on comparing data fromprevious projects [8]. SME was developed at the Software Engineering Laboratory(SEL). It provides the project manager with the ability to observe, compare, predict,analyze, and control key software development parameters such as effort, reliability,and resource utilization.

- 5 -These three systems are primarily applicable to monitoring and controlling large-scale software development projects. In addition, each is aimed primarily atcollecting product metrics which will be used to provide management feedback andmodels. In contrast, GINGER is primarily intended for use in an educationalenvironment. GINGER:¥allows instructors to monitor the progress of students in groups of morethan 100.¥allows students to control their own activities based on feedback from theenvironment,¥is capable of collecting all of the required data automatically withoutdisrupting the programmer�s activities,¥is capable of storing and managing large amounts of data, and¥is able to provide personalized analysis to students in a timely fashion usingdata collected automatically.Basili and Reiter [1] have described the use of automated data collection and analysiscapabilities similar to those provided by GINGER. Their environment was used tosupport a quantitative comparison of software development approaches. GINGERextends the capabilities described by Basili and Reiter by adding the capacity forstatistical analysis and feedback as described in Section 4. In addition, theenvironment described by Basili and Reiter was used only to support research.GINGER has been used to support both research and education aimed at improvingprogrammer performance.

- 6 -3 Overview of GINGERGINGER was originally constructed to make it possible to precisely track studentprogress in programming classes. The initial focus of GINGER was on evaluatingand testing programs submitted as part of class assignments. Capabilities forquantitatively evaluating both the programs and the students� programmingprocesses were added later.3.1 GoalsAs we have noted, the information provided by measurement is most effective inimproving the software process if it is provided to managers and developers in theform of feedback on the progress of the project. While off-line feedback, such asprogress reports, is useful, we believe that on-line feedback is more valuable. Thus,our goal is to provide an environment that analyzes the data in real-time andprovides the results to students and instructors in a form that will help them assessand improve the students� capabilities.3.2 Requirements for a Quantitative Improvement EnvironmentThis section describes the requirements for a quantitative improvement environmentthat motivated the construction of GINGER.3.2.1 Data CollectionMeasurement can provide data that can be used to improve the software process,both at the organization level and the personal level. However, collecting this datacan be difficult. Developers often resist the additional work required to keep thenecessary records and are sometimes reluctant to provide detailed information ontheir activities. In part, this stems from the fact that it is difficult for them tomanually provide accurate information about their activities. When the requiredinformation is obtained, it is often historical, having been constructed fromrecollection. Because of this, the quality of the data may be suspect. Thus, a

- 7 -measurement environment should collect data automatically and unobtrusively.Note that, in order for this to be possible, it must be possible for the developer toperform most of his or her tasks within the measurement environment.3.2.2 Data Storage and RetrievalProviding good feedback for improving programmer productivity requires historicalinformation (both raw data and the results of analysis) from previous projects. Aquantitative improvement environment should, therefore, store this data forconvenient retrieval at any time. The environment should also be able to managethe large amounts of data (e.g., data on program modification) that can be generated.Thus, some mechanism for program modification is required.3.2.3 Data Analysis and FeedbackSeveral different analyses may be required to meet a specific objective. Theenvironment should, therefore, be capable of collecting all of the necessary raw dataand extracting the information required to perform the various analyses. Toincrease the usefulness of the results, the environment should also support statisticalanalysis of the resulting data. Such statistical analysis is especially important in animprovement-oriented environment.Data collection and analysis are necessary for an improvement-orientedenvironment, but they are not sufficient. The results of the analysis should beprovided to the programmer as feedback. In order to be useful, this informationshould be presented in a format that is easy to understand.Finally, since the programmers in educational environments (both university andindustrial) are novices, the environment should provide not only the results ofanalysis, but also advice on how to make improvements. This advice should beprovided in a timely manner, so the environment should be capable of executing theanalysis and returning the information to the programmers in real-time.

- 8 -4 Current ImplementationThe current version of GINGER is implemented on the UNIX environment [22]. Theprincipal characteristics of the current implementation are:¥GINGER has been implemented using the C language to provide forportability across UNIX platforms. The current implementation consists ofapproximately 5,000 lines of C code. (GINGER has also been ported to otherenvironments by rewriting some of its low-level functions to accommodatethe new operating system.)¥Much of GINGER’s current functionality, particularly that in the DataCollection, Data Management, and Information Feedback units, has beenimplemented using standard UNIX tools and file system functions.¥GINGER currently runs on a network of workstations linked by an Ethernet.Copies of the Data Collection unit execute on each programmer’sworkstation; all other units execute on the manager’s workstation.4.1 ArchitectureGINGER is composed of four logical units: the Data Collection Unit, the DataManagement Unit, the Data Analysis Unit, and the Information Feedback Unit. Figure 1illustrates the architecture of G I N G E R and shows its interaction with theprogrammer. In the figure, solid arrows indicate data flow and dashed arrowsindicate control flow.4.2 Data CollectionThe raw data collected by GINGER includes both process data and product data.Process data is used to trace a programmer�s progress during the project. Productdata is used to evaluate a program�s size and quality. Combining these two types of

