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Abstract users are likely to encounter. Late in the life cycle of the
application, original user-session-based tests areelylik
Automated cost-effective test strategies are needed taepresent the current usage of the system. When the appli-
provide reliable, secure, and usable web applications. As acation is under maintenance testers should use recent user
software maintainer updates an application, test cases mus sessions when testing. These tests provide more relevant
accurately reflect usage to expose faults that users are mosfeedback to developers who are updating the older code
likely to encounter. User-session-based testing is an-auto base, detecting potential faults exposed by current use.

mated approach to enhancing an initial test suite with real A major problem with user-session-based testing is the
user data, enapllng additional testing during maintenance cost of collecting, analyzing, and replaying the large num-
as well as adding test data that represents usage as operper of test cases generated from user-session data. Fer user
critical to the cost effectiveness of user-session-basstel t  aple to remove redundant test cases from the test suite with-

ing because a key issue is the cost of collecting, analyzing.oyt sacrificing much of the original suite’s fault detection
and replaying the large number of test cases generated fromgnq coverage properties.

user session data. We performed an empirical study com-
paring the test suite size, program coverage, fault detacti
capability, and costs of three requirements-based reducti
techniques and three variations of concept analysis reduc-
tion applied to two web applications. The statistical anal-
ysis of our results indicates that concept analysis-based r
duction is a cost-effective alternative to requiremerdsel
approaches.

We have formulated the test suite reduction problem for
user-session-based testing in terms of clustering user ses
sions by concept analysis. Our approaCbncept, can
continually reflect the set of use cases representing actual
executed user behavior in a minimal test suite. The ap-
proach exploits existing incremental concept analysis-tec
nigues to analyze the user sessions as they are captured and
converted into test cases [24, 2%Joncept utilizes con-
cept analysis to cluster together user sessions that egres
1. Introduction similar use cases and then applies a heuristic to select user

The demand for reliable, secure, and usable web-base®€ssions such that the reduced test suite covers all theauniq
applications continues to increase as private consumersYRLs of the original test suite, while representing the com-
businesses, and government agencies rely on the Intemet fonon URL subsequences of the original test suite’s different
important routine tasks. To increase the reliability oftsuc USe cases [25]. Our previous experiments indicated that the
applications, developers need automated, cost-effetetite reduced suites have very little program coverage loss while
strategies that adequately test the continuously evolvingsignificantly reducing the storage requirements [24].
web application under changing usage profiles. One effec- Concept differs from test reduction techniques that
tive approach to testing web applications is user-session-were developed without primary focus on web applications.
based testing, which relies on capturing and replaying realOther techniques require an association between test cases
user sessions [7, 24, 19, 20]. As developers perform main-and the program’s test requirements [11]. For example, a
tenance tasks, perhaps unintentionally inserting fatlies, requirements-based approach determines an association be
can use user-session-based testing to discover errors thatveen test cases and their statement coverage and then se-



lects a representative set of test cases for the reduced test In user-session-based testing, eashr sessiofs a col-
suite such that the test cases cover each executed statemeleiction of user requests in the form of URL and name-value
at least once. To create this mapping, all test cases must beairs (i.e., input field names and their values). A user ses-
executed to map executed statements to corresponding tesion begins when a user from a new IP address makes a re-
cases. Sinc€oncept does not use any program coverage questfrom the server and ends when the user leaves the web
in its decisions, no program coverage information needs tosite or the session times out. To transform a user session int
be collected, and no requirement mappings need to be crea test case, each logged request is changed into an HTTP re-
ated or maintained. guest that can be sent to a web server. A test case consists
The primary contribution of this paper is an empirical of a set of HTTP requests that are associated with each user
study of the tradeoffs between reducing user-session tessession. Different strategies can be applied to constestt t
suites for web applications using requirements-basedatredu cases from the collected user sessions [20, 19, 7, 27].
tion techniques versus theoncept reduction approach. Elbaum et al. [7] demonstrated the fault-detection ca-
Concept does not require the overhead of program cover- pabilities and cost-effectiveness of user-session-btestd
age collection and provides an on-the-fly approach. How-ing. They found that user session techniques uncover cer-
ever, requirements-based reduction technigues may be moreain types of faults but not faults associated with rarely en
effective in reducing the test suite’s size and maintaining tered data. They showed that increasing the number of col-
fault detection capability. The goal of this paper is to gain lected user sessions increases the effectiveness—asswell a
insight into these tradeoffs. We have compared three varia-the cost—of user-session-based testing.
tions ofConcept with three requirements-based reduction  Techniques and tools have also been developed to aid
techniques:Random Gr eedy, and Harrold, Gupta, and  in the initial stages of testing web applications [18, 8, 6,

Soffa’s reduction [11]. We study each of the requirements- 1, 16, 22, 17]. User-session-based testing approaches are
based techniques with respect to method, statement, condicomplementary to these techniques.

tional, and URL coverage criteria.

We compared the reduced test suite size, program cover3. Test Suite Reduction Techniques
age, fault detection, and time and space costs of each of the
techniques for two web applications. The statistical analy
sis of our results indicates that concept analysis-based re
duction is a cost-effective alternative to requiremeresdu
approaches.

