CS - Virginia TechFrakes and SucciAugust 28, 19971A n E m p i r i c a l S t u d y o f R e u s e , Q u a l i t y , a n d P r o d u c t i v i t y Bill FrakesDepartment of Computer ScienceVirginia Tech wfrakes@vt.eduGiancarlo SucciDepartment of Electrical and Computer EngineeringUniversity of CalgaryGiancarlo.Succi@enel.ucalgary.caAbstractThis paper presents an analysis of four sets of industrial data to determine if software reuse iscorrelated with higher levels of software quality and productivity.1.IntroductionSystematic software reuse is a goal for many organizations today because they believe that higherlevels of reuse will significantly improve software quality and productivity[Frakes, 1994]. While thisbelief is widespread, there has been insufficient empirical validation of it, though [Melo et al., 1996]have recently published some related work. Good general introductions to software metricsmay be found in [Conte et al., 1986] and[Fenton et al. 1997].This paper presents an analysis of several sets of industrial data to determine if reuse is in factcorrelated with higher levels of software quality and productivity.The specific research questions we will examine, framed as null hypotheses, are:1. There is no relationship between software quality, measured by counting errors, and amount ofreuse as measured by reuse level RL and reuse frequency RF.2. There is no relationship between perceived software quality, measured by asking the developersof the code to rate module quality on a 10 point scale, and amount of reuse as measured by reuselevel RL and reuse frequency RF.3. There is no relationship between software productivity, measured as the effort it takes to developmodules, and amount of reuse as measured by reuse level RL and reuse frequency RF.4. There is no relationship between software productivity, measured as the number of lines of codeproduced per unit effort, and amount of reuse as measured by reuse level RL and reuse frequencyRF.This paper is organized as follows. Section two describes amount of reuse metrics, how RL and RFare calculated, and the automated tool we used to calculate them for C and C++ software. Sectionthree contains the results of our correlation analysis of RL, RF, and quality and productivity variables.

CS - Virginia TechFrakes and SucciAugust 28, 19972Section four analyses the results. In section five we present a summary of our conclusions and discussfuture work.2.Measuring Amount of ReuseThe amount of reuse is the quantity of reuse for a lifecycle product. For example, if we have a systemcomposed of 100 functions, we might ask how many of those functions are new, and how manyreused. If 10 of the functions are reused we might say that the amount of reuse in the system is 10%.However the situation is seldom straightforward. The amount of reuse can be divided into internaland external[Frakes, 1990]. Internal is the reuse of components from the same system, external is thereuse of external components, that is those developed outside the system project. Both of them shouldbe considered when defining the amount of reuse metrics.Several amount of reuse metrics have been proposed. An extensive survey of them is in [Frakes,1996]. These metrics are complementary since they describe different aspects of the amount of reuse.In this paper we will use RL (reuse level) and RF (reuse frequency).2.1.RL and RFReuse level measurement assumes that a system is composed of parts at different levels of abstraction.The levels of abstraction must be defined to measure amount of reuse. For example, a system writtenin C is composed of modules (.c files) that contain functions, and functions that contain lines of code.The amount of reuse in a C based system, then, can be expressed in terms of modules, functions, orlines of code. A software component may be internal or external. An internal lower level componentis one developed for the higher level component. An external lower level component is used by thehigher level item , but was created for a different higher level item or for general use.The following quantities can be calculated given a higher level item composed of lower level items:L: the total number of lower level items in the higher level item.E: the number of lower level items from an external source in the higher level item.I: the number of lower level items in the higher level item which are not from an external source.M: the number of items not from an external source which are used more than once.These counts are of unique items (types ) not tokens (references).Given these quantities, the following reuse level metrics can be defined:External Reuse Level:E / LInternal Reuse Level:M / LTotal Reuse Level: External Reuse Level + Internal Reuse LevelInternal, external, and total reuse level values are between 0 and 1. A reuse level of 1 indicatescomplete reuse. A reuse level of 0 indicates no reuse.To calculate these reuse measures a user must define the abstraction hierarchy, a definition of externalrepositories, and a definition of the "uses" relationship. For each component, we must know the nameof the component, source of the component (internal or external), the level of abstraction, and theamount of usage.