- 9 -data makes it possible to evaluate a developer�s capability and productivity. Processdata includes both terminal access data (access date, login time, and logout time)and command execution data (execution date, execution time, command name, andCPU time). Product data consists of the program itself as well as an history ofmodifications. The history of modifications includes, for each update: update date,update time, and difference between successive versions of the program.Because GINGER uses standard UNIX tools and file system functions to collect thisdata, its interpretation involves some assumptions. The principal assumptions are:¥All of a programmer�s files are stored in a single directory under their homedirectory. This requirement is easily achieved by adopting appropriateconventions.¥All work is performed on the workstation. While it is possible that somework is performed off-line, this work is not counted. In practice, we haveobserved that students appear to perform their work on-line.4.2.1 Process DataTerminal access and command execution data is extracted from the standard UNIXaccounting data by removing unnecessary information and rearranging the rest.Accounting data for each programmer is obtained by invoking the UNIX accountingsystem commands "last" and "lastcomm"1 [23]. Since the accounting system istypically set to delete this data at specific intervals (e.g., each weekend or at the endof the month), a C program within the Data Collection Unit collects the data justbefore it is deleted by the accounting system.1The UNIX �last� command prints information about the sessions of specified users and terminals.This information includes: the time at which the session began, the duration of the session, andthe terminal used for the session. The �lastcomm� command provides information on previouslyexecuted commands. It can be used to list command executions by command, user, and/orterminal.

- 10 -Accounting data used to compute terminal access consists of: 1) the username of theprogrammer who has accessed the terminal, 2) the terminal identifier, 3) the accessdate, 4) the login time, 5) the logout time, and 6) the elapsed time between login andlogout. Accounting data used to compute command execution consists of: 1) thecommand name, 2) the username, 3) the terminal identifier, 4) the amount of CPUtime (in hundredths of a second) used to execute the command, 5) the date, and 6)the time at which the command was executed. Figure 2(a) illustrates a typical set ofaccounting data.The transformation from accounting data to process data is performed in three steps.They are:Step 1:Retrieve the accounting data using the UNIX "last" and "lastcomm"commands.Step 2:Sort the accounting data into chronological order and extract the keyinformation. This step is performed by the Data Collection Unit.Step 3:Store the transformed data in the Process/Product Data Base. This stepis performed by the Data Management Unit.The transformed data is illustrated in Figure 2(b).4.2.2 Product DataSince the program text produced by each programmer is maintained as UNIX files,relevant data such as date and time of modification, and access rights2 aremaintained automatically by the file system. Product data, therefore, can beobtained using UNIX file system functions [23]. Product data is collected byapplying the following procedure at five minute intervals:2Information about access rights is used occasionally to determine the type of a file. The value ofthe �executable� attribute can be used to determine whether a file is text or object code.

- 11 -Step 1:Find the latest time tu and a file Fu, such that the file Fu was updatedat tu and tu is within the past five minutes. This step is performedusing UNIX file system commands.Step 2: Construct a pair (Fu, tu) for the file Fu and the time tu obtained in Step1. This step is performed by the Data Collection Unit.Step 3: Compute the difference, DFi, between the new version of the file, Fu,and the last version, Fl, in the Process/Product Data Base. Thiscomputation is performed by the Data Management Unit using theUNIX file comparator "diff" [23].Step 4:Add the pair (DFu, tu) to the history of modifications and replace thelatest version of file, Fl, by Fu. This function is also performed by theData Management Unit.Details of the product data are illustrated in Figure 3. The history of modificationsincludes a header and a series of pairs of (ti, DSi, 1£ i £ n), where ti is an update timeand DSi is a set of scripts (see Figure 3(a)). The set of scripts, DSi, corresponds to thedifference DFi in Step 3 above. (There are five types of scripts, which correspond tothose defined for the UNIX editor "ed" [23]. The description of each script type issummarized in Table 1). The version of the file at time ti can be generated bypassing DS1, DS2, ..., DSi to the �ed� editor. The latest version of the file (Figure 3(b))can be produced by passing the complete series of DSu to "ed" [23]. The programmodifications are also computed from this script, as described in Section 4.4.4.3 Data Storage and RetrievalData is managed by product and, within a project, is arranged by programmer. Thedata stored for a given programmer includes both the process data (Figure 2) and

