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Abstract and executing redundant tests that only increase thegestin
time and do not increase the ability to detect faults.

Object-oriented unit tests consist of sequences of method \We propose Rostra, a novel framework for detecting re-
invocations. Behavior of an invocation depends on the dundant unit tests based on equivalent objects. Within Ros-
state of the receiver object and method arguments at thetra, we present five techniques with different tradeoffs in
beginning of the invocation. EXxisting tools for automatic 1) the assumptions about the code under test, 2) time and
generation of object-oriented test suites, such as Jtedt an space taken to find redundant tests, and 3) the number of
JCrasher for Java, typically ignore this state and thus gen- redundant tests found. These techniques are fully auto-
erate redundant tests that exercise the same method behavmatic and do not require any user input, except that two
ior, which increases the testing time without increasing th of the techniques assume that classes have proper|y imp|e-
ability to detect faults. mented equality methods. Ideally, if a method claims that

This paper proposes Rostra, a framework for detecting two objects are equal, they should be observationally equiv
redundant unit tests, and presents five fully automatic-tech alent[10,17], i.e., have the same behavior for all methed se
niques within this framework. We use Rostra to assess antuences they can be subject to. This is typically the case for
minimize test suites generated by test-generation toaés. W equal s methods in Java classes: fhava. | ang. Obj ect
also present how Rostra can be added to these tools to avoitt|ass defines thequal s method and subclasses often over-
generation of redundant tests. We have implemented the fIV$|de it, as it is used pervasively, for example, to compare
Rostra techniques and evaluated them on 11 subjects takelements in the Java collections [27].

from a variety of sources. The experimental results show  gyme existing testing tools also consider equivalent ob-

that Jtest and JCrasher generate a high percentage of re"iects, but differently than Rostra. For example, AsmLT [11]

dundant tests and that Rostra can remove these redundanteqires the user to provide an abstraction function [17]
tests without decreasing the quality of test suites. and defines objects to be equivalent if they map to the
same abstract value. We can view some of our techniques
as automatically defining an abstraction function based on
1 Introduction equal s. Several other projects [2, 10, 14] define equiva-
lent objects using observational equivalence, but checkin
Several tools for automatic generation of object-oriented it precisely is expensive: by definition it takes infinite &m
unit test suites, such as Jtest [21] (a commercial tool for (to check all method sequences), so in practice approxima-
Java) and JCrasher [7] (a research prototype for Javap test tions are used. Our techniques take much less time and are
class by generating sequences of method invocations. Eachore appropriate for testing.
test consists of one sequence; when two sequences dif- We can use Rostra for several testing tasks. Rostra en-
fer, these tools conservatively assume that the tests @re ncables assessing the quality of a test suite in terms of non-
equivalent. However, there are many cases when differentequivalent objects and non-redundant tests, and we can thus
method sequences exercise the same behavior of the classompare the quality of different test suites. We can also
under test. For example, two sequences can produce equivselect a subset of automatically generated tests to augment
alent objects because some invocations do not modify statean existing (manually or automatically generated) tesesui
or because different state modifications result in the sameWe can further minimize an automatically generated test
state. Intuitively, invoking the same methods on such equiv suite for manual inspection or regression testing. Finally
alent objects is redundant. Since testing is typically con- existing test-generation tools can incorporate Rostra int
strained by time limits, a key issue is to avoid producing their test generation to avoid generation and execution of
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redundant tests and instead invest the time in generation of"

non-redundant tests that exercise more method behaviors.
This paper makes the following contributions:

blic class IntStack {

private int[] store;

private int size;

private static final int INITIAL_CAPACITY = 10;

public IntStack() {
this.store = new int[IN Tl AL_CAPACI TY];

e We propose Rostra, a formal framework for detecting this.size = 0;

equivalent object states and redundant tests. publ i ¢ voi d push(int value) {
if (this.size == this.store.length) {
int[] store = newint[this.store.length » 2];
System arraycopy(this.store, 0, store, 0, this.size);
this.store = store;

We make Rostra concrete with five techniques and
present an implementation of these techniques.

We propose four practical applications of Rostra. this.store[this.size++] = val ue;

¥
public int pop() {

We evaluate Rostra on 11 subjects taken from a variety PU2 1= ' PP e[--this.size]:

of sources. The experimental results show that around
90% of the tests generated by Jtest for all subjects and
50% of the tests generated by JCrasher for almost half
of the subjects are redundant. The results also show
that removing these redundant tests does not decrease

}
public bool ean isEnmpty() {
return (this.size == 0);

public bool ean equal s(Object other) {
if (!(other instanceof IntStack)) return false;
IntStack s = (IntStack)other;

the branch coverage, exception coverage, and fault de- 7 (this.size 1=s.size) return false;
. .. . for (int i =0; i < this.size; i++)
tection capability of the test suites. if (this.store[i] !=s.store[i]) return false;

return true;

Example

We next illustrate how our techniques determine redun-
dant tests. As a running example, we use an integer stack
implementation taken from Henkel and Diwan [14]. Fig-
ure 1 shows the relevant parts of the code.