CS - Virginia TechFrakes and SucciAugust 28, 19973The variables and reuse level metrics are:ITL: internal threshold level, the maximum number of times an internal item can be used beforeit’s considered reused.ETL: external threshold level, the maximum number of times an external item can be used beforeit’s considered reused.IU: number of internal lower level items which are used more than ITL.EU: number of external lower level items which are used more than ETL.T: total number of lower level items in the higher level item, both internal and external.Internal reuse level:IU / TExternal reuse level:EU / TTotal reuse level:(IU + EU) / TThe reuse frequency metric is based on references (tokens) to reused components rather than countingcomponent types as was done for reuse level. The variables and reuse frequency metrics are:•IUF: number of references in the higher level item to reused internal lower level items.•EUF: number of references in the higher level item to reused external lower level items.•TF: total number of references to lower level items in the higher level item, both internal andexternal.•Internal reuse frequency:IUF / TF•External reuse frequency:EUF / TF•Total reuse frequency:(IUF + EUF) / TFProgram size is often used as a measure of complexity The complexity weighting for internal reuse isthe sum of the sizes of all reused internal lower level items divided by the sum of the sizes of allinternal lower level items within the higher level item. An example size weighting for internal reuse ina C system is the ratio of the size (calculated in number of lines of non-commentary source code) ofreused internal functions to the size of all internal functions in the system.The software tool rl calculates reuse level and frequency for C code. Given a set of C files, rl reportsthe following information:1. internal reuse level2. external reuse level3. total reuse level4. internal reuse frequency5. external reuse frequency6. total reuse frequency7. complexity (size) weighting for internal functions

CS - Virginia TechFrakes and SucciAugust 28, 19974T = 0 r = .08-.3T = 1 r = 0.8-1T= 2 r = 0.82-1INVERSERELATIONSHIPRLCOUNTSTYPESRFCOUNTSTOKENSEXTERNALINTERNAL(T is threshold level, r is correlation value)Figure 1 - Relationships of RL and RFThe user may specify an internal and external threshold level. The software allows multiple definitionsof higher level and lower level abstractions. The allowed higher level abstractions are system, file orfunction. The lower level abstractions are function and NCSL (Non-Commentary Source Lines ofcode) The rl tool is available via anonymous ftp at ftp.cs.vt.edu, directory pub/reuse.2.3.Relation of RL and RFThe general relationships of RL and RF, both internal and external, at different threshold levels isshown in Figure 1. In general RL is based on counting types and RF is based on counting tokens.External versions of RL and RF are inversely related to the internal versions. RL and RF at threshold0 have low correlations (r in the diagram--T is threshold level; these data come from the Software Unodataset, as described later in the paper). This indicates that they are measuring different things. Athigher thresholds, however, they are highly correlated (in the 0.8 to 1.0 range) and therefore appear tobe measuring the same thing.We will use the following notation for the RL and RF metrics in the rest of this paper.IRLn is the Internal Reuse Level at threshold nERLn is the External Reuse Level at threshold n3.Correlations of RF and RL with Quality and ProductivityWe analyzed software from four industrial sites to determine the relationships between the amount ofreuse, as measured by reuse level and reuse frequency, and quality and productivity. Software qualityis often measured using counts of software errors. Module deltas are sometimes used when errordensities are not available, since they correlate highly with them. Another way to evaluate quality is to

