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1. Introduction

Testing is the one of the most widely adopted techniques to assess functional quality in software. Testing inherently requires
one to select a sample of software inputs or software execution scenarios, where the actual software behavior is contrasted with
the expected behavior. Different criteria for this selection exist, which are known to have an important impact on the effectiveness
of software assessment. One such criterion is the so called bounded exhaustive testing [1,2]. Bounded exhaustive testing consists of
assessing the behavior of the software under test (SUT) by executing it on all valid bounded inputs, for a user-provided bound on
input size. The rationale for bounded exhaustive testing is expressed in the small scope hypothesis [3], which states that the majority of
software defects can be revealed by relatively small inputs. In effect, bounded exhaustive testing has been shown to be very effective
for finding software defects [1,4,2,5].

The combinatorial nature of bounded exhaustive testing requires, for its practical application, the use of mechanisms for automated
test generation. State-of-the-art bounded exhaustive test generation approaches are specification-based [1,2,6,7], i.e., they require the
developer to provide, besides bounds for the involved data domains, a formal specification of the constraints that the inputs of
the SUT must satisfy, in terms of operational [2], declarative [1], or hybrid [6,8] specifications. Such specifications are rarely
found in practice as part of the SUT, and writing them is non-trivial, challenging and time consuming. This is due to the fact that
specifications must very precisely capture the constraints that the valid inputs must satisfy. Over-constrained specifications lead the
bounded exhaustive approaches to miss the generation of inputs that could trigger defective behavior. On the other hand, under-
constrained specifications lead to the generation of invalid inputs, which can produce false positives when testing the SUT, and to
larger than actually necessary numbers of test inputs, that affect the efficiency of the testing process (see Section 2). Furthermore,
some techniques require specifications to be written in a very specific way in order to take advantage of the pruning mechanisms
they implement [2]; failing to capture specifications in the right way for the corresponding tool can seriously impact the performance
of test generation too.

To address the above described difficulties in the use of bounded exhaustive testing, we present a novel tool for bounded exhaus-
tive input generation, called BEAPI [9]. In contrast with existing approaches, BEAPI solely employs the public methods in the API
of a class in order to perform bounded exhaustive input generation for the class, without the need for a formal specification of valid
inputs. Besides the SUT, BEAPI only requires the developer to provide bounds for the maximum length for input-generating method
sequences, or alternatively a maximum size (number of constituent lower-level objects) for each class in the SUT, and ranges for
primitive types, the latter to be used as inputs for the primitive-typed parameters of the API methods. BEAPI works by generating
test sequences [10], that is, sequences of invocations to methods of the API. In its most basic form, it generates all test sequences that
can be created by combining up to k methods of the API, with k being the maximum sequence length, part of the bounds provided
by the developer. The generated method sequences are executed by BEAPI to yield a bounded exhaustive set of objects. However,
the scalability of this basic approach is very limited, as it can only generate inputs for very small bounds (see Section 4).

To achieve an efficiency comparable with existing approaches, BEAPI implements various optimizations over the “brute force”
generation approach described above [9]. Firstly, it exploits the idea of feedback-directed test generation [10] to discard method
sequences whose executions produce exceptions, so that only non-failing method executions are extended with additional method
invocations in the construction of new method sequences. Secondly, it stores the set of generated objects associated with the accu-
mulated method sequences, so that new method sequences that do not contribute new objects are identified as redundant, and also
discarded (not further extended). This latter optimization is a form of state matching in the sense of [11]. Finally, we exploit the fact
that, often, only a small subset of the set of public methods in the API of a class can be employed to build all feasible objects of a
class. For instance, in collection implementations, it is usually the case that a constructor and an insertion method suffice to build
all feasible collection objects. We call such subsets of the API the builder methods, or builders. BEAPI takes advantage of automati-
cally detected builders [9] (or, alternatively, these may be provided by the developer) to avoid generating a significant number of
redundant test sequences, improving test generation performance.

The remainder of this paper is organized as follows. First, Section 2 illustrates the difficulties of writing precise formal specifi-
cations, and motivates the advantages of using BEAPI. Then, Section 3 describes the architecture and the main features of BEAPI.
Finally, Section 4 summarizes the results of an experimental assessment of BEAPI in comparison with Korat [2], the best performing
specification-based bounded exhaustive generation tool, showing a comparable performance [9]. Finally, Section 5 ends with the
conclusions of our work and discusses lines of future work.
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2. Motivating example

In this section, we motivate our proposed technique, and illustrate the difficulties of writing precise formal specifications for
bounded exhaustive generation, by means of an example. Let us consider the NodeCachingLinkedList (NCL) implementation from
Apache Commons [12]. NCL is a Java implementation of a collection that consists of a main circular, doubly-linked list, and a
secondary singly-linked list that acts as a cache of previously used nodes. Thus, nodes removed from the main list are stored in the
cache for future usage. When a node is needed for an insertion operation, a node from the cache is reused (if one exists) without
the need of allocating a new node. The goal is to avoid the overhead of wasteful object creation and frequent garbage collection in
applications that update lists very often through large numbers of insertions and removals.