The following is an exampltest suitewith three tests for
thel nt St ack class:

Figure 1. An integer stack implementation

transitions on the state of the Java program. Our tech-
niques track these transitions at the granularity of method
each test execution produces a sequence of method execu-
tions. Eachmethod executiois characterized by the actual

T Stk 51 = new I nt Stack(): method that is invoked andrapresentatiorof the state (re-
zi i lSJsEmts)yO ; ceiver object and method arguments) at the beginning of the
oy gush(2)§ execution. We call this stat@ethod-entry stateor simply
zi pogﬁ]);5 ' state when it is clear from the context. For instance, T2 has
- push(8): three method executions:
Test 2 (T2):
65 puan(ays C mew nestackO: 1. a constructor without arguments is invoked;
s2. push(5);
Test 3 (T3): 2. push adds3 to the empty stack;
IntStack s3 = new IntStack(); .
s3. push(3); 3. push adds5 to the previous stack.
s3. push(2);
s3. pop();

In this list, we use English language to describe the method-

Eachtesthas a method sequence on the objects of the classentry states. The techniques that we compare use several
For example, T2 creates a stack and invokes twgush formal representations for a state and several approashes f
methods on it. Tests of this form are generated by tools suchdeterminingequivalentstates (Section 3.2).
as Jtest [21] and JCrasher [7]. For such tests, the correct- We call two method executions equivalent if they are in-
ness checking typically relies on design-by-contract anno vocations of the same method on equivalent states. Our
tations [16, 20]; if the code has annotations, the toolsstran framework considemedundantests: a test is redundant for
late them into run-time assertions [5, 21] that are checkeda test suite if every method execution of the test is equiva-
during the execution. If there are no annotations, the toolslent to some method execution of some test from the suite
only check the robustness of the code: they execute the test§Section 3.4).
and check for uncaught exceptions [7]. We next briefly explain different techniques for deter-

To determine redundant tests, our techniques dynami-mining equivalent states and illustrate redundant tests th
cally monitor test executions. Each execution consists of these techniques find in the example test suite.

197



WholeSeq: This is the most conservative technique that exp ::=prim|invoc “. state” | invoc “. ret val ”
models the existing test-generation tools. Two tests are co  invoc ::=method {” exp* )"
sidered equivalent only if they are identical. The techeiqu  prim:=“nul | ” | “true” | “fal se” |“0" | “1" |“-1" | ...
represents states using method sequences that creates objec
and compares states using sequence equality. It finds all
three example tests to be non-redundant.

ModifyingSeq: This technique improves on the previ-
ous one by using in state representation only those method Techniques based on method-sequence representation

invocations that actually modify the state. It finds that T3 Section 3.3.1 and 3.3.2) make an additional assumption:
is redundant, because it exercises a subset of method execd- h e '

tions that T1 exercises. A2s: Each method can only modify the state of the receiver
WholeState: This technique uses the whole concrete and return a result.

state for representation and compares states by isomor-

phism (Section 3.2.2). It also finds that T3 is redundant “State of the receiver” refers to the abstract state, nog onl

because of T1. However, it does not find T2 to be redundantthe fields of the concretehi s object. For example, if the

because of T1: these two tests have different concretesstatereceiver is a head of a linked list of nodes, any node can be

Figure 2. Grammar for symbolic expressions

beforepush(5) —the arrayst or e has the valu¢ 3, 0] in modified, not only the head. Henkel and Diwan make the
s2 and the valug 3, 2] ins1. same assumption for algebraic specifications [14].
MonitorEquals: This technique leverages tlegual s The WholeState technique makes no other assumption.

method to extract only the relevant parts of the state. Isfind Techniques based on the user-defirgdal s methods
T2, as well as T3, to be redundant because of T1. Although(Section 3.3.4 and 3.3.5) make an additional assumption:
the whole concrete states in T2 and T1 befptah(5)
are different, the relevant parts of the states are the samé2e: Theequal s methods are implemented to respect the
namely the subarray aft or e up tosi ze is[ 3] . contract inj ava. | ang. Obj ect [27].

PairwiseEquals: This technique uses directly the
equal s method to compare pairs of states. In the running The contract requires that eaelyual s implements an

example, it finds the same redundant tests as the previou§quivalence relation, i.e., it should be reflexive, symiogtr
technique. and transitive. In practice, we have found megual s

methods to implement observational equivalence [10]: if

equal s is stronger (i.e., returnbal se for some objects

that are observationally equivalent), our techniques nady n

remove some ideally redundant testsedfual s is weaker
This section formalizes the notions introduced infor- (i.e., returng r ue for some objects that are not observation-

mally in the previous section. We first discuss the assump-ally equivalent), our techniques may remove some ideally

tions that our techniques make about the code under testnon-redundant tests. Rostra can dynamically check an ap-

We next describe approaches for representing states ang@roximation of observational equivalence fequal s and

comparing them for equivalence. We then describe how help the user tune the method.

each of the five techniques builds the appropriate repre-

sentation and finds equivalent states. We finally show howg 5 giate Representation and Comparison

equivalent states give rise to equivalent method execsition

and define redundant tests and test-suite minimization.