- 12 -product data (Figure 3) collected by the Data Collection Unit and the results of theanalysis performed by the Data Analysis Unit.4.4 Data AnalysisAn example of the type of analysis provided by the current implementation ofGINGER appears in Figure 4. This analysis consists of information on programmingeffort, the size and quality of the resulting program, and program modifications,which are primitive measures of programmer productivity.Four different measures of programming effort are computed: 1) calendar days, 2)total terminal access time (in minutes), 3) total number of command executions, and4) total CPU time (in hundredths of a second) for command execution. Commandexecutions and their associated times are further classified into four categories basedon the type of command: program editing, compilation, linking, and execution.These measures are derived from the terminal access and command execution datadescribed in Section 4.2.Measures of program size and quality are obtained from the latest version, Fl, of thefiles which make up the program (see Figure 3(b)). Two measures of size arecurrently used: the total number of lines and the total number of modules (seeFigure 4). The quality measure is the ratio of the number of successful tests to thetotal number of test cases applied when the program is evaluated. The computationof this measure is described in Section 6.1.Program modifications are computed based on the history of modifications and thelatest version of the file. Figure 5 provides a typical example of programmodification. The following six measures are used to characterize programmodifications:

- 13 -Li :the number of lines in the initial program (i.e., the number of lines inthe program the first time it is saved)La :the number of lines which are added to the program in an editingsessionLc :the original length of a block of lines that is changed during an editingsessionLc’:the new length of a block of lines that is changed during an editingsessionLd :the number of lines which are deleted from the program in an editingsessionLr :the number of lines in the final programThe following relationship between the measures is easily derived:Lr = Li + ( La + Lc’ ) - ( Lc + Ld ).The value of Li is obtained from the history of modifications, and Lr is also easilycomputed from the latest version of the file in the product data. The values of La, Lc,Lc’ and Ld can be computed based on the script of the history of modifications in theproduct data. (The relationship between the types of scripts and the values of La, Lc,Lc’ and Ld is shown in Table 2.)The number of errors removed during the program development process is alsoestimated (see Figure 4) as is the sum of the error life span [22], which is used as ameasure of programmer productivity. The number of errors removed and the error

- 14 -life span are computed automatically based on program modification data [16], asdescribed in Section 6.1.4.5 FeedbackIn programming courses, in both academia and industry, assessment of programquality is an essential part of evaluating student progress. One commonly usedapproach is to test the programs submitted for an assignment using a common set oftest data. This approach, however, can be difficult to use when a large number ofprograms must be evaluated in a limited amount of time.GINGER provides a facility for automatically testing student programs. The outlineof this facility is illustrated in Figure 6. A set of test cases, each consisting of aninput together with the corresponding correct output, is prepared for each programby the instructor(s). Each program to be tested is retrieved from the Process/ProductData Base and the test cases are applied to it. The program output is compared to theexpected output and, if they differ, the test case is considered to be unsuccessful.The results of the comparison are summarized in a test report. Figure 7 provides anexample of a test report in which test1 is unsuccessful and test2 is successful. Thetest report is forwarded to the student via electronic mail by the Information FeedbackUnit, as shown in Figure 6 and he or she is given an opportunity to correct anyerrors that were identified.4.6 Process Visualization ToolAs noted above, effective use of data on the progress of software developmentactivities requires that this data be provided as feedback to the developer. This datais most useful if on-line data, as well as off-line date such as progress reports, isavailable. In addition, it is necessary that this data be presented in a form that iseasily understood. This is especially true for novice developers who are not familiarwith this type of information.

- 15 -We have constructed a tool to help developers visualize the software developmentprocess. The Process Visualization Tool is embedded in GINGER’s Data Analysis Unitand Information Feedback Unit. It provides the developer with: 1) the prescribeddevelopment plan, 2) the current status of the project along with a history of his orher activities, 3) a projection of the future status of the project based on the historicaldata, and 4) the difference between the prescribed plan and the projected one. Thisinformation is presented graphically whenever requested by the developer.Figure 8 illustrates the basic components of the Process Visualization Tool and thedata that flows between them. The tool consists of five components: the Past ProcessEvaluator, the Future Process Predictor, the Programmer Productivity Comparator, theFeedback Manager, and the Image Constructor. The Past Process Evaluator, the FutureProcess Predictor, and the Programmer Productivity Comparator are part of GINGER�sData Analysis Unit. The Feedback Manager and the Image Constructor are contained inthe Information Feedback Unit.The Past Process Evaluator, Future Process Predictor, and Programmer ProductivityComparator are part of GINGER’s Data Analysis Unit. The Past Process Evaluator usescurrent programmer productivity data obtained from the Programmer ProductivityEvaluator to update the developer’s productivity history. The data obtained from theProgrammer Productivity Evaluator consists of programming effort, program size andquality, and program modifications, as described in Section 4.4 and illustrated inFigure 4. The updated productivity history is stored in the Product/Process Data Baseby the Data Management Unit.The Future Process Predictor computes a projection of the development process fromthe current time to the prescribed date of completion. This projection is based ontrends derived from the historical data computed by the Past Process Evaluator.