An evolving program can require augmenting an exist-
ing test suite with new test cases that test the program’s new
functionality. The additional test cases can lead to redun-
dant test cases, which waste valuable testing resources, in
the testing process. The goal of test suite reduction for a

tl_n the nedxt section, we pl;OV|dde:3a(t:_kgro\l/J\r/1dl;)rj ‘;\fe%appl!bgiven test requirement (e.g., statement or all-uses cgegra
catlons and user-session-based testing. Ve brietly describ;q produce a test suite that is smaller than the original

each reduction technique and the foreseen tradeoffs in Secg .1 ¢ cise yet still satisfies the original suite’s tesfuriee-

tion 3. Section 4 presents our experiment design. .S(-act|on 5ment. Advantages to test-suite reduction techniquesdieciu
presents the results, analysis, and threats to validity. We

_ . . . reducing the cost of executing, validating, and managing
describe conclusions and future work in Section 6. test suites as the application evolves.

2. User-session-based Testing Our study focuses on requirements-based reduction tech-
Broadly defined, a web application is an application that niques and a concept analysis-based approach. Reduc-
runs on a web server and is available to users over a nettion techniques have also been developed based on bi-
work. A web application generally encompasses a set ofcriteria models, which derive a reduced test suite that maxi
static and dynamic web pages. Based on user requestsizes coverage and improves the error-detection rate of the
and server state, the web application generates dynamic resuite [3]. Harder et al. [10] applied an operational differ-
sponses. Large web-based software systems can requirence technique to generate and minimize the number of test
thousands to millions of lines of code, contain many inter- cases. Their technique dynamically generates operational
actions between objects, and involve significant user-inter abstractions from test suite executions by adding tesscase
action. Changing user profiles and frequent small mainte-until the operational abstractions do not change. However,
nance changes complicate automated testing [14]. the technigue requires executing the test cases to de@rmin
In this paper, we target web applications written in Java their impact on the operational abstraction.
using servlets and JSPs. The applications consist of a back- e use the example test suite in Figure 1(a) to illustrate
end data store and a web server. However, because our techhe variations in the test reduction techniques in our study

nigue only requires user sessions, we can extend it to otherrhe rows show a subset of user sessions from a bookstore

web technologies such as PHP. web application. The corresponding URLs of the applica-
1\We do not compare incremental concept analysis as othectiedu 10N I.abel the columns. Each table entry represents a user
techniques do not have incremental approaches. session’s URL request.
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cases is that the reduced test suite may not be minimal for a

Mol olals]€ £ given original test suite and criterion.
MR § Alternatively, we can reduce the suite by choosing the
ilelele test case that provides the maséarginal improvement of
2elelel o |e the test suite in terms of the criterion. This reduction ap-
e lele e e® proach, which we caltr eedy, selects test cases such that
4| eoe|e| |o® each subsequent test case provides maximum coverage of
5|elee the targeted criterion.
tlejejejeeje® In Figure 1(a), us6 is the candidate test case with max-
(a) Original Suite of User Sessions  (b) Concept Lattice imum URL coverage and is the first test case selected for
the reduced suite using eedy. Then, since us2 provides
Figure 1. Example for Reduction Techniques the most marginal improvement for tladl-URL coverage
criterion, us2 is added to the reduced suite. The combina-
wrcowrage. Foquiements based Approach tion of us6 and us2 satisfies ta-URL coverageriterion;
m”'"ﬂ'”:ef':f:‘ff*: reduce therefore & eedy reduces the test suite {@s6, us2. In
net o @@ the presence of tie§ eedy randomly selects a session.
parse log ottt Gniteadiadi In this example,Gr eedy reduces the test suite more
@@E I-=gstottest opsee et mool o9, = thanRandom However, the disadvantage Gf eedy is
the time to determine the test case in the original test suite
et —— O/@\O Concept Approach that provides maximum coverage improvemeRandom
latice raduca : andG eedy are approximations of the minimum set cover-
|1:> @ : ing problem. Wong et al. [29] developed a tool, ATACMIN,

Foduoed st which uses heuristics to find exact solutions to the minimum

concept \all\cs suite T

set covering problem applied to test suite reduction.
_ ) ) Harrold et al. [11] developed a test suite reduction tech-
Figure 2. Test Suite Reduction Process nique, which we calHGS, with a heuristic that selects a
representative test set from the original test suite by@ppr
imating the optimal reduced set. Determining the optimal
reduced set is an NP-complete problem [11]. Before the al-
We show the reduction process for requirements-basedyorithm can reduce the test set, test cases must be asdociate
reduction techniques in Figure 2 and describergduce with the requirements they meet. The number of test cases
algorithm more formally: LeP be a program under tesR, that cover a requirement is the requirement’s cardinality.
be a test requiremeri,be a test suite developed fBrand After a test case is added to the reduced set, the algorithm

3.1. Requirements-based Approaches

T’ be the reduced test suite obtained by analyHradT. marks the test case’s covered requirements. The algorithm
1. Begin with an empty reduced test suite, then selects the most frequently occurring test case among
2. Select a candidate test cageom T. the unmarked test cases with lowest requirement cardinal-
3. Addtto T". ity, i.e., the test case that covers the most unmarked requir