3 Formal Framework

Our techniques use two main approaches for state repre-
sentation: 1) method sequences and 2) concrete states of the
objects. Both approaches view classes under test as having a
set of methods (represented uniquely by their defining class

All five techniques make the following assumption about ame and the entire signature) and consider construcors a
the code under test: methods.

3.1 Assumptions

Al: Method executions are deterministic given the state
reachable from the receiver and other arguments. 3.2.1 Method Sequences

This is realistic for single-threaded code; otherwise; dif Each execution of a test creates several objects and invokes
ferent executions for the same input may produce differentmethods on these objects. Our method-sequence approach
results, so model-checking techniques are more applicableepresents states using sequences of method invocations,
than testing. following Henkel and Diwan who use the representation
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ids; // d into thei i id
to map Java classes to algebras [14]. The state represerffﬁtp[i i near F’;‘E?NSSeefo'o? OHeaSI LQHEL?U? -

tation uses symbolic expressions with the concrete gram- ids = new Map();

mar shown in Figure 2. Each object and value are repre-, "€t{r" 'in(root, <q&);

sented with an expression. Arguments for method invoca-int[] Iin(Node root, Heap <O E>) {

tions are represented as sequences of zero or more expres-' ' (i 35;2,”;3: 2?5%2;32;’029(' ds. get (ro0t))

sions; the receiver is treated as the first method argument. int id = ids.size() + 1;

The. state and. retval expressions denote the state of | nei P's46%% &i gl et onsequence(i d)

the receiver after the invocation and the result of the invo- Edge[] fields = sortByFiel d({ <root, f, 0>in E });
cation, respectively. For brevity, Figure 2 does not sgecif ' % {30 sl ot vetogy o0

types, but the expressions are well-typed according to the seq. add( uni queRepr esent ati on(0));

Java typing rules [1] o :2q. append(lin(o, <O E>));

For example,s2 at the end of T2 is represented as }
push(push(<init>().state, 3).state, 5).state, return sed;
wherec<i ni t > represents the constructor that takes no re-
ceiver ancki ni t >() . st at e represents the object created
by the constructor invocation. This object becomes the re- Figure 3. Pseudo-code of linearization
ceiver of the method invocatigrush( 3) , and so on.

Some of our techniques represent method-entry states ' , . . ,
using tuples of expressions. Two tuples are equivalent iff We define he_ap _|somorph|sm as graph isomorphism
their expressions are component-wise identical. based on node bijection [3].

Our method-sequence approach allows the tests to con-. . .. .
tain loops, arithmetic, aliasing, and/or polymorphismn€o Definition 2 Two heaps(O1, Eq) and (O, En) are 1so-
sider the following manually written tests T4 and T5: morphiciff there is a bijectiorp : Oy — O, such that:

Test 4 (T4): Test 5 (T5): Ey = {{plo), f,p(0"))l{o, f,0) € E1,0" € O1} U
IntStack t = new IntStack(); IntStack s5 = new I ntStack();
IntStack s4 = t: int i =o0; {<p(0),f,0/>|<0,f,0/>GEl,OIEP}.
for (int i =0; i <=1; i++) s5. push(i);
s4. push(i); s5. push(i + 1);

Note that the definition allows only nodes to vary: two

Our current implementation dynamically monitors the invo- isomorphic heaps have t.he. same fields for all objects and
the same values for all primitive fields.

cations of the methods on the actual objects created in the : :

tests and collects the actual argument values for these invo Some techniques represent state wathtedheaps.
cations. It represents each object using a method sequenc
for example, it represents botlis5 at the end of T4/T5 as
push(push(<init>().state, 0).state, 1).state.

In future work, we plan to add a static analysis that can
gather the method sequence without executing the test COdeheap(O ) and a tuple(v v} of pointers and prim-
Although this static analysis would be conservative ansl les itive val’ueSUv c OU ﬁ’.WHe;LeO “ i < n The
accurate than the dynamic analysis, it would enable detect- R ’ = T
ing some redundant tests without executing them. cognstrlg:tlj r}rfirs;nc(:jr?tes tgeuh?gpi:v ;8 ’<E Z zvh;}r ?

r ¢ O is the root object. It then creates the rooted heap
3.2.2 Concrete States (r,h), whereh = (O, E},) is the subgraph of’ that
ontains all nodes reachable fromand their edges, i.e.,

C O’ is the set of all objects reachable framwvithin 2’

%efinition 3 Arooted heap is a paifr, h) of a root object
r and a heaph whose all nodes are reachable fram