- 16 -Several different models may be used to compute the projection. Currently, weassume that the deviation from ideal behavior is constant with respect to (calendar)time and equal to the current deviation. The future deviation is then extrapolatedusing a linear least-squares fit.The Programmer Productivity Comparator predicts the value of programmerproductivity for the process completion time projected by the Future ProcessPredictor. The difference between the target productivity and the projected value isthen calculated.The Feedback Manager and the Image Constructor are included in GINGER� s Information Feedback Unit. The Feedback Manager requests analysis of programmerproductivity from the Data Analysis Unit at a specified time interval. This intervalcan be selected by the project manager. When a developer requests informationabout his or her productivity, the Data Analysis Unit sends the data to the ImageConstructor which provides the developer with a graphical view of the developmentprocess. This graphical data is displayed using the X-Window system.Figure 9 illustrates the feedback information provided by GINGER through theProcess Visualization Tool. Figure 10 illustrates a graphical terminal display.

- 17 -5 Assessment of GINGERTo evaluate the effectiveness of the information feedback provided by GINGER, weperformed an experiment using a programming project in an undergraduate coursein the Department of Information and Computer Sciences at Osaka University.In this experiment, sixty programmers were divided into two teams (designatedGroup I and Group II) of equal size. Each programmer developed a compiler fortranslating Pascal source code into assembly language. The programs were alldeveloped to the same specification using the C programming language. Studentswere given three months to complete their programs. The resulting programs wereevaluated using GINGER�s testing capability (see Section 4.5). Thirty test cases wereused and the criterion for successful completion was passage of 100% of the tests.Students in Group I were instructed to control the size of their programs. A targetrange of 1476 - 1563 lines of code was established based on the size of programsfrom similar projects over the previous three years.3 Students in Group II were notgiven a target program size. Initially, none of the students were provided withinformation on program size. During the final month of the project, however,students in Group I were allowed to use GINGER�s visualization tool (Section 4.6) toobtain feedback on the size of their programs. Approximately half of the students inGroup I used GINGER for feedback. Those that did not use GINGER for feedbackwere designated as a third experimental group, Group III.Comparisons were made only among completed programs, that is, those that passedthe acceptance tests. The hypothesis was that, if the information feedback waseffective in helping programmers control program size, the variation in size amongGroup I programmers would be smaller than that among Group II and Group III3The previous projects used the same specification and the results were measured using GINGER.These projects did not make use of GINGER�s feedback capabilities, however.

- 18 -programmers. The results of the comparison are shown in Table 3. The number ofstudents in each row indicates the number who successfully completed theassignment from each group.Evaluation of the data in Table 3 indicates that there were differences between thetwo groups with respect to both the mean and variance of program size. The meanprogram size of 1843 lines of code for Group I is smaller and closer to the target rangethan the means of either Group II (2152) or Group III (1955). The significance of thisdifference was confirmed using a t-test. The variance in program size within Group I(4062) was also smaller than that for Group II (8582) and Group III (11012). Thesignificance of the difference in the variances was confirmed using the F-test. Thedifferences were significant at the 0.05 level in both cases.Figure 11 shows the growth in program size during the project and provides adramatic illustration of the differences among the three groups. As Figure 11 shows,the range of sizes for the groups were nearly identical before the feedback wasintroduced. In the latter stage of the project, the range of program sizes for Group Iremained relatively small while those for the other two groups increaseddramatically.The similarity among the groups before the introduction of feedback indicates that,without this information, students in Group I were no more (or less) effective thanthe others in controlling the size of their programs. When provided with feedback,however, the students in this group were able to effectively control the size of theirprogram, as indicated by the decrease in the variance in program size. From this weconclude that the feedback provided by G I N G E R was effective in helpingprogrammers achieve their goals.

- 19 -In their experimental evaluation of the effects of goals on programmer performance,Weinberg and Schulman [24] concluded:�If given specific objectives, programmers can make programming choices in such away that they will meet those objectives — provided that they do not conflict withother objectives.�Our experience, supported by the data in Table 3 and Figure 11, indicates thatsimply providing programmers with objectives is not enough. Feedback onperformance is necessary if programmers are to achieve those objectives.

- 20 -6 Applications of GINGERThis section describes two applications of the GINGER system and the two toolsdescribed in Section 4.6.1 Process EvaluationHuman factors are one of the most important determinants of software quality andproductivity [7]. Programmer capability is, for example, the largest among thefourteen COCOMO cost drivers, with a range of 2.03 [3]. It is also known that, formost performance variables, there are large differences in individual performanceamong programmers [20]. Programmer performance, therefore, is one of the mostimportant attributes of the software process to be measured.Measurement of programmer performance is important in both academic andindustrial educational environments. In the industrial environment, in particular, itis important to reduce variability among individuals.4 In industrial environments, itis also important to evaluate team activities since teamwork is one of the mostimportant things to be learned in the industrial environment (see Section 6.1).We have developed a programmer performance model which is based on theconcept of error life span. The life span of an error, Te, is defined as the time elapsedfrom when the error manifests itself as a fault in the software to when the fault isremoved. This concept was first proposed by Mills [19], who used �error days� as ameasure of software quality. Basili and Weiss [25] also used program modificationsas a means of evaluating the software process. Results of experimental evaluationshave shown a high correlation between this model and �aptitude� among studentprogrammers [16].4In Japan, reduction of variability among programmers is aimed at improving the abilities of thoseat the lower end of the distribution while preserving the abilities of the more capable individuals.Thus, the average ability of the group is improved. This reduction in variability means that thesoftware development process is more predictable.