4. Repeat 2 and 3 until the suite satisfies ments. In the case of ties, the algorithm chooses the test cas

The distinguishing property of requirements-based re- that occurs most frequently at the next higher requirement
duction approaches is test case selection in step 2 aboye [1Fardinality. Breaking ties repeats until cardinality elgua
11]. A naive approach, which we cafandom is to se- the maximum cardinality, at which point the algorithm ran-
lect test casesandomlyuntil the suite satisfies the crite- domly selects from the tied test case#S stops selecting
rion. Consider reducing the test suite in Figure 1(a) using test cases when at least one test case in the reduced set cov-
theRandomapproach with thall-URL coveragecriterion. ers each test requirement.
all-URL coveragecovers each URL of the application at In Figure 1(a), the columns in the matrix represent the
least once. The algorithm might first select usl for the re- association betweeall-URL coverageequirement and the
duced suite and then select us6. Then, the algorithm mighttest casesHGS will choose us2 first because it is the only
select us3 as a candidate and include it, even though us3iser session that covers GMyInfo and marks the require-
does not provide any more coverage than the current re-ment GMyInfo as met. The algorithm then considers re-
duced test suite. The random selection process continuegjuirements with cardinality two—PLog and GBooks—and
until the reduced test suite satisfies #leURL coverage  then selects the test case that occurs most frequently in the
criterion. The final reduced test suite could thus{bsl, union of these two columns. Since us6 occurs two times
us2, us3, ush The disadvantage of randomly selecting test while us3 and us4 each occur only once, us6 is added to the



reduced set, and the algorithm marks the requirements thaapplying concept analysis and the heuristic for test seite r
us6 meets. Since the sgis2,us§ meets all requirements, duction can be found in our previous papers [25, 24].
HGS selection haltsHGS can also reduce the test suite with 3.3. Expected Cost-Benefit Tradeoffs

multiple test selection criteria. For example, the aldorit

can be used to reduce the test suite such that it satisfies both V€ e_xpect the different test suite reduction techniques
structural and functional criteria. to vary in the size, contents, program coverage, and fault

Elbaum et al. [7] appliedHGS to a suite of user detection capability of the reduced test suite, as well as re

sessions—consisting of URL and name—value pairs foreachducnon time and space costs. We expéencept’s test

user session—with the selection criterion of program cover suite 5|zebto|_be If;lrr]getr t:lan f’;hat gener_zlaltelz)d I@}Sﬁ. I—:ok\;v- th
age. The authors reported that they achieve 98% reductiorfver’ we believe he tradeolt in size will be ofiset by the
ault detection effectiveness @oncept because of the

with a loss of three faults when applied at function-level an o ; ;

93% reduction at block-level with one less fault detected. heuristic’s use-case clustering. In our earlier small_ exam

Their application ofHGS requires the entire original test ples (_)f each algorl_thm, the re(_juced test sets were S'm"ar or

suite of user sessions. We are unaware of any algorithméd_em'cal' In p_ra<_:t|(_:e, we believe tl@ncept test suite

that incrementally update the reduced test suite Uiz will be very dissimilar to the test suites generated by the
other techniques. Therefor€@ncept will result in a test

3.2. Concept Analysis Approach suite that covers the application in a more diverse way than
Concept analysis is a mathematical technique for clus-the other techniques. We expect the overhead for build-
tering objectsthat have common discreggtributes[2]. To ing the requirement mappings to dominate the time for the

apply concept analysis to the test suite reduction in user-requirement-based reduction techniques. We also expect
session-based testing, the objeCtsrepresent the informa-  the concept lattice and the requirements mapping to have
tion uniquely identifying user sessions (i.e., test cageg) ~ Similar space needs.
attributes,A, rgprgsent URLs. . 4. Empirical Study

As shown in Figure 2, concept analysis-based test suite ) )
reduction first performs concept analysis to build a concept Ve compare three requirements-based approaches (with
lattice where each node of the lattice is a tuigle, 4;) such different coverage criteria) and three variations of the-co
that all the objects if0; C O share all and only the at- c_ept analysis approach by analyzing t_helr redU(_:ed ted suit
tributes inA; C A and vice versa. The edges of the lat- SIZ€ Program coverage, fault detection e_ffectlvenesd, an
tice denote the partial ordering between the concept nodesimé and space requirements. The goal is to evaluate the

Figure 1 (b) shows the sparse representation of the concept@deoffs of the concept analysis-based approach (in addi-
lattice for the example user sessions. In user-sessicedbas 10N {0 the benefits of incremental test suite update) with

testing, the test cases (i.e., user sessions) are repaesent ©SPECt to other techniques. _

tive of the applications’ use cases [12]. We developed a !N this section, we present our goals and design.
heuristic based on the concept lattice for selecting a subse4.1. Research Questions and Hypotheses

of user sessions to be mayntamed as the current test suite. We designed our study to investigate the following re-
Our heuristic for user-session selection, catiest-all-exec-  (o.ch questions and hypotheses:

URLS seeks to identify the smallest set of user sessions thatQuestion 1. By what percentages do the various reduction
coversthe original test suite’s executed URLs and use Casestechniques reduce the test suite size?