CS - Virginia TechFrakes and SucciAugust 28, 19975use subjective judgements of the module developers. In this study, developers rated the quality of themodules on a scale of 1 (worst) to 10 (best). Productivity is often measured as the amount of codeproduced per unit of time, and we have followed this method in the present study.Table 1 summarizes the data for the four data sets used in the study. An �X� in a cell in Table 1indicates that a given quality or productivity measure was used for a given data set.Data SetQualityProductivityError densityEvaluationModule DeltasTimeSLOC/TimePRCXConsultant AXConsultant BXXXXSoftware UnoXXTable 1: Quality and Productivity Measures in this Study3.1.PRC Inc. DataOur first data set was obtained from PRC Inc., a large government contracting company located inFairfax, Virginia USA. The domain of the software was text processing and retrieval. . We do nothave demographic data on the developers of this software. ERL and ERF were measured at thresholdlevel zero for three software modules written in the C language. The number of module deltas werealso measured and used as quality indicators. Deltas were calculated using SCCS, a changemanagement tool on UNIX. Table 2 summarizes these measuresERL 0ERF 0Module DeltasModule 10.470.413Module 20.440.448Module 30.330.2516Table 2: PRC reuse and module delta dataThe plots in Figure 2 show the relationships between module deltas and ERF0 and ERL0. These dataindicate a negative correlation between external RF and RL, and module deltas. This would beexpected because higher levels of reuse would be expected to correlate with fewer faults, since reusablecomponents are expected to have been tested more thoroughly, or at least to have had longer useallowing errors to be identified an corrected. The Spearman correlations for ERL0 and module deltasis 0.5 and for ERF0 and module deltas it is 1.0. The small number of data points did not warrant aninferential analysis of the correlations.

CS - Virginia TechFrakes and SucciAugust 28, 199768101214160.250.300.350.40ERF 0ModuleDel 8101214160.360.390.420.45ERL0ModuleDFigure 1: Correlation between ERF0 and Module Deltas at PRC3.2.Consultant A DataConsultant A data are based on software developed for a medium sized software organization locatedin northern Italy. The company allowed us to use the code on condition of anonymity. The domain ofthe software is a graphical user interface written in the C++ language under HP/UX version 9. Thedeveloper has a B.S. in computer science and about two years experience.Table 3 describes the 6 data points we collected from Consultant A, and summary statistics of thatdata. Modules varied in size from 442 to 2543 NCSL, with a median value of 2045.5. RL and RFdata were calculated on the C code generated by the C++ compiler, since the rl tool does not handleC++ directly. Quality was measured by having the developer rate the quality of modules on a 10 pointscale (10 = best). Quality ratings varied from 6-8, with a median rating of 7.ERF0ERL0IRF1IRL1NCSLQualityModule 10.390.440.200.0420558Module 20.340.410.360.1018607Module 30.210.460.760.3525437Module 40.190.200.570.304426Module 50.270.440.580.1423487Module 60.240.430.650.2120368Mean0.270.400.520.191880.677.17Median0.260.430.570.172045.507Std. Dev.0.080.100.200.12745.890.75Min.0.190.200.200.044426

CS - Virginia TechFrakes and SucciAugust 28, 19977Max.0.390.460.760.352543825th%ile0.210.360.320.091505.506.7575th%ile0.350.440.680.312396.758Table 3 - Consultant A DataWe analyzed the relationship of perceived quality and reuse level using Spearman rank correlations.There is positive correlation (0.27) between ERL0 and quality, and a stronger positive correlation(0.53) between ERF0 and perceived quality. Neither of these correlations, however, is statisticallysignificant. This is most likely because of the small sample size.0.200.250.300.356.06.46.87.27.6QualityERF0 0.2250.3000.3750.4506.06.46.87.27.6QualityERL0Figure 3 - Correlation of Quality to ERF0 and ERL0, Consultant A Data3.3.Consultant B dataThese data were collected from a software engineer at a telecommunications company in Europe. Thesoftware engineer has an MS degree in Electrical Engineering with 5 years of industrial experience.These data were collected on 12 C++ modules for a distributed reuse library developed under HP/UXversion 9. The data collected for these modules and summary statistics are in Table 4. Modulesvaried in size from 50 to 3197 NCSL, with a median value of 679. RL and RF data were calculatedon the C code generated by the C++ compiler, since the rl tool does not currently handle C++ directly.Quality was computed by having the developer rate the quality of modules on a 10 point scale (10 =best). Quality ratings varied from 6-10, with a median rating of 7. The developer kept a log of theerrors he found and the time he took, in working days, to develop each file. Productivity wasmeasured by dividing the size of each module by the time taken to produce it.NameEffort /ModuleVersionsQualityBugsNCSLERF0ERL0SLOC /EffortModule 132704780.250.25159.33Module 2637025860.260.30431.00

