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As software systems have increased in complexity, manual testing has become
harder or even infeasible. In addition, each test phase and application domain
may have its idiosyncrasies in relation to testing automation. Techniques and
tools to automate test oracles in domains such as Graphical User Interfaces are
available; nevertheless, they are scarce in the Virtual Reality (VR) realm. We
present an approach to automate software testing in VR-based systems with haptic
interfaces — interfaces that allow bidirectional communication during human-
computer interaction, capturing movements and providing touch feedback. It
deals with the complexity and characteristics of haptic interfaces to apply the
Record & Playback (R&P) technique. Our approach also provides inference rules
to identify possible faulty modules of the system under testing. A case study was
performed with three systems: a system with primitive virtual objects, a dental
anesthesia simulator and a game. Faulty versions of the systems were created by
seeding faults manually and by using mutation operators. The results showed that
100% of the manually seeded faults and 93% of mutants were detected. Moreover,
the inference rules helped identify the faulty modules of the systems, suggesting
that the approach improves the test activity in VR-based systems with haptic
interfaces.
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INTRODUCTION

from common mouse and keyboard to complex devices

such as haptic interfaces. With these devices, users

Advances on interfaces generated by improvements in
input and output devices and new multimedia data
have produced more complex systems.  Although
software testing is well