;E)hrr? ;i%icfg;?fgszgiggnttaﬁc: u;fdr Zissséﬁgggc;?;;r}?ot;?buestion 2. How effective is the program coverage of the
P ' reduced suites as compared to the original suite?

each concept node that is one level up the lattice friom . - ) .
(also callechext-to-bottormodes). In Figure 1(b) theext- Question 3. Compe}red t(.) the original suite, how gffecnve
' are the reduced suites with respect to fault detection?

to-bottomnodes are labeled by us2 and us6; therefore by tion 4. What th lative fi d ts of
applying theConcept heuristic, the reduced test suite sat- Question - what are the refative ime and space costs o
the reduction techniques?

isfying theall-URL coverageriterion would be{us2, us6. Our hypotheses with regard to the questions are:

Though theConcept approach may not reslt in the Suite Size Hypothesis:Concept will generate larger re
minimum test suite for a given criterion, we believe this ap- ) ) i
9 b duced suites thaHGS andG eedy but smaller than those

proach maintains the original suite’s use case represemtat ted b q B ¢ i Vsis's hi
in the reduced test suite [26]. In addition, we have shown generate Ran jom because o conc’ep analysiss ni-
rarchical clustering, we expe€oncept s reduced suite

that the concept analysis approach is able to incrementallye b di o p i hil
update the test suite of user sessions so the original suitd® P more diverse in terms of use case representation,while

need not be maintained for test suite reduction. Details Onav0|d|ng redundancy.
Coverage Hypothesis: The program coverage of the re-

2The L contains the URLSs that all the user sessions request. duced suite generated Ijoncept will be similar to the




Vetries. Booxstore | Scheduler sistants set ugroup accounts for students, assign grades,
Methods 385 172 and create schedules for demonstration time slots for stu-
Conditions 1808 1274 dents. CPM also sends emails to notify users about account
NCLOC 7791 9300 . . .
Sceded Fauls 70 6 creation, grade postings, and changes to reserved tinge slot
Numlberof User Sessgm 125 261 Users interact with an HTML application interface gener-
Total URLs Requeste 3640 3881 . .
Largest User Session || 160 URLs | 152 URTS ated by Java servlets and JSPs. CPM manages its state in a
Average User Session 29URLs | 15URLs file-based datastore.
) . We collected 261 user sessions from instructors, teach-
Table 2. Objects of Analysis ing assistants, and students using CPM during the 2004-

05 summer, fall and spring sessions at the University of
- . . Delaware. The URLs in the user sessions mapped to the
original suite’s coverage and less than the suites gener-~— """ ™" | .

. ) application’s 60 servlet classes and to its HTML and JSP
ated to satisfy the program-based requirements. Becausea s
of its use-case representatiopncept s reduced suite bages.

willhave higher URL coverage tha eedy or HGSwith o, 240 S0 (e P e o, B S
the URL criterion. The relations may not hold between 9

Randomand Concept for both URL criterion and pro- manually seeded realistic faults in Bookstore and CPM. In

gram coverage criteria because we believe a tradeoff be_general, the seeded faults inserted errors into the applica

o e . tion’s control flow, the generated Ul web pages, and/or the

tween reduced test suite size and the suite’s coverags.exist : :

. - ) . datastore interactions.
Fault Detection Hypothesis: Concept’s reduced suite 4.3 Variabl dM
will have similar fault detection to the original suite and “-°- varia e_s an easure_s _
greater fault detection than the requirements-based ap- Our study'sndependentvariablesre the applied reduc-
proaches with URL criterion because of the use-case repion technigue and its reduction requirement. As mentioned
resentation. Concept and the requirements-based tech- €arlier, we do not compare incremental concept analysis as
niques with program coverage criteria will detect similar We are not aware of any existing incremental approaches
numbers of faults. The relations may not hold between for the other reduction techniques. Tihependent variables
Randomand Concept because the larger test suite size are the size of the reduced test suite, program coverage, and
will increaseRandonis ability to detect faults. fault detection effectiveness of the reduced test suite@nd
Costs Hypothesis: To perform the reductionConcept duction’s time/space costs.
only requires the concept lattice, whii&S, Gr eedy, and 4.4. General Methodology
Randomneed to create and store the requirement map- For each subject application, our experiments consisted
pings. As a resultConcept will have far less space and of three phases: generating user sessions, creating ceduce
time overhead thaHGS, G eedy, andRandom suites for each technique, and replaying each reduced suite

4.2. Subject Programs and Data Collection to collect coverage and fault detection data.
- . Generating User SessionsWe augmented the Resin [21]
Table 2 shows the characteristics of our two subject pro- , i
. web server’s access logging class to record the GET and
grams: an open-source, e-commerce Bookstore [9] and

course project manager (CPM) developed and first deploye OST name-value pairs. We then parsed the web server's

at Duke University in 20031 Bookstore allows users to reg- augmented access log to create the user sessions. A user
) ) session begins when a a user from a new IP address accesses
ister, login, browse for books, search for books by keyword,

rate books, add books to a shopping cart, modify personalthe application and ends when the user leaves the applica-