In order to use Korat for bounded exhaustive generation for NCL, an operational predicate in Java characterizing valid NCL
objects must be provided [2]. An example of such a predicate is shown in Fig. 1. The repOK predicate in the Figure was taken from
the roops benchmark [13]. This repOK checks if a NCL structure is a valid structure or not. The first part of repOK (lines 2 to 25)
checks that the main list is a well-formed circular, doubly-linked list with a sentinel head. The second part (lines 26 to 35) checks
that the cache list is a typical null-terminated, acyclic singly-linked list.

There are two main issues in repOK that negatively affect bounded exhaustive generation. The first is shown in lines 4 and 5
of Fig. 1. The lines are commented in the Figure, since these are missing in the original repOX from roops. These lines check that
the value of the sentinel node of the main list (this.header) must always be null. The second issue is depicted in the commented
statement in line 34 of Fig. 1. This statement, which is also missing in the original repOK from roops, checks that the values of the
nodes in the cache list must all be set to null. This repOK shows a typical case of under-specification, where the developer fails to
fully specify the constraints on valid inputs. These issues may seem minor, but they have important consequences: running Korat to
perform bounded exhaustive generation for NCL with up to 6 nodes using this weakly specified repOK yields 800,667 objects. In
contrast, the valid NCL objects are in fact 11,116, less than 2% of the objects generated using repOK.

Having so many invalid objects substantially reduces Korat’s performance and scalability. More importantly, it degrades the
performance of the subsequent testing of the SUT. Furthermore, in some cases invalid objects might cause false positives. That is,
failures in testing that arise due to employing invalid objects to test the SUT, but do not represent real bugs in the SUT. False positives
are a significant burden for the developer, as he/she needs to manually debug and find the cause of the failure, and discard the tests
responsible for the false positives.

Our example shows that it is difficult to write precise specifications. Even in this case, where the repOK originates from the roops
benchmark intended to be used in the assessment of automated analysis tools, and specifications are written by experts, inaccurate
specification issues are found. Furthermore, we have identified many similar errors in specifications from other benchmarks, as
reported in [9].

Another aspect to take into account while writing specifications for test generation using Korat (as well as using other bounded
exhaustive test generation tools), that makes the task of the specifier even harder, is that the way specifications are written can
significantly affect Korat’s performance. The repOK in Fig. 1 actually follows the guidelines from Korat’s authors [2]: it fails (returns
false) as soon as a constraint violation in the structure is found. This often allows Korat to prune a very large portion of invalid
structures from its search space and run significantly faster [2]. However, fine-tuning the specification to achieve good performance
with Korat is hard, as evidenced by the variability in performance presented by Korat when using specifications written by different
developers for the same structure [9].

As opposed to specification-based approaches, our tool BEAPI does not require formal specifications of the properties of the
inputs to perform bounded exhaustive generation. It directly employs the public methods from the API of the SUT, thus relieving
the developers from the effort of having to write the specifications, while at the same time guaranteeing that all generated objects
are true positives, i.e., correspond to feasible objects that can be created by using the corresponding class’ API. This makes BEAPI
significantly easier to use in comparison with existing approaches. Fig. 2 shows some sample tests generated using BEAPI, in the
form of sequences of calls to public methods to the class’ AP, in this case NCL’s APIL.

3. Software framework

Fig. 3 shows an overview of the BEAPI tool. BEAPI takes as inputs the target class (or classes) for test case generation, configura-
tion files defining the bounds (also called scopes in this context), and a file with the signatures of the methods of the target class that
will be used for generation (see the discussion on builder methods below). As outputs, the tool yields a bounded exhaustive set of
objects, a JUnit [14] test suite with the method sequences produced by BEAPI to create each object in the result set, and a separate
test suite with tests revealing errors (if these have been found) in the methods used for generation.