The techniques construct a rooted heap from a program

Each execution of a test operates on the program state thaft
includes a program heap. Our concrete-state approach cor@n , ,
siders only parts of the heap: we also call each part a “heap™@"dEn = {(0, f,0) € E'lo € Op}. _

and view it as a graph: nodes represent objects and edges Although there is no polynomial-time algorithm known
represent fields. LeP be the set consisting of all primi- [OF checkingisomorphism of general graphs, itis possible t
tive values, includingwul | , integers, etc. LeD be a setof  €fficiently check isomorphism of rooted heaps. Our imple-
objects whose fields form a s&t (Each object has a field .mentatlonl'mearlzesheaps into sequences such that check-
that represents its class, and array elements are corgsiderdNd heap isomorphism corresponds to checking sequence

index-labeled object fields.) equality. Figure 3 shows the pseudo-code of the lineariza-
tion algorithm. It traverses the entire heap depth first{sta

Definition 1 A heapis an edge-labelled grapHO, E), ing from the root. When it first visits a node, it assigns a

whereE = {(o, f,0')|o € O, f € F,0’ € OU P}. unique identifier to the node, keeping this mapping ds
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| technique | representation | comparison | more method-entry states to be equivalent. For example,

WholeSeq the entire method sequence| equality i sEnpt y does not modify the state of the stack, so Modify-
ModifyingSeq | a part of the method sequencequality ingSeq represents states befpush( 2) in both T3 and T1
WholeState the entire concrete state isomorphism as <push(<init>().state, 3).state, 2> and thus
MonitorEquals| a part of the concrete state | isomorphism finds them to be equivalent.

PairwiseEquals the entire concrete state equal s

Table 1. State representation and comparison 3.3.3 WholeState

This technique represents method-entry states using the en
tire concrete state reachable from the receiver objectfand t
to use again for nodes that appear in cycles. Similar lin- arguments. Assume that a test execution is about to invoke

earization was used in model checking [15,22]. Itis easy to 20- M@l, ..., an) and the program heap i), £).
show that the linearization normalizes rooted heaps. The execution has already evaluated the receiver object and
the arguments to some valugse OU P, where0 < i < n.
Theorem 4 Two rooted heap&;, h1) and(oy, hy) are iso- (Recall thatP is the set of all primitive values.) WholeState
morphic iffl i neari ze(o1,hy) =l i neari ze(o, hy). represents the method-entry state with the rooted heap ob-
tained from(O, E') and(vo, . .., v,). Two states are equiv-
3.3 Techniques alent iff the rooted heaps are isomorphic.

Table 1 shows the techniques that we compare. Different3.3.4 MonitorEquals

techniques use different representations for methodrentr This technique leverages user-definagial s methods to

states and different comparisons for equivalent statesh Ea extract only the relevant parts of the state. Like WholeState

method-entry state desc;rlbes the receiver object gnd artqui\/lonitorEquals also represents a state with a rooted heap,
ments before a method invocation. We next explain details

of all five techniques but this heap is on_ly a subgra_ph of thg entire roqted heap.
' Conceptually, MonitorEquals first obtains the entire rdote

heap from the program heap and the val{igs. . ., v, ) of

3.3.1 WholeSeq the receiver and arguments (as in WholeState). It then in-
This technique uses the method-sequence approach to repl0kesv:. equal s(v;) for each non-primitive; and mon-
resent state. It represents each object with an expreggiont 110rs the field accesses that these executions make. The ra-
includesall methods invoked on the object since it has been tionale behind MonitorEquals is that these executions ac-
created, including the constructor. Our implementation ob C€SS only the relevant object fields that define an abstract
tains this representation by executing the tests and kgepin State. (The executions always retunrue for properly im-

a mapping from objects to their corresponding expressions Plémentecqual s methods.)
Each method-entry state is simply a tuple of expressions MonitorEquals represents each method-entry state as a

that represent the receiver object and the arguments. Twd©0ted heap whose edges consist only of the accessed fields
states are equivalent iff the tuples are identical. For ex-and the edges from the root. Formally, let (O, £)) be
ample, WholeSeq represents the states bafosé( 2) in the entire rooted heap arfd, C E be the set of all fields

T3and Tlaspush(<init>().state, 3).state, 2> from E that are accessed duriegual s executions. (The
and <push(i sEmpty(<i nit>().st).st, 3).st, 2> executions may additionally allocate temporary objects an
respectively, and these two states are not equivalent. access their fields, but these fields are noEimnd these

objects are unreachable at the end of the executions.) The
method-entry state is the rooted he@p(O’, E')), where

E' = E,U{{o, f,0')o =1 Ao, f,0) € E} C Fand

This technique also uses the method-sequence approach)’ = {o|(o, f,0") € E' vV (¢, f,0) € E'} C O. In Mon-
However, it represents each object with an expression thattorEquals, two states are equivalent iff their rooted Iseap
includesonly those methods that modified the state of the are isomorphic.

object since it has been created, including the constructor ~ For illustration, recall the example and consider the state
Our implementation monitors the method executions to de- of stacks beforeush(5) in T1and T2. The whole concrete
termine at run time if some execution modifies the state or state ofs 1/s2 is shown in the left/right column:

not. (Details are in Section 4.)