. : : tion or when the session expires after 45 minutes of inactiv-
information, and logout. Bookstore uses JSP for its front- . . S
ity. Because image requests do not affect the application’s
end and MySQL database for the backend. . ) X .
. execution, we do not include them in our user sessions.
To collect our 125 user sessions for Bookstore, we sent . . .
X . ._Creating Reduced SuitesWe generated reduced suites for
email to local newsgroups and posted advertisements in : . .
. S - : the requirements-based and concept analysis technicques, a
the University’s classifieds web page asking for volunteer A
. . . L shown in Figure 2.
Bookstore users. Since we did not include administra- :
. : S For the requirements-based approaches, we map user
tive functionality in our study, we removed requests to . .
o . . sessions to requirements (program or URL coverage). The
administration-related pages from the user sessionse Pabl

presents the characteristics of the collected user session three techniquesfandom Gr eedy, ) use the map-

In CPM instructors logi d d pings to generate reduced test suites, labeled in our re-
”t ; 'tcour:?’e ns r_“f Orts ‘79": a”t Cre@"(?t erar;' sults aRan- S, Ran- M Ran- C,Ran- U, Gr d- S, Gr d- M
counts for teaching assistants. Instructors and teacling & 4 ¢  g- U, HGS- S, HGS- M HGS- C, HGS- U, where

3We thank Jeffrey Chase, Richard Kisley and Sara Sprenkl¢hésr S! M C andU repres_,ent statement, method, condi-
development efforts. tional, and URL, respectively. We implemented the map-
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Figure 4. CPM: Reduced Suite Size for Reduction Techniques

ping programs in Perl and the reduction techniquesin Java. Maintaining application state is a controllability isswe f
Since the requirements-based reduction techniques are noraccurately replaying the reduced test suite [4]. The data
deterministic, we executed each reduction algorithm 100 store must be populated with appropriate data for the appli-
times for each reduction criterion. We chose to generatecation to execute as it did originally. To maintain accurate
100 reduced suites to ensure that the sample means of owstate for our applications, we replay the original suitessru
results are normally distributed. sessions and save the state after executing each session. We
We apply concept analysis to the URL coverage re- then restore the saved state as the current state when-replay

quirement only. Given the original suite of user sessions, ing the corresponding user session in the reduced suite.
Lindig’s concept s tool [15], written in C, creates a lat- We used Cenqua’s Clover coverage tool [5] to collect our
tice that clusters sessions by their common requested URLsProgram coverage results. We used application-specific or-
We apply our heuristitest-all-exec-URLsmplemented in  acles to detect faults. For bookstore, we could use a simple

Java, on the generated lattice to create the reduced suite. di f f to detect differences between the faulty and original

We generated two additional reduced suites from the Iat-Web page results. Because CPM includes dynamic behav-

tice by changing how the heuristic selects user sessiong®" such as time-dependent functionality, we used a more

from the selected concept nodes with more than one usel;:onservative oracle that detects faults based on diffexenc
session in them. Our hypothesis is that sessions clustered’ the HTML tag structure._

together should have the same use cases and therefore d&. Results and Analysis

tect the same faults [26]. Thus, the session chosen fr_omS,1_ Reduced Test Suite Size

each node should not affect the generated reduced suite’s \ve compared the size of the reduced test suites generated

effectiveness. To speed up replayi@gncept 's reduced  py each reduction technique. A tester wants small reduced
suite, we create@on- M n, which selects from eachext  syites, which require little replay time. Thus, we measure

to bottomnode the session that requests the least URLSs. ASSize both as a percent of the test cases in the 0rigina| test
another reference point, we inclu@@n- Max, which se-  gyjte and as the total number of URLs requested. We in-
lects the session that requests the most URLSs. clude requested URLS in our results as a better replay-time
Replaying Reduced Suites. We used the framework and space approximation than the number of test cases be-
from [28] to measure program coverage and detected faultscause the user sessions vary in number of requested URLSs.
of individual user sessions and each generated reduced Figures 3 and 4 show the results for Bookstore and
suite. CPM, respectively. The left y-axis represents the number



Technique Random Greedy HGS

S M C U S M C U S M C U
Ho (Null) <C | <C | <C [ <C | >C | >C SC | >cC SC | >cC SC | >cC
H, (Orig) SC | >C | >C [ >C [ <C | <C <C [ <cC <C [ <cC <C [ <cC

Accept | Book (% conf) | 81,79 | 62,61 [ 88,87 | 50,54 | 95,99 | 100,63 [ 99,86 | 99,70 99,78 | 99,81 99,95 | 99,71
H.,? [ CPM(%conf) [ 99,98 | 67,61 | 98,95[ 67,61 [ 99,73 | 100,97 | 99,97 [ 100,99 | 99,86 | 100,99 [ 99,99 | 100,99