CS - Virginia TechFrakes and SucciAugust 28, 19978Module 3105826620.240.4366.20Module 421805530.420.48276.50Module 5103633950.110.2339.50Module 6727027230.180.32389.00Module 7103816760.250.3367.60Module 81537231970.220.33213.13Module 9727125160.280.30359.43Module 1052626820.200.34136.40Module 1111100500.430.4350.00Module 12319022930.310.33764.33Mean6.582.337.500.921400.910.260.34246.04Median6.502.007.000.50679.000.250.33186.23St. Dev.4.121.151.171.081144.690.090.074213.83Min1.001.006.00050.000.100.2339.50Max15.005.0010.0033197.000.430.48764.3325th%ile3.001.257.000496.750.200.2966.5575th%ile10.003.008.0022568.500.300.41381.60Table 4: Consultant B data

CS - Virginia TechFrakes and SucciAugust 28, 19979We found a significant positive correlation (0.76, p<.05) between perceived quality and RF0 . The plotof this data is in figure 4.67891 0 0.1500.2250.3000.375ERF0QualityFigure 4 - Correlation of Quality and ERF0 for Consultant B data There are significant negative correlations between RF0 and fault densities and between RF0 anddevelopment time in person days per module. Plots of this data demonstrating these correlations canbe found in Figure 5.-0.0000.0020.0040.0060.1500.2250.3000.375ERF 0FAULTS/SLOC3691 2 1 5 0.1500.2250.3000.375ERF 0TimeFigure 5: Plots of ERF0 vs. Faults/SLOC and Time for Consultant B Data3.4.Software UnoThese data were collected at Software Uno S.r.l., a small software company located in Padova, Italy.The company has around 20 employees. There were four people in the team that developed thesoftware we measured. Three of them had BS degrees and 7 years of experience, and one an MS with

CS - Virginia TechFrakes and SucciAugust 28, 1997102 years of experience. The programming language used was C under MS/DOS. This data wascollected on 16 files from a system for the management of a hospital. The data collected for thesemodules, and descriptive statistics are in Table 7. Modules varied in size from 46 to 805 NCSL witha median value of 143.5. ERL and ERF data were calculated on the C code. Software Uno kept arecord of the effort spent per file. Productivity was measured by dividing the size of each file by theeffort, in hours, to produce it.The Spearman rank correlation for time and ERL0 is -.448, which is not statistically significant. Thecorrelation between productivity and ERL0 is .311, which is not statistically significant.NameEffortNCSLERF0ERL0IRF1IRL1SLOC/EffortModule 14980.0109690.3636360.9817180.27272724.5Module 2233040.2631580.3461540.4802630.15384613.22Module 341450.0265490.4242420.9433630.06060636.25Module 453270.0143370.3157890.9695340.21052665.4Module 531200.0161870.3888890.9676260.11111140Module 621110.0092590.4166670.979630.08333355.5Module 73460.0035970.40.9946040.415.33Module 8458050.0559650.370370.9086890.18518517.89Module 9487490.0454550.2954550.9296190.31818215.6Module 1031050.01610.3157890.96780.21052635Module 11101130.0055450.2307690.9778190.07692311.3Module 1252480.0250420.2894740.938230.13157949.6Module 1341420.0212770.3571430.9521280.10714335.5Module 1471970.0350610.30.9344510.228.14Module 1531060.0159010.2272730.9628980.22727335.33Module 16924670.0277350.281250.9460710.18755.08Mean16.31255.190.03700.33270.92710.183530.23Median4.50143.500.01870.33100.95750.186331.57Std. Dev.24.97230.870.06190.06070.12130.092317.06Min2460.00360.22720.48030.06065.080Max928050.26310.42420.99460.400065.4025th%ile3107.250.01180.29090.93540.108115.4075th%ile19.75321.250.03320.38420.97570.223139.06Table 5: Summary of Software Uno Data