3.3.2 ModifyingSeq

o K /1 sl before push(5) Il s2 before push(5)
ModifyingSeq builds and compares method-entry states store = @66a24 store = @1ff43
; H ] store.length = 10 store.length = 10
in the same way as WholeSeq, but since ModifyingSeq store0] = 3 storef0] = 3

uses a coarser representation for objects, it can find store[1] = 2 store[1] = 0
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store[2] =0 store[2] =0 Definition 6 Two method executioris:, s1) and(ma, so)
are equivalentff m; = my ands; andss are equivalent.

1]
o

store[ 9] store[ 9]
size = 1 size = 1

1
o

We further consider minimal test suites that contain no
where the values of thet ore array are their identifiers  redundant tests.
(reference addresses, prefixed w@)h These states are not
equivalent, becausst or e[ 1] differs. However, the ex- Definition 7 A testt is redundanfor a test suiteS iff for
ecution oft hi s. equal s(thi s) accesses only the fields €ach method execution ¢f], there exists an equivalent
si ze, st or e, and elements oft or e whose indices are up  method execution of some test from

to the value oki ze. In this example, the accessed part of o o ) )
s1/s2 is shown in the left/right column: Definition 8 A test suiteS is minimal iff there is not € S

that is redundant forS\ {¢}.

/1 this.equal s(this) /'l this.equal s(this)

/'l before si.push(5) /1 before s2.push(5) FE ; ; ! £ .

store = @66a24 store = @1f143 .M|n|m|za/t|on of a test suiteS” finds a minimal test
store[0] = 3 store[0] = 3 suite.S C S’ that exercises the same set of non-equivalent
size = 1 size = 1

method executions & does.

These two s'Fates are _not identical, as the addresses diﬁerﬁ)efinition 9 A test suiteS minimizesa test suiteS’ iff S
but they are isomorphic. Thus, MonitorEquals reports that
the method-entry states befgsesh(5) in T1 and T2 are
equivalent.

is minimal and for eaclt’ € S” and each(m’, s") € [¢'],
there existt € S and (m, s) € [t] such that(m’, s’) and
(m, s) are equivalent.

3.3.5 PairwiseEquals Given a test suité’, there can be several test suites
S’ that minimize S’. Our implementation uses a greedy

This technique also leverages user-defirgdal s meth- 5,45 ithm to find one of the test suites that minimiz&s

ods to detect equivalent states. It implicitly uses therenti
program heap to represent method-entry states. However, it )
does not compare (parts of) states by isomorphism. Instead? ~ Implementation
it runs the test to build the concrete objects that corredpon

to the receiver and arguments, and then usestjel s We have implemented the five Rostra techniques for col-
method to compare pairs of states. Two stateands, are  lecting method-entry states and comparing equivalence in
equivalent iffs;. equal s( s3) returnstr ue. Java. Our current implementation collects method-entry

This technique can find more equivalent objects than thestates dynamically during test executions. We use the Byte
previous technique. For example, consider a class that im-Code Engineering Library [8] to instrument the bytecodes
plements a set using an array. PairwiseEquals reports twcf the classes under test at the class-loading time. The in-
objects to be equivalent if they have the same set of arraystrumentation adds the code for collecting state reprasent
elements, regardless of the order, whereas MonitorEqualdions at the entry of each method call in a test. It also adds
reports two objects with the same elements but different or-the code for monitoring instance-field reads and writes.
der to be non-equivalent. However, PairwiseEquals is typi-  Our instrumentation collects the method signature, the
cally slower as it compares the whole state, whereas Moni-receiver-object reference, and the arguments at the begin-
torEquals compares only parts of the state, and additipnall ning of each method call in the test. The receiver of
Rostra uses efficient hashing and storing in MonitorEquals, these calls is usually an instance object of the class under

because we know the representation (sequence). test. The instrumentation does not collect the methodrentr
states for calls that are internal to these objects. Differe
3.4 Redundant Tests techniques also collect and maintain additional infororati