Table 1. Significance Levels (percent of test cases, nhumber o f URLSs) for Suite Size Hypothesis

of test cases in the reduced suite as a percent of the origstore’s; some sessions uniquely accessed certain URLs, and
inal test suite size. The right y-axis represents the totaltherefore, certain code. The diversity in user sessions re-
URLs requested (including repeating URLS) by the user sulted in no variations ocfoncept because each next to
sessions in the reduced suite. The x-axis lists the reduc-nhode contained only one session. Theref@mcept re-
tion techniques. The solid bars represent the results fromsults do not have error bars for CPM.
the median reduced suite for each technique. In addition  From Table 1, CPM'’s results support rejecting our null
to the median, for each of the nondeterministic techniques,hypotheses for number of test caGesedy andHGS at the
we plot the25th and 75th percentiles of test cases (for .05 significance (95% confidence) level. Therefore we con-
the lighter bars) and total URLs requested (for the darker clude theGr eedy andHGS reduction techniques produce
bars). ForConcept, the range lines represent the re- smaller suites thaiConcept . The Random techniques
sults for Con- M n and Con- Max. On the left side of  produced larger suites thatoncept , and we can reject
the vertical line are the results from the nine program cri- the Ran- S and Ran- C null hypotheses with 99% confi-
terion requirements-baseBRG.REQ) techniques. To the dence. Because of the high variability in size Ran- M
right of the vertical line are the results from the URL cri- andRan- U, we cannot reject these null hypotheses with
terion requirements-basedRL _REQ) and concept analysis statistical significance. However, the test suites geadrat
(URL_CON) techniques. We consistently use this separatedby Ran- MandRan- U are not desirable because their size
layout for all our graphs. characteristics are inconsistent from one execution to an-
From Figures 3, 4 all techniques excdpandom re- other.
duced the original test suite to at most a quarter of its
original number of test cases. Among thiRl _REQ
and URL _CON techniquesHGS- U and Gr d- U provide the Figures 5 and 6 show the results from compar-
smallest reduced suite both in terms of number of usering program coverage for each of our subject applica-
sessions and total URLs requesté@hncept creates the  tions. We represent the reduction techniques along the
largest reduced suites with the goal of maintaining use casex-axis and percent program coverage along the y-axis.
representation.URL_REQ and URL_CON techniques pro-  The horizontal lines represent the original test suite’s
duced the smallest reduced suites because there are manyethod/statement/condition coverage. The lines on each
fewer URLs in the applications than methods, conditions, bar show the range of coverage for the 25th and 75th per-
or statements (Table 2). Plus, each URL was requested byeentiles of the nondeterministic approaches and the mini-
multiple user sessions. For example, twenty-seven user sesnum and maximum program coverage @mncept .

5.2. Program Coverage

sions requesteddv Sear ch. j sp, the least frequently ac- We can make similar, expected observations about Book-
cessed URL in Bookstore. Thus, evBan- U could pro- store’s and CPM'’s results: larger reduced suites cover more
duce small test suites. code. For thé?RG_REQtechniques, the reduced suites pro-
We present the null hypothesis to evaluate Quite duced the same coverage for the requirement as the original
Size Hypothesisn Table 1. For Bookstore (Figure 3), we suite because the reduced suite was generated to satisfy the
can reject the null hypotheses #86S- M HGS- U, Gr d- M program coverage requirement, e.g., reduced suites gener-

andG d- U with statistical significance. Contrary to what ated to satisfy the statement-coverage requirement advere
we expectedHGS- S, HGS- C, Gr d- S, andGr d- C create as many statements as the original suite. Overall, the tech-
larger reduced suites th&oncept both in the number of  niques generated for statement coverage covered the most
user sessions and total URLs requested. We believe Bookcode in terms of methods, statements, and conditionals.
store’s simple functionality and few use cases explain this  ThoughConcept is URL-based reduction, it provides
anomaly. We are investigating if the larger reduced suitesprogram coverage comparable (within 2%) RRG.REQ
contain redundant use cases tBahcept eliminates. techniques.Concept has slightly less coverage than the
For CPM (Figure 4), the reduced suites for all techniques original suite andRandomis reduced suites, which con-
contain more test cases than Bookstore because of CPM’d¢ain many more test cases th&@oncept. Concept
complex functionality and larger number of classes and provides more program coverage than tWRL_REQ tech-
URLs. CPM's user sessions were more diverse than Book-niques,Gr eedy and HGS. We note that the samples for
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Gr d- UandHGS- U have standard deviations of 10. Thus, a duced suites consistently found 10 less faults than the orig

tester will not know if the generated test suite fr@md- U inal suite.
andHGS- Uwill obtain high coverage. 5.4. Analysis of Time and Space Costs
5.3. Fault Detection Effectiveness Figure 9 depicts the major stages of the requirements-