- 21 -In these experiments, obtaining error life spans was very expensive. It wasnecessary to trace and analyze all files used in the experiments and manage largeamounts of data by hand. The amount of effort required for this means thatobtaining error life spans in industrial training courses or actual softwaredevelopment projects would be prohibitive. Similarly, it would be difficult, if notimpossible, to provide this information as feedback to the programmer during thecourse of the project.To reduce the amount of effort required to obtain this information, we devised amethod to automatically estimate error life spans. This method is based on theobservation by Dunsmore and Gannon that program changes (i.e., textual changesbetween successive versions of a program) are correlated with the total number oferrors in the program [10]. Thus, each line modified during an edit sessioncorresponds to a single error. The error life span, therefore, can be estimated fromthe number of times each line is created and deleted. This information is easilyobtained from the program modification histories collected automatically byGINGER.Based on the results of Dunsmore and Gannon [10] and our own experience intracing and analyzing program files in the experiments mentioned above [16] [18],we make the following two assumptions:1)The purpose of program modifications5 during each edit session is toremove faults.2)A set of lines created during one session and modified during anothercorresponds to one error.5Here, only modifications to program content are considered. Other modifications, such asindentation, or changes to comments, are not counted.

- 22 -Figure 12 illustrates the estimation of error life span. In Figure 12, ti (0 £ i £ 3)represents the time when the i-th edit session has terminated. Pi represents theprogram text created during the i-th edit session. lj (1 £ j £ 5) represents linesmodified during the third edit session. From assumption (1), the purpose ofmodifications of program text at the 3rd edit session is to remove faults. Fromassumption (2), the modified lines lj can be divided into two subsets: {l1, l2, l3} and{l4, l5}. Thus, for the third edit session, two errors were removed. The firstcorresponds to {l1, l2, l3} and has a life span of t3 -t1, while the second corresponds to{l4, l5} and has a life span of t2 -t1.To validate this approach to the estimation of error life span, we computed theestimated sum of error life spans for the experiment mentioned above. Theestimated value was then compared with the actual sum of error life spans. Thecoefficient of correlation between the two values is 0.90, indicating that theestimation technique is sufficiently reliable.We have also applied this estimation method to a programming course in a Japanesecomputer company in order to evaluate team activities. A team performance modelwas defined by regarding a team as a virtual programmer. The team�s performancewas represented by the sum of estimated values of error life spans for all membersof a team. The results of this experiment indicates that this team performance modelprovides a single value that has a high correlation with the amount of time that theteam spends debugging. The coefficient of correlation is -0.83. The negativecoefficient of correlation is due to the fact that the amount of time spent debuggingis large for a team with low performance (i.e., a large sum of error life spans).

- 23 -6.2 Cost Effectiveness of Software ReviewsWe have developed a metric for evaluating the effectiveness of software reviews[15]. This metric was validated, using GINGER, in an experiment performed as partof a programming course at a Japanese computer company.This metric, which combines features of metrics proposed by Fagan [11] andColofello and Woodfield [5], computes the ratio of the reduction of the total costs todetect all faults in design documents and code by review to the virtual testing cost(the cost to detect all errors by testing) for the code. It is defined by the equation:

M = ΔCt - Cr

Ct + ΔCt = Edr + Ecr ed + ec • ct - crct

where:Ct = the cost (in minutes) for testing,Cr = the cost (in minutes) for reviews,DCt = the reduction in testing cost due to reviewsed = the number of errors introduced during designec = the number of errors introduced during codingcr = the average cost to detect an error during reviewsct = the average cost to detect an error during testingEdr = the number of errors detected during design reviewsEcr = the number of errors detected during code reviewsDetails of the derivation of this metric may be found in [15].To validate this metric, we conducted an experiment as part of a course for noviceprogrammers at a Japanese computer company. The course was for new hires whohad no previous experience in programming or in conducting reviews. In addition

- 24 -to basic programming, students were taught the company�s standard process forperforming design and code reviews. Other important characteristics of theexperiment were:¥There were seven teams of four or five developers each. The teams wereorganized by the instructor to minimize the differences in their capabilities.¥Each team developed a batch processing system using the samespecification. Each team designed the system using JSP (Jackson StructuredProgramming) and coded it using COBOL. The final program size wasabout 2,000 lines of code.¥The programs developed by each team were tested by the instructor.Programs were required to pass all test cases.The total cost of testing was computed as the total terminal access time while testing.This data was collected automatically using GINGER. Data required for the otherparameters was taken from information reported off-line by each programmer.Analysis of the experimental data reveals that the order of teams with respect to thevalues of this metrics corresponds with our intuitive impression of theirperformance on the review. This metric also provides higher stability in evaluatingthe effectiveness of the reviews than either Fagan�s metric or that of Colofello andWoodfield.We also found a high correlation (r = 0.98) between the total number of faultsintroduced in the design and coding phases and the reciprocal value of the averagecost to detect a fault in the design review and code review. The reciprocal of theaverage cost to detect a fault in these reviews also has a very high correlation (r =0.92) with the reciprocal value of the average cost to detect a fault in testing.