The WholeSeq and ModifyingSeq techniques maintain
Each test execution produces several method executions2 t@ble that maps each object to a method sequence that
represents that object. At the end of each method call,
Definition 5 A method executionm, s) is a pair of a the sequence that represents the receiver object is extende
methodm and a method-entry state with the appropriate information that represents the oal,
less the method execution has not modified the receiver, in
We denote with[t] the sequence of method executions which case ModifyingSeq does not extend the sequence.
produced by a test, and we write(m, s) € [t] when a ModifyingSeq dynamically monitors the execution and de-
method executiofim, s) is in the sequence fdr We define  termines that the receiver is modified if there is a write to a
equivalent method executions based on equivalent states. field that is reachable from the receiver.
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The WholeState technique uses Java reflection [1] todetermine that the two sequences in the new code produce
recursively collect all the fields that are reachable from equivalent object states. Additionally, we can alwayslgafe
the receiver and arguments before the method call. Theuse Rostra to perform regression test prioritization [24] i
MonitorEquals technique executes equal s( v;) for the stead of test-suite minimization.
receiver and each non-primitive argument before the Generation: Existing test-generation tools can incor-
method call. It then monitors these executions to collect porate Rostra to avoid generating and executing redun-
all fields that are accessed. (The MonitorEquals techniquedant tests. Although our five Rostra techniques are dy-
needs to carefully avoid the common optimization pattern namic, they can determine whether a method execution
that compares the receiver and the argument for identityis equivalent to some other executibaforerunning me;
this == that within equal s methods.) To compare the method-entry state required for determining equivaden
states, WholeState and MonitorEquals use our implementas available before the execution. Test-generation tdwls t
tion of the linearization algorithm (Section 3.2.2). TherPa  execute tests, such as Jtest [21], can easily integrateaRost
wiseEquals technique creates the objects for the receiverdtest executes already generated tests and observessheir b
and arguments and then compares them usigqgal s havior to guide the generation of future tests. Running Jtes
methods. Note that subsequent test execution can modifyis currently expensive—it spends over 10 minutes generat-
these objects, so PairwiseEquals needs to reproduce thermg the tests for relatively large classes in our experiment
for comparison. Our current implementation re-executes (Section 6)—but much of this time is spent on redundant
method sequences; an alternative would be to maintain aests.

copy of the objects. We have implemented a prototype test-generation tool
based on Rostra [28]. It dynamically and iteratively gen-
5 Applications erates non-redundant tests to exercise non-equivalent ob-

ject states. Our prototype performs combinatorial testing
by generating tests that exercise each possible comhinatio
of non-equivalent method, receiver, and arguments. Our
preliminary results show that our prototype generates test
suites better by several metrics than Jtest.

We propose these four applications of Rostra: test-suite
assessment, test selection, test-suite minimizationfestd
generation.

Assessment:Rostra provides a novel quantitative com-
parison of test suites, especially those generated by auto- )
matic test-generation tools. For each test suite, Rostra ca © EXperiments
find non-equivalent object states, non-equivalent method
executions, and non-redundant tests. We can then use their This section presents two experiments that assess how
metrics to compare the quality of different test suites. well Rostra detects redundant tests: 1) we investigate the

Selection: We can use Rostra to select a subset of auto-benefit of applying Rostra on tests generated by existing
matically generated tests to augment an existing (manuallytOO|S; and 2) we validate that removing redundant testsiden
or automatically generated) test suite. We feed the exgistin tified by Rostra does not decrease the quality of test suites.
test suite and the new tests to Rostra, running the existingve have performed the experiments on a Linux machine
test suite first. The minimal test suite that Rostra then pro-With a Pentium IV 2.8 GHz processor using Sun's Java 2
duces will contain those new tests that are non-redundantSDK 1.4.2 JVM with 512 MB allocated memory.
with respect to the existing test suite.

Minimization: We can use Rostra to minimize an au- 6.1 Experimental Setup
tomatically generated test suite for correctness inspecti
and regression executions. Without a priori specifications  Table 2 lists the 11 Java classes that we use in our exper-
automatically generated tests typically do not have test or iments. The nt St ack class is our running example. The
cles for correctness checking, and the tester needs to manuBSt ack class is taken from the experimental subjects used
ually inspect the correctness of (some) tests. Rostra helpdy Stotts et al. [26]. The&hoppi ngCart class is a popu-
the tester to focus only on the non-redundant tests, or mordar example for JUnit [6]. Thé&ankAccount class is an
precisely the non-equivalent method executions. Runningexample distributed with Jtest [21]. The remaining seven
redundant tests is inefficient, and Rostra can remove these&lasses are data structures used to evaluate Korat [3, 19].
tests from a regression test suite. However, we need to beThe first four columns show the class name, the number of
careful because changing the code can make a test that imethods, the number of public methods, and the number of
redundant in the old code to be non-redundant in the newnon-comment, non-blank lines of code for each subject.
code. If two method sequences in the old code produce We use two third-party test generation tools, Jtest [21]
equivalent object stateand the code changes do not im- and JCrasher [7], to automatically generate test inputs for
pact these two method sequences [25], we can still safelyprogram subjects. Jtest allows users to set the length of
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100%

Table 2. Experimental subjects a0%% |

class meths | public | ncnb | Jtest | JCrasher :Zi |
meths | loc | tests tests o |