Figures 7 and 8 show the results of comparing fault de- based and concept analysis approaches as nodes with edges
tection by each reduced suite. The x-axis represents the reindicating the flow between phases. TBencept phases
duction techniques. The left y-axis represents the percenffor test suite reduction are Parse Log, Create Lattice and Re
of the original suite’s detected faults that the reducetksui duce, while Parse Log and the remaining phases are part of
also detects and the right y-axis represents the number othe requirements-based techniques, illustrated in Figure
faults detected per test case. Bookstore’s original s@te d Bookstore and CPM’s measurements are prefacél lbyd
tected 36 of the 40 faults seeded, while CPM's original suite C:, respectively. We present approximate measurements for
detected 79 of the 86 seeded faults. The lines on each bathe times for each phase as well as the space for the concept
represent the range for the 25th and 75th percentiles df faul lattice and requirement mappings. The times in each reduce
detection (for the lighter bars) and the number of faults per phase is the range of time required to generate one reduced
test case (for the darker bars) for the nondeterministic ap-suite for each technique.
proaches and the minimum and maximum@mncept . The size of the requirement mappings is the product

Similar to the coverage experiments, the number of faults of the number of requirements, e.g., statements, methods,
detected by the reduction techniques is directly related toconditionals, or URLs, and the number of sessions that
the size of the reduced suitfandomPRG_REQtechniques  cover each requirement. For Bookstore, the concept lat-
achieve the best fault detection at the cost of larger radiuce tice’s space requirements are smaller than all of the pmgra
suites. In addition, the reduced test suites generated bycoverage requirement maps and considerably smaller than
RandomPRG_REQtechniques have low numbers of faults statement coverage. In contrast, CPM'’s space needs for the

per test case as compareddoncept (Figures7 and 8). requirement mappings in all cases but statement coverage
For both Bookstore and CPM, tl@@ncept variations are less than the concept lattice—the statement map is four

show similar fault detection to the beBRG REQ tech- times larger than the concept lattice.

nigues, detecting all CPM'’s faults and all but two of Book- All time measurements are reported in seconds except

store’s faults. Concept also detects more faults than for the requirement mapping construction for program cov-
HGS- UandHGS- S. DespiteHGS- S having the best state-  erage, which is reported in hours as appropriate. None of
ment, method, and conditional coverage, the generated reour developed tools were optimized for performance and
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Concept Analysis

Parse Log
B:7s C:4s

suite size, program coverage, and fault detection. As

expected, there is a tradeoff between reduced suite size

and fault detection, but other factors—such as choosing

(oS o oo | (G Ui covs test cases based on their use case representation—can re-
: 12.5 hours : 2.5 hours @ﬁ) sult in better fault detection. A problem with tHdGS

i ! Gr eedy andRandomreduction techniques is their non-

Requirements-Based

Create Lattice
B: 0.08s, 50K
C:0.52s, 411K

Map Statements Map Methods Map Conditionals Map URLs a . i
Reduce B: 95,2.6M B: 4s, 178K B:4s, 71K B: 85, 8K determinism. Even in our small case studies, we noted some
Broses | [ Cl0s oM ) LS5 e C: 8. 20 techniques generated reduced suites with a wide range in
Reduce Reduce Reduce Reduce size, coverage, and fault detection. Witbncept, the
{22‘;122 } {ﬁﬂ 2 } [ﬁﬂ e } g reduced suites have consistently small size, high coverage

and high fault detection. From our experiments, $hste

Size Hypothesisis satisfied wherConcept is compared

to URL_REQtechniques; however, the hypothesis does not

hold for some of thé®’RG_REQtechniques. Our results sup-

port theCoverage HypothesisFault Detection Hypothe-

are not meant for production-level work. However, we can sisand theCosts Hypothesisas discussed in Sections 5.2,

conclude that the reduction techniques have comparable ex5.3 and 5.4.

ecution times. Coupling these results with the significantly higher time
We did not measure the time to generate each costs for program coverage requirements-based techniques

requirements-based reduced suite because collecting-cove Concept emerges as a very appealing test reduction tech-

age information for each session is clearly the bottlenéck o nique for testers interested in user-session-baseddesitin

the requirements-based approaches. Considering all stepweb applications.

required in the reduction procesSoncept costs consid- 5.6, Threats to Validity

erably less than theRG REQtechniques.

Figure 9. Approximate Time and Space Costs

} Internal Validity. While the Bookstore application is sim-
5.5. Analysis Summary ilar to a real e-commerce application, users could not com-

The experiments provide evidence that URL-based re-plete a monetary transaction. The reduced functionality
duced test suites are competitive with program coveragemay have simplified the pool of sessions collected, thus pre-
requirements-based techniques with respect to reduced tesenting an internal threat to validity.



Conclusion Validity. Accurate web application testing re-
quires maintaining the state of the application. Our faeitd

[10] M. Harder, J. Mellen, and M. D. Ernst. Improving testtssi
via operational abstractiorint Conf on Soft Engpages 60—

tection and coverage results may be skewed because of how 71. IEEE Computer Society, 2003.
we maintain the application state. This could be viewed as[11] M. J. Harrold, R. Gupta, and M. L. Soffa. A methodology

a potential threat to the conclusion validity of the fault de
tection and coverage experiments.

External Validity. This empirical comparison needs to be
evaluated further by experimenting with larger real-world

web applications. The in-house nature of the subject ap-

plications and the data collection are threats to the eatern
validity of the experiment.