BEAPI is a command line tool that runs on a Docker container. BEAPI’s source code and documentation are available online
in a github repository [15]. For instructions on how to install BEAPI refer to the documentation. The tool is implemented on top
of Randoop’s infrastructure [16], replacing random test sequence generation by bounded exhaustive generation. The script run-
beapi . sh, located in the project’s root directory, executes bounded exhaustive generation with BEAPI. Its syntax is shown below:

# ./run-beapi.sh -cp=<classpath> -c=<target class>
-l=<primitives scope> -b=<objects scope>
-m=<methods> -s=<objects file>

The next sections describe the parameters of the script in detail.
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1 public boolean repOK() {

2 if (this.header = = null) return false;
3 // ERROR: Missing lines:

4 // if (this.header.value != null)

5 // return false;
6
7
8
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if (this.header.next = = null)
return false;
if (this.header.previous = = null)
9 return false;
10 if (this.cacheSize > this.maximumCacheSize)
11 return false;
g '1f (thlS: size <70) Ireturn false; 1 @Test
int cyclicSize = 0; , .
14 LinkedListNode n = this.header; 2 public void teSt(,)MO ,(
15 do { i x Crzﬂtes a lltst w1}t1h one element (1),
e i and an empty cache
1? ?ycllcSue + +’_ _ ) 5 NodeCachingLinkedList list0 =
if (n.previous = = null) return false; N A .
18 if (n.previous.next != n) return false; 6 new NodeCz'ichmngkedLlst();
: — = . boolean b2 = list0.addLast(1);
19 if (n.next = = null) return false; ; ool s
20 if (n.next.previous != n) return false; 9 }
21 if (n!= null) n = n.next; 10 @Test
22 } while (n ! = this.header && n != null); 11 public void test025() {
23 if (n = = null) return false; 12 // Creates a list with two elements,
24 if (this.size != cyclicSize — 1) 13 // (0 and 1) and an empty cache
25 return false; 14 NodeCachingLinkedList list0 = new
26 int acyclicSize = 0; 15 NodeCachingLinkedList();
27 LinkedListNode m = this.firstCachedNode; 16 boolean b2 = list0.addLast(0);
28 Set visited = new HashSet(); 17 boolean b4 = list0.addLast(1);
29 visited .add(this.firstCachedNode); 18 }
30 while (m != null) { 19
31 acyclicSize + +; 20 @Test
32 if (m.previous != null) return false; 21 public void test2610 {
33 // ERROR: Missing line: 22 // Creates a list with one element (1),
34 // if (m.value != null) return false; 23 // and a single node in the cache
35 m = m.next; 24 NodeCachingLinkedList list0 = new
36 if (!visited.add(m)) return false; 25 NodeCachingLinkedList();
37 ¥ 26 boolean b2 = list0.addLast(0);
38 if (this.cacheSize ! = acyclicSize) 27 boolean b4 list0.addLast(1);
39 return false; 28 list0 .removeFirst();
40 return true; 29 ¥
41 ) 30

Fig. 1. NCL’s specification from ROOPS.

3.1. BEAPFs inputs

Fig. 2. A few tests for NCL generated with BEAPIL.

Target class. The source code of the target class (or classes) has to be compiled first, and the -cp option must be set to the location
of the Java bytecode (.class files). The -c option specifies the fully qualified name of the target class. The source code for the NCL
example is located in the examples folder in BEAPI’s repository. Its fully qualified class name is:

org.apache.commons.collections4.list.NodeCachingLinkedList

To generate tests for several related target classes, the -c flag can be used multiple times. In other words, pass -c once for each
class.

Scopes. The scopes are defined via two configuration files, that must be provided to the tool using the -1 and -b options.

Fig. 4 shows the contents of a file that defines the scopes for reference types. The file path must be passed as a parameter using
the -b option. max.objects defines the maximum allowed size for objects, which in this case is set to 3. Thus, method sequences
that create lists with more than 3 nodes will be discarded (together with the objects created by the execution of the sequence). The
omit.fields parameter is a Java regular expression that indicates the fields that must be omitted when canonicalizing objects,
which affects the state matching mechanism of BEAPI. We refer the reader to [9] for details. This parameter can be left unset,
without any significant impact, in most cases.

Fig. 5 shows a sample file defining the primitive values that BEAPI can use for test sequence generation. The -1 option should
be used to pass the file path. When an API method takes a primitive-typed parameter, BEAPI will invoke the method once with each
primitive value defined in the file. One may also specify primitive values for other primitive types like floats, doubles and strings, by
describing their values by extension. The format of this file is inherited from Randoop’s [16].