IntStack 5 5] 44] 94 6 5o |
UBStack 11 11| 106 | 1423 14 o |
ShoppingCart 9 8 70 | 470 31 0% | aWhoieseq
BankAccount 7 7 34 | 519 135 a6 | B ModifyingSeq
BinSearchTree| 13 8| 246 277 56 ot | N MortonE el
BinomialHeap 22 17 | 535 | 6205 438 o | B PairwiseEquals
DisjSet 10 7 166 | 779 64 by G % S 5 s
FibonacciHeap| 24 | 14 | 468 | 3743 150 oy Moy e, B, T
HashMap 27 19 | 597 | 5186 47 S B o,
LinkedList 38 32| 398 | 3028 86
TreeMap 61 25| 949| 931 1000 Figure 4. Percentage of redundant tests

among Jtest-generated tests

calling sequences between one and three; we set it to three, |y,
and Jtest first generates all calling sequences of length gy, |
one, then those of length two, and finally those of length gy | I

three. JCrasher automatically constructs method segsience 7o |
to generate non-primitive arguments and uses default data  sox |
values for primitive arguments. JCrasher generates tests  sox |
as calling sequences with the length of one. The last two 0% |
columns of Table 2 show the number of tests generated by 0% |
Jtest and JCrasher. 20%
Our first experiment uses the five Rostra techniques to 1%
detect redundant tests among those generated by Jtest and
JCrasher. Our second experiment compares the quality of
original and Rostra-minimized test suites using 1) branch
coverage, 2) non-equivalent, uncaught-exception coudt, a
3) fault-detection capability. We adapt Hansel [12] to
measure branch coverage and non-equivalent, uncaught-
exception count. (Two exceptions are equivalent if they
have the same throwing location and type.) To estimate
the fault-detection capability, we use two mutation-asely
tools for Java: Jmutation [18] and Ferastrau [19]. We selectgenerated tests have longer call length.
the first 300 mutants produced by Jmutation and configure  The two method-sequence techniques identify fewer re-
Ferastrau to produce around 300 mutants for each subjectdundant tests than the three concrete-state techniques, an
We have written specifications and used the JML runtime there is no significant difference in the results for the lat-
verifier [5] to compare the method-exit states and returns ofter three techniques. We hypothesize that our experimental

mWholeSeq

2 ModifyingSeq
®\WholeState

= MonitorEquals
8 PairwiseEquals

Figure 5. Percentage of redundant tests
among JCrasher-generated tests

the original and mutated method executions. subjects do not have many irrelevant object fields for defin-
ing object states and/or the irrelevant object fields do not
6.2 Experimental Results significantly affect the redundant test detection.

We also measured the percentages of equivalent object
Figures 4 and 5 show the results of the first experiment— states and equivalent method executions; they have similar
the percentage of redundant tests generated—for Jtest andistributions as the redundant tests.
JCrasher, respectively. We observe that all techniques ex- The elapsed real time of running our implementation is
cept WholeSeq identify around 90% of Jtest-generated testgeasonable: it ranges from a couple of seconds up to sev-
to be redundant for all subjects and 50% of JCrasher-eral minutes, determined primarily by the class complexity
generated tests to be redundant for five out of 11 subjectsand the number of generated tests. To put this time into per-
Possible reasons for higher redundancy of Jtest-generatedpective, we need to consider the whole test generation: if
tests include: 1) Jtest generates more tests; and 2) Jtestest-generation tools such as Jtest incorporated Rodtra in
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Table 3. Quality of Jtest-generated, JCrasher-
generated, and minimized test suites

class excptn| branch | Ferastray Jmutation
count | cov[%] | kill [%] kill [%]
jte [jer [ jte] jer| jte] jer| jte] jer
IntStack 1| 1| 67| 50|*45| 40| 24| 23
UBStack 2| 0| 94| 56| 57| 25| 78| 37
ShoppingCart| 2| 1| 93| 71| 57| 51| 80| 20
BankAccount | 3| 3| 100| 100| 98| 98| 89| 89
BinSearchTree 3| 0| 67| 14| 33| 5| 57| 11
BinomialHeap| 3| 3| 90| 66| 89| 34| 64| 48
DisjSet 0| O| 61| 51| 26| 18| 40| 29
FibonacciHeap 2| 2| 86| 58| 73| 21| 68| 35
HashMap 1| 1(*72| 43| 52| 23| 48| 24
LinkedList 19(10| 79| 48| 24 7| 25 9
TreeMap 4| 3[*33| 11|*16| 4| 16 7

generation, the time savings achieved by avoiding redun-
dant tests would significantly exceed the extra cost of run-
ning Rostra [28].