6. Conclusions and Future Work

We argue that incremental test suite reduction based o
concept-analysis clustering of user sessions is necessary
for a web-based system that undgrgoes mamtenan_cc_a, &Vq15] C. Lindig.
In this paper, we empirically

lution and usage changes.
evaluate several reduction algorithms to identify thedrad
offs in practice. The significantly lower cost of reduction
by Concept coupled with the high program coverage and
fault detection effectiveness promd@encept as an ap-
pealing alternative to test suite reduction for user-sssi

for controlling the size of a test suitACM Trans on Soft Eng
Meth, 2(3):270-285, 1993.

[12] 1. Jacobson. The use-case construct in object-oesbé-
ware engineering. J. M. Carroll, edit@cenario-based De-
sign: Envisioning Work and Technology in System Develop-
ment 1995.

[13] J. A. Jones and M. J. Harrold. Test suite reduction amd pr
oritization for modified condition/decision coverag¢éEEE
Trans on Soft Eng29(3), Mar 2003.

rI[14] E. Kirda, M. Jazayeri, C. Kerer, and M. Schranz. Experi-

ences in engineering flexible web servitEEE MultiMedia

8(1):58-65, 2001.

Concepts tool.  <http://www.st.cs.uni-
sh.de/ lindig/src/concepts.htm) 2005.

[16] C.-H. Liu, D. C. Kung, and P. Hsia. Object-based data flow
testing of web application#sia-Pacific Conf on Quality Soft
2000.

[17] G.D. Lucca, A. Fasolino, F. Faralli, and U. D. Carliniest-

ing web applicationsint Conf on Soft Maint2002.

based testing of web applications. Future work includes[18] J. Offutt and W. Xu. Generating test cases for web sesvic

performing the experiments on different sets of user ses-
sions as well as with more applications and larger user ses-

using data perturbationWork on Test, Anal & Verif of Web
Services2004.

sion sets. We are also investigating a solution to the datal19] Parasoft WebKing<http://www.parsoft.cons, 2004.

state problem for more accurate replay of user sessions.

Acknowledgments

We thank Dr. Allen Gibson, a statistics instructor with the
Stillman School of Business at Seton Hall University, for
his assistance in the statistical analysis of our results.

References

[1] M. Benedikt, J. Freire, and P. Godefroid. VeriWeb: Auto-
matically testing dynamic web sitekit Conf on WW\WWMay
2002.

G. Birkhoff. Lattice Theoryvolume 5. American Math Soc
Colloquium Publications, 1940.

[3] J. Black, E. Melachrinoudis, and D. Kaeli. Bi-criterizoatels
for all-uses test suite reductiomt Conf Soft EngMay 2004.

D. Chays, Y. Deng, P. Frankl, S. Dan, F. Vokolos, and
E. Weyuker. An agenda for testing relational database appli
cations.Soft Test, Verif and Reliabilityl4:17-44, Mar 2004.
Cenqua clover code coverage for Java.
<http://mww.cenqua.com/cloves/, 2005.

(2]

(4]

(5]

[6] Y. Deng, P. Frankl, & J. Wang. Testing of web database ap-

plications.Work on Test, Anal & Verif of Web Servic@904.
S. Elbaum, G. Rothermel, S. Karre, and M. F. Il. Leveragin
user session data to support web application testitEE
Trans on Soft Engvlay 2005.

C. Fu, B. Ryder, A. Milanova, & D. Wonnacott. Testing of
Java Web Services for Robustnelg.Symp Soft Test & Anal
2004.

Open source web applications with
<http://www.gotocode.com, 2003.

(7]

(8]

code.

(9]

source

10

[20] Rational Robot. <http:/www-
306.ibm.com/software/awdtools/tester/robgt2003.

[21] Caucho Resin<http://www.caucho.com/resix, 2005.

[22] F. Ricca and P. Tonella. Analysis and testing of web iappl
tions. Int Conf on Soft Eng2001.

[23] S. Sampath, V. Mihaylov, A. Souter, and L. Pollock. Com-
posing a framework to automate testing of operational web-
based softwardnt Conf on Soft MaintSep 2004.

[24] S. Sampath, V. Mihaylov, A. Souter, and L. Pollock. Alsca
able approach to user-session based testing of web applica-
tions through concept analysisuto Soft Eng ConSep 2004.

[25] S. Sampath, A. Souter, and L. Pollock. Towards definimg) a
exploiting similarities in web application use cases tigtou
user session analysigit Work on Dyn AnglMay 2004.

[26] S. Sampath, S. Sprenkle, E. Gibson, L. Pollock, and
A. Souter. Analyzing clusters of web application user ses-
sions.Int Work on Dyn AnglMay 2005.

[27] J. Sant, A. Souter, and L. Greenwald. An explorationtaf s
tistical models of automated test case generatiariVork on
Dyn Anal May 2005.

[28] S. Sprenkle, S. Sampath, E. Gibson, L. Pollock, and
A. Souter. An empirical comparison of test suite reduction
techniques for user-session-based testing of web applisat
Tech Report 2005-09, University of Delaware, 2005.

[29] W. E. Wong, J. R. Horgan, S. London, and A. P. Mathur. Ef-
fect of test set minimization on fault detection effectigss.

Int Conf on Soft Engpages 41-50. ACM Press, 1995.