- 25 -Based on these observations, we were able to devise a metric to estimate the costeffectiveness of software reviews using only parameters that can be computedduring the review process. This metric, Mk, is defined by the following equation:

Mk = F(0.9152 - 0.00114cr )cr

1090 + 4.88cr

where F is the total number of faults detected in reviews and cr is the average cost todetect a fault through design and code reviews. We have used the metric to evaluatethe cost-effectiveness of three review techniques that we proposed [14].

- 26 -7 Summary and ConclusionsThis paper has described the architecture and functions of GINGER, a measurement-based programming support system. GINGER automatically collects softwareprocess and product data and performs analysis to provide feedback toprogrammers. The information provided by GINGER allows students to assess theirprogress in programming projects and determine how their work compares withthat of other students. Instructors can also use this information to identify studentswho need extra attention.GINGER has been evaluated experimentally in programming classes at OsakaUniversity. The results of this evaluation indicate that the feedback provided byGINGER is effective in helping programmers achieve their goals.Two applications of GINGER in industrial education settings were also presented.The first involved the use of error life span to evaluate team performance on aprogramming task. The second was concerned with evaluating the cost-effectiveness of software reviews.To date, GINGER has been used primarily in educational contexts, both academicand industrial. However, we believe that such an environment can also be valuablein providing assessment and feedback in actual software development projects. Forexample, project managers could use GINGER�s measurement capabilities andFuture Process Predictor to obtain early indicators of problems. GINGER is currentlycapable of providing several of the management indicators described in [4].Individual developers or programming teams could also use feedback on their ownperformance to modify or re-direct their efforts in a manner analogous to that usedby students in the educational settings described here. As noted in Section 5, suchfeedback is essential for helping developers to meet assigned goals.

- 27 -Finally, the discussion in this paper has focused on the use of GINGER to obtaininformation about code-level software products. However, with the advent ofmodern CASE tools, a considerable amount of design-level information is nowavailable in machine-readable form. As a result, it should be possible to useGINGER to collect and analyze information about an emerging software design. Weare currently investigating this possibility.

- 28 -AcknowledgmentsThe authors wish to thank Dr. Lloyd G. Williams of Software Engineering Researchfor his technical advice on the experiments described here and for his valuablecomments on an earlier draft of this paper. We also wish to thank Professor VictorR. Basili of the University of Maryland for his invaluable suggestions andstimulating discussions and Mr. Kouichi Kishida of Software Research Associates,Inc. for his valuable comments and support.Mr. Yukio Mohri of Nihon Unisys, Ltd. assisted in performing the industrialexperiment described in Section 6.2.The authors also wish to thank Prof. Tohru Kikuno of Osaka University for hisvaluable comments and helpful criticism of this paper. Finally, special thanks go tothe students of Osaka University who assisted in developing the GINGER systemand who participated in the experiments described here.

- 29 -References[1]V. R. Basili and R. Reiter Jr., �A Controlled Experiment QuantitativelyComparing Software Development Approaches,� IEEE Transactions onSoftware Engineering, pp. 299-320, 1981.[2]V. R. Basili and H. D. Rombach, �The TAME Project: Towards Improvement-Oriented Software Environents,� IEEE Transactions on Software Engineering,vol. 14, no. 6, pp. 758-773, 1988.[3]B. W. Boehm, Software Engineering Economics, Englewood Cliffs, NJ, Prentice-Hall, 1981.[4]J. A. Clapp, �Management Indicators,� in Encyclopedia of Software Engineering,J. J. Marciniak, ed., New York, John Wiley and Sons, 1994, pp. 637-644.[5]J. S. Colofello and S. N. Woodfield, �Evaluating the Effectiveness ofReliability-Assurance Techniques,� Journal of Systems and Software, vol. 9, no.3, pp. 191-195, 1989.[6]S. D. Conte, H. E. Dunsmore, and V. Y. Shen, Software Engineering Metrics andModels, Benjamin Cummings, 1986.[7]B. Curtis, ed., Human Factors in Software Development, IEEE Computer SocietyPress, 1985.[8]W. Decker and J. Valett, �Software Management Environment (SME):Concepts and Architecture,� SEL-89-003, Software Engineering Laboratory,1989.[9]J. R. Dunham and E. Kruesi, �The Measurement Task Area,� IEEE Computer,vol. 16, no. 11, pp. 47-54, 1983.[10]H. E. Dunsmore and J. D. Gannon, �Analysis of the Effects of ProgrammingFactors on Programming Effort,� Journal of Systems and Software, vol. 1, pp.141-153, 1980.[11]M. Fagan, �Design and Code Inspections to Reduce Errors in ProgramDevelopment,� IBM Systems Journal, vol. 15, no. 3, pp. 182-211, 1976.