Builder methods. As the feasible combinations of test sequences grow exponentially with the number of methods, it is crucial to reduce
the set of methods that BEAPI uses for generation as much as possible. Thus, BEAPI is parameterized to receive the subset of API
methods that it will use for generating tests. The -m option expects a file containing the signatures of the builder methods that BEAPI
will employ for generation. If -m is left unset, BEAPI uses the whole API.

To avoid missing the generation of relevant objects, we must always provide BEAPI with a sufficient set of builder methods [17].
That is, methods from the API that by themselves are enough to produce all the feasible objects for the target class. A sufficient
set of builders can be computed automatically from the API of a class using an external tool [9]. Precomputed builder methods are
available for all case studies in the empirical evaluation of the paper introducing the BEAPI approach [9]. For instance, the contents
of the file with the signatures of the builders for NCL is shown below:
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public class NCL {
LOL.
void add(int){..}
void remove(int){..}
boolean contains(int)
.3

Automated
Builder
Identification

Target class Java

max.objects=3

public class ErrorTest {
NCL1=new NCLQ) — aee ¢
Sequence lLadd(..) i ,

Generator

Object Scope

ava
o . Error revealing JUnit t:estJ
Jjava.lang Integer
LITERALS
int:0
int:1
int:2
END

{public class TestSuite {

@Test

public void test1(){
NCL 1 = new NCL();
l.add(0);

Primitives Scope

sequence new object

20 - |
w1thmbo;mds M w 1. ) &,
es v H =

JUnit Test suite  Java

\—/
K BEAPI ) S
Fig. 3. Overview of the BEAPI approach.
START CLASSLITERALS
CLASSNAME
java.lang.Integer
LITERALS
int:0
int:1
int:2
max.objects=3 END CLASSLITERALS

omit.fields=DEFAULT_MAXIMUM CACHE_ SIZE
Fig. 5. Primitive values used

Fig. 4. BEAPI’s scopes for reference types in our NCL ex- by BEAPI in our NCL exam-
ample. ple.

ncl.NodeCachingLinkedList.<inits>\ (\)
ncl.NodeCachingLinkedList.addLast\ (int)\)
ncl.NodeCachingLinkedList.removeIndex)\ (int))

3.2. An overview of BEAPI’s approach

BEAPI employs the builder methods of the target class and the primitive values provided as scopes to generate sequences of
builder methods, that constitute test sequences and lead to test objects. This task is performed by the test sequence generator module
in Fig. 3. Briefly, the module first generates all the feasible test sequences of length 1 (with just one method invocation). Recall
that the primitive values provided as scopes are used to instantiate parameters of the corresponding types when invoking methods
from the APL Then, the sequences are executed and the ones whose execution create “new” objects (different from objects generated
by previous sequences) are fed back to the test sequence generator. These sequences are then extended with one extra method
invocation, and all the sequences of length 2 (the sequential composition of two method invocations) are generated by the module.
The sequences are executed, and the ones yielding new objects are employed by the module to produce the sequences of length 3,
and so on. When no new objects within the provided scopes are produced by the sequences of length k, the test sequence generator
terminates and BEAPI returns the generated test suite and objects.

Let us now focus on the execution of the test sequences, and what BEAPI does with each sequence in response to the different
outcomes. The classifier module in Fig. 3 observes the outcome of the execution of the current sequence, which can be one of the
following:

1. the sequence reveals an error in a method;
2. the sequence violates a precondition of a method;
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Table 1
Some results from our experimental assessment of BEAPI against Korat.
CLASS SCOPE TIME (SECONDS)
KoRAT BEAPI
R . CLASS SCOPE TIME (SECONDS)
Korat’s SLList 7 5.76 17.87 KORAT BEAPI
8 8.16 256.49
9 190.45 TO Korat’s 11 40.54 33.42
Red-Black Tree 12 220.77 79.45
Korat’s BinTree 10 131.18 49.10 13 1277.67 689.06
11 1137.17 199.46
12 TO 1341.86 Kiasan’s 7 10.76 0.78
Red-Black Tree 8 283.33 1.57
Roops’s NCL 6 0.65 2.27 12 TO 84.51
7 8.797 33.89
8 205.596 769.63

3. the sequence creates an object larger than allowed by the scopes or the objects it creates were already generated by a previous
test sequence; or
4. the sequence generates at least one new object that is within the scopes.

Cases (3) and (4) correspond to test sequences that finish their execution successfully (without raising exceptions). The objects
stored by variables at the end of the execution of the sequence are canonicalized [9], and the tool checks if they were already
generated or they are larger than allowed by the scopes (case 3). In such cases, the test sequence and the objects are discarded.
Otherwise, if the sequence produces at least one new object that has not been seen before (case 4), the sequence is returned back to
the test sequence generator, it is stored as a test in the resulting test suite, and the objects it creates are stored to be returned in the
resulting bounded exhaustive set of objects.