CS - Virginia TechFrakes and SucciAugust 28, 1997114.Evaluation of the DataTable 6 presents a summary of the data analyses.Data setDomainDatapointsVariablesResultsPRCText Retrieval3ERF0 vs. ModuleDeltasNegative CorrelationConsultant AUser Interface6ERF0, ERL0 vs.Perceived QualityPositive CorrelationConsultant BDistributedRepository12ERF0 vs. Fault DensitySignificant NegativeCorrelationERF0 vs. PerceivedQualitySignificant positive correlationERF0 vs. TimeSignificant NegativeCorrelationSoftwareUnoMedical Records16ERF0 vs. ProductivityNegative CorrelationERF0 vs. TimeNegative CorrelationTable 6: Summary of the resultsThe answers, based on our analysis of the data, to the specific research questions, framed as nullhypotheses, of this study are as follows.1. There is no relationship between software quality, measured by deltas or fault density, and reuselevel as measured by external reuse frequency ERF at a threshold of 0.Based on the data, it looks like this null hypothesis should be rejected. Both the PRC and consultant Bdata showed a negative correlation between quality measures and reuse level. A very small sample sizeprecluded an inferential test of the correlation for the PRC data. In the case of the consultant B data,however, the correlation is statistically significant.2. There is no relationship between perceived software quality, measured by asking the developers ofthe code to rate module quality on a 10 point scale, and reuse level as measured by reuse level ERLand reuse frequency ERF.Based on the both consultant A and B data, this null hypothesis should be rejected. There does appearto be a positive relationship between perceived quality and reuse level.3. There is no relationship between software productivity, measured as the effort it takes to developmodules, and reuse level as measured by reuse level ERL and reuse frequency ERF.Our results here are inconsistent. For the consultant B data, we found a significant negative correlationbetween the effort to develop a module and reuse level. For Software Uno data, however, there is apositive correlation. There is a difference in the programming language: consultant B uses C++, while

CS - Virginia TechFrakes and SucciAugust 28, 199712Software Uno C; in this sense we might guess that C++ provides a better support to software reusethan C; this is not a strong argument, anyway.4. There is no relationship between software productivity, measured as the amount of softwareproduced per unit time, and reuse level as measured by reuse level ERL and reuse frequency ERF.We found no significant linear correlation between productivity and reuse level for either of the datasets we examined.5. ConclusionsIn this paper we have explored the effect of software reuse on quality and productivity by looking atfour sets of industrial software data. These data show that more reuse corresponds to higher qualityratings, and lower levels of defects and deltas. The data also shows that modules that incorporatemore reusable components take less time to develop.As to future work, though the difficulties of obtaining industrial software data are well known, withoutsuch data it will be difficult to verify the effects of reuse on quality and productivity across thesoftware industry. More empirical studies of reuse, quality, and productivity, such as this one, need tobe done to provide a solid foundation for industrial practice.AcknowledgmentsWe thanks Prof. G. Kovacs for his insightful comments, N. Scioscia and G. Cardino for their help infinding data, CIM-EXP (Budapest, Hungary), PRC (Falls Church, VA), and Software Uno S.r.l.(Padova, Italy) for the data they provided us. Thanks also to Gabriella Belli, Omar Alonso, and GloriaHasslacher for their reviews of a draft of the paper.References[Conte et al., 1986] Conte, S. D., H. E. Dunsmore, V. Y. Shen. Softwareengineering metrics and models. Benjamin Cummings, 1988Humphrey, W. S. A discipline for software engineering. Addison-Wesley,1995[Fenton et al. 1997] Fenton, N. E., S. L. Pfleeger. Software metrics: arigorous and practical approach. International Thomson Computer Press,1997.[Frakes, 1990] Frakes, W. (1990). An Empirical Framework for Software ReuseResearch Proceedings of the Third Annual Workshop on Software Reuse (TechnicalReport No. 9014). Syracuse University CASE Center.[Frakes, 1994] Frakes, W., & Isoda, S. (1994). Success Factors of Systematic Reuse.IEEE Software, 11(5), 14-19.[Frakes, 1996] Frakes, W., & Terry, C. (1996). Software Reuse Models and Metrics.ACM Computing Surveys, 28(2), 415-435.

CS - Virginia TechFrakes and SucciAugust 28, 199713[Melo et al., 1996] Melo, W. L., L. C. Briand, V. R. Basili. Measuringthe Impact of Reuse on Quality and Productivity in Object OrientedSystems. Communications of the ACM, 39(10) (Oct. 1996), 104-116