Table 3 shows the results of the second experiment: non

equivalent, uncaught-exception counts (columns 2 and 3),

branch-coverage percentages (columns 4 and 5), killing
rates for Ferastrau mutants (columns 6 and 7), and killing

rates for Jmutation mutants (columns 8 and 9). The columns

marked “jte” and “jcr” correspond to Jtest and JCrasher,
respectively. The original Jtest-generated and JCrasher
generated test suites have the same measures as their ¢

responding Rostra-minimized test suites in all cases ex-

cept for the four cases whose entries are marked with “*”.
The differences are due only to the MonitorEquals and
PairwiseEquals techniques. The minimized Jtest-gerterate
test suites forl nt St ack and Tr eeMap cannot kill three
Ferastrau-generated mutants that the original test states
kill. This shows that minimization based @gual s can
reduce the fault-detection capability of a test suite, het t
probability is very low. The minimized Jtest-generated
test suites forHashMap and Tr eeMap cannot cover two
branches that the original test suites can cover. We hav

reviewed the code and found that two fields of these classes
are used for caching; these fields do not affect object equiv-

alence (defined bgqual s) but do affect branch coverage.
These four cases suggest a further investigation on the us
of equal s methods in detecting redundant tests as future
work.

6.3 Threats to Validity

The threats to external validity primarily include the de-

gree to which the subject programs and third-party test gen-

eration tools are representative of true practice. Ouestdj
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(6]

are from various sources and the Korat data structures have
nontrivial size for unit tests. Of the two third-party topls
one—Jtest—is popular and used in industry. These threats
could be further reduced by experiments on more subjects
and third-party tools. The main threats to internal valid-
ity include instrumentation effects that can bias our rssul
Faults in our implementation, Jtest, JCrasher, or other mea
surement tools might cause such effects. To reduce these
threats, we have manually inspected the collected exetutio
traces for several program subjects.

7 Related Work

Rostra techniques are related to work on state represen-
tation and comparison, and Rostra itself is related to work
on test selection and minimization. (Test generation based
on Rostra is also related to work on test generation [28].)

losif [15] and Robby et al. [22] use linearization to en-
code states in model checkers. They do not apply any tech-
nigue as our MonitorEquals to collect only the relevant ob-
ject fields, but always collect all fields. Zimmermann and
Zeller use a memory graph and its visualization to represent

and explore states during C program executions [30]. They
reduce the comparison of program states to the comparison
of graphs.

Most of the previous work on detecting equivalence of
object states [2, 10, 14] has developed techniques based on
observational equivalence [17]. These techniques are typi

cally used to infer axioms in algebraic specifications or ver
|f§/ their correctness, while our Rostra techniques are used
to detect redundant tests. Previous techniques are tiypical
much slower than our techniques, but our rapmal s-
based techniques can find fewer equivalent objects (too con-
servative) and ouequal s-based techniques can, depend-
ing onequal s, find more equivalent objects (unsound) than
observational equivalence.

Grieskamp et al. present the AsmLT test-generation tool
that incorporates test selection [11]. AsmLT allows the use
to provide an abstraction functiom) that maps states of
abstract state machines into so-called “hyperstates”; two
ests are equivalent if they lead to the statgsahdss) that
map to the same hyperstatg (= s2 < a(s1) = a(s2)).
Rostra, instead, allows the user to define equivalence more
directly via a binary, boolean-returning method)( that

Fakes two statess( and s;) and determines their equiva-

lence 61 = s2 < m(s1,s2)). In practice, the existing
equal s methods suffice and Rostra uses them fully auto-
matically, but in principle, Rostra allows the user to pow®vi
other methods for equivalence. Moreover, our WholeState
and MonitorEquals techniques compare states using iso-
morphism, whereas AsmLT always uses equality. Our test-
generation tool based on Rostra [28] uses combinatorial
generation similar to AsmLT, with different selections.



Chang and Richardson use specification-coverage crite- [4] J. Chang and D. J. Richardson.
ria for selecting tests that exercise new aspects of a priori

provided unit specifications [4]. Without requiring a pri-

ori specifications, Harder et al.
ference technique to augment and minimize regression test

use the operational dif-

suites [13]. Our previous work uses operational violations
to select a small valuable subset of automatically gengrate
tests for manual inspection [29]. Clustering and sampling 6]
the execution profiles are also used to select tests for in- [7]

spection [9]. There are also several approaches to mini-

mizing [23] or prioritizing [24] tests for regression test-
ing, primarily based on structural coverage. Rostra com- 20 S
plements these existing approaches based on specifications[®] W. Dickinson, D. Leon, and A. Podgurski. Finding failures

or structural coverage. These approaches typically select

fewer tests than Rostra, but Rostra differs in that it aims to
select tests that preserve the quality of the original t@st.s

8 Conclusion

We have proposed Rostra, a novel framework for detect-

ing redundant object-oriented unit tests, and presented fiv
techniques within this framework. We have proposed four

practical applications of the framework. We have conducte

(8]

(10]

(11]

q 121

experiments that evaluate the effectiveness of Rostra-on de [13]
tecting redundant tests in test suites generated by twa-thir
party test-generation tools. The results show that Roatra ¢
substantially reduce the size of these test suites witheut d
creasing their quality. These results strongly suggest tha [14]
tools and techniques for generation of object-orientet tes
suites must consider avoiding redundant tests.
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