- 30 -[12]N. E. Fenton, Software Metrics: A Rigorous Approach, London, Chapman andHall, 1991.[13]R. B. Grady, Practical Software Metrics for Project Management and ProcessImprovement, Englewood Cliffs, NJ, Prentice-Hall, 1992.[14]S. Kusumoto, K. Matsumoto, T. Kikuno, and K. Torii, �Approaches toImproving Effectiveness of Review Activities in the Technical ReviewProcess,� Proceedings of the International Software Quality Exchange �92, March,1992, pp. 7B-1-7B-16.[15]S. Kusumoto, K. Matsumoto, T. Kikuno, and K. Torii, �A New Metric for CostEffectiveness of Software Reviews,� IEICE Transactions on Information andSytems, vol. E75-D, no. 5, pp. 674-680, 1992.[16]K. Matsumoto, �A Programmer Performance Model and Its MeasurementEnvironment,� Ph.D. Thesis, Osaka University, Japan, 1990.[17]K. Matsumoto, K. Inoue, H. Kudo, Y. Sugiyama, and K. Torii, �Error LifeSpan and Programmer Performance,� Proceedings of the 11th InternationalComputer Software Applications Conference, October, 1987, pp. 259-265.[18]K. Matsumoto, S. Kusumoto, T. Kikuno, and K. Torii, �An ExperimentalEvaluation of Team Performance in Program Development Based on Model,�[19]H. Mills, �Software Development,� IEEE Transactions on Software Engineering,vol. SE-2, no. 4, pp. 265-273, 1976.[20]H. Sackman, W. J. Erikson, and E. E. Grant, �Exploratory ExperimentalStudies Comparing Online and Offline Programming Performance,�Communications of the ACM, vol. 11, no. 1, pp. 3-11, 1968.[21]R. W. Selby, A. A. Porter, D. C. Schmidt, and J. Berney, �Metric-DrivenAnalysis and Feedback Systems for Enabling Empirically Guided SoftwareDevelopment,� Proceedings of the Thirteenth International Conference on SoftwareEngineering, Austin, TX, May, 1991, pp. 288-298.

- 31 -[22]K. Torii, T. Kikuno, K. Matsumoto, and S. Kusumoto, �A MeasurementEnvironment and Some Results at Class Experiments,� Proceedings of the 2ndInternational Workshop on Software Quality Improvement, 1990.[23]UNIX, �UNIX User�s Reference Manual — 4.3 Berkeley Software DistributionVirtual VAX-11 Version,� 1986.[24]G. M. Weinberg and E. L. Schulman, �Goals and Performance in ComputerProgramming,� Human Factors, vol. 16, no. 1, pp. 70-77, 1974.[25]D. M. Weiss and V. R. Basili, �Evaluating Software Development by Analysisof Changes: Some Data From the Software Engineering Laboratory,� IEEETransactions on Software Engineering, vol. SE-11, no. 2, pp. 157-168, 1985.

- 32 - InformationFeedbackUnit DataCollectionUnitDataAnalysisUnit DataManagementUnitProcess/ProductData Base Request forData CollectionRequest forData Analysis Process/ProductDataRaw Data andAnalysis ResultsRaw DataAnalysisResultsRequest forFeedback FeedbackInformationProgrammerGINGERDevelopment Environment Process/ProductDataFigure 1. Architecture of GINGER

- 33 -kusumoto console Wed Nov 16 09:49 - 12:41 (02:52)kusumoto console Tue Nov 15 12:40 - 14:37 (01:57)...kusumoto console Fri Oct 21 15:03 - 16:54 (03:51)kusumoto console Fri Oct 21 11:05 - 12:34 (01:29)kusumoto console Thr Oct 20 10:23 - 10:30 (00:07)a.out kusumoto console 0.39 secs Wed Nov 16 12:35ls kusumoto console 0.09 secs Wed Nov 16 12:35hc kusumoto console 0.06 secs Wed Nov 16 12:35...vi kusumoto console 5.06 secs Wed Oct 20 10:29ls kusumoto console 0.06 secs Wed Oct 20 10:28more kusumoto console 2.34 secs Wed Oct 20 10:27Terminal Access DataCommand Execution Data(a) Accounting Data1988-10-20 10:23 10:301988-10-21 11:05 12:341988-10-21 15:03 16:54...1988-11-15 12:40 14:371988-11-16 09:49 12:411988-10-20 10:29 vi 5.061988-10-21 11:25 vi 4.071988-10-21 11:26 cpp 0.30...1988-11-16 12:35 hc 0.061988-11-16 12:35 a.out 0.39Execution date(year-month-day)Execution time(hour:minute)Command nameCPU time(1/100 seconds)Terminal AccessAccess date(year-month-day)Login time(hour:minute)Logout time(hour:minute)Command Execution(b) Extracted DataFigure 2. Process Data

- 34 - Update time tu(year-month-day

hour:minute:second)

Script �S̆u

(Append after line 0)

########################################

        programmer : kusumoto

        file name  : example.c

##### 1988-10-20 10:29:00 ###

0amain(argc,argv)
int     argc;

char    **argv;

{        int  i,j;

        char name[10];

        strcpy(name,argv[1]);

     .