Cases (1) and (2) correspond to test sequences that do not terminate correctly and throw exceptions. As proposed by Randoop
[16], the kind of the exception yielded by the execution separates what BEAPI considers a bug in a method from a precondition
violation. By default, I1legalArgumentException and IllegalStateException correspond to precondition violations in
BEAPI, while the remaining exceptions are considered error revealing exceptions. However, the user can configure how exceptions
are treated by BEAPI via parameters of the tool. Of course, test sequences that violate preconditions are discarded by BEAPI (case
1), and those that reveal bugs are reported and returned to the user (case 2). Similarly to Randoop, the user can provide additional
specifications such as a repOK, to enhance BEAPI’s bug finding capabilities.

BEAPI can be configured to enable or disable the state matching optimization, as well as the use of builders [18]. When the
optimizations are disabled, BEAPI can be very inefficient, and may only generate inputs for very small scopes (about 3) within
reasonable time [9]. On the other hand, with optimizations enabled, BEAPI’s performance is comparable to the performance of
Korat (see Section 4).

3.3. BEAPI’s outputs

The result of executing the script is a JUnit test suite. Fig. 2 shows an excerpt of the JUnit test suite generated by BEAPI for the
NCL class, using the configuration files shown in this section. Each test in the suite is a sequence of methods that creates an object
in the resulting bounded exhaustive set of objects. The user can instruct BEAPI to serialize the objects to a file via the -s option.

4. Experimental evaluation

In this section, we summarize some of the results from the experimental evaluation performed in [9], where we assessed the
performance of BEAPI for bounded exhaustive generation of structurally complex inputs. In the evaluation, we compared BEAPI
against the fastest bounded exhaustive generator to date, Korat [19]. As mentioned before, Korat is a specification-based approach,
requires repOKs to be provided by developers and suffers from the limitations discussed in Section 2.

Table 1 shows part of the results from the experimental assessment. The Table reports generation times (in seconds) for both
tools and a few scopes. The conclusion from the whole evaluation [9], which can be observed in the results presented in Table 1 is
that the performance of BEAPI is comparable to that of Korat. In some cases, Korat is faster and/or scales better (Korat’s SLList
and Roops’ NCL), while in other cases it is the other way around (Korat’s BinTree and Korat’s Red-Black Tree), and
BEAPI is faster and/or scales better. The last case we included here illustrates how Korat’s performance strongly depends on how
the specification of the valid inputs is structured. For the same Red-Black Tree structure, the generation performed with the
repOK provided with Korat (Korat’s Red-Black Tree) is much faster and scales to larger scopes, compared to the generation
performed with a repOK written by Kiasan’s developers, used in the assessment of their own tool (Kiasan’s Red-Black Tree)
[20]. This further emphasizes our point that writing specifications for bounded exhaustive generation is non-trivial.

Finally, we would like to highlight the crucial role of BEAPI’s optimizations. For example, for NCL, BEAPI with both optimizations
enabled reaches a scope of 8. With optimizations disabled, it can only terminate successfully for scopes up to 3 within 60 minutes

[9].
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5. Conclusions and future work

We presented BEAPI, a tool for bounded exhaustive test input generation that solely relies on the public API of the SUT for test
generation. By directly exercising the API of the software under test, BEAPI becomes straightforward to use, and enables bounded
exhaustive generation for software lacking formal specifications of valid inputs. At the same time, the tool necessarily generates true
positive inputs, in the sense that every produced input is indeed constructible from the SUT’s public methods.

Despite the fact that bounded exhaustive test generation in intrinsically combinatorial, the generation process can be made effi-
cient thanks to various optimizations to BEAPI’s bounded exhaustive generation algorithm, that we have proposed and implemented.
These optimizations include feedback-driven method sequence generation, redundant state elimination based on state matching, and
the identification and subsequent use of builder methods, to reduce method sequence explosion. We experimentally showed that the
proposed optimizations are crucial for the efficiency and scalability of the tool, and that they allow BEAPI to achieve an efficiency
that is comparable to that of the most efficient existing specification-based bounded exhaustive approaches.

As future work, we plan to evaluate BEAPI against other non-exhaustive state-of-the-art test generators (e.g., Randoop), using
modern benchmarks from the literature, to better assess the capabilities of BEAPI (and bounded exhaustive generation in general)
against other automated testing techniques.
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