}.##### 1988-10-21 11:25:00 ###

27,28c

        printf("name is %s\n",name);

.14d7a        if(argc<2) {

            exit(1);

        }

. Header(Change lines 27 and 28)

(Delete line 14)

(Append after line 7) (a) History of Modificationsmain(argc,argv)int argc;char **argv;{ int i,j; char name[10]; if(argc<2) { exit(1); } strcpy(name,argv[1]); . . .}(b) Latest VersionFigure 3. Product Data

- 35 -Table 1. Editor ScriptsScript Type�ed� Editor Functionna <text>.append <text> after line nnc <text>.delete line n and replace it with <text>m,nc <text>.delete the lines between line m and line n andreplace them with <text>nd.delete line nm,nd.delete the lines between line m and line n

- 36 -Total number of lines 326The number of modules 21Percent of successful test cases 100Number of lines of an initial program (Li) 285Number of lines appended to program (La) 97Number of lines deleted by change (Lc) 178Number of lines appended by change (Lc’) 163Number of lines deleted from program (Ld) 41Number of lines of a resulting program (Lr) 326Total number of errors removed (estimated value) 127Sum of error life span (estimated value) 3291Calendar days 10Total terminal access time (min.) 1231Total number of command executions 115 - Program editing 42 - Program compilation 30 - Program linking 18 - Program execution 25Total CPU time for command execution (sec.) 323.90 - Program editing 251.03 - Program compilation 31.12 - Program linking 26.13 - Program execution 15.62Programming EffortProgram Size/QualityProgram ModificationsFigure 4. Analysis Example

- 37 -Table 2. Editor Scripts and Program Modification MeasuresScript TypeMeasurena <text>.La = number of lines in <text>nc <text>.Lc = 1Lc� = number of lines in <text>m,nc <text>.Lc = n - m +1Lc� = number of lines in <text>nd.Ld = 1m,nd.Ld = n - m + 1

- 38 -AppendChangeDeleteLcLaLc’LrInitial ProgramResulting ProgramLiLdFigure 5. Basic Measures for Program Modifications

- 39 - InformationFeedbackUnit DataCollectionUnitDataManagementUnitProcess/ProductData Base Process/ProductDataProgrammer

GINGERDevelopment Environment

Instructor

Management Environment TextComparison ProgramExecution

Program output Test Inputs Expected Output TestInputs

Expected Output Program

Data Analysis Unit

E-mail System Process/ProductData

Test Report

Test ResultsFigure 6. Automatic Testing and Reporting

- 40 -****************************************Tue Nov 15 20:10:40 GMT+9:00 1988****************************************##### Test for TESTDATA/test1 #####*** program execution ****** incorrect answer ***Correct output :Reg.No. Power-On Power-Off 01 1000 1200 01 1300 1400Program output :Reg.No. Power-On Power-Off 01 1000 1200##### Test for TESTDATA/test2 #####*** program execution ****** O.K. ***Figure 7. Example Test Report

- 41 - DataCollectionUnitData Management UnitProcess/ProductData Base

Image

Constructior Process/ProductData

Programmer

GINGER

Development Environment

Programmer Productivity Comparator FutureProcessPredictor

Data Analysis Unit

X-Window System FeedbackManager

Feedback Information Information Feedback Unit PastProcessEvaluatorProgrammerProductivityEvaluator

Predicted Value

Target Value CurrentValue Process/Product Data

Historical Data

Updated Historical Data

Difference between target and predicted

Graphical Image Process/ProductData Process Visualization Tool

Figure 8. Schematic Representation of Process Visualization Tool

- 42 - Programmer

productivity Calendar time

Current time

Current value

Historical data Deadline

Predicted performance Target range

Predicted range Difference

Figure 9. Feedback Information

- 43 -Figure 10. Sample Display

- 44 -Table 3. Summary of Experimental DataProgram Size (LOC)Introduction of FeedbackProject CompletionGroupStudentsMean (x—)Variance (s2)Mean (x—)Variance (s2)Group I8777332218434062Group II13760357221528522Group III46572912195511012

- 45 -0500100015002000250030003500Group IGroup IIGroup IIIProgram Size(LOC)Introduction ofFeedbackProjectCompletion}TargetRangeFigure 11. Program Size

- 46 -P0P0P0P0P1P1P2l1l2l3l4l5t0t1t2t3Creation of P1Creation ofP2Modification ofl1, ..., l5Figure 12. Estimation of Error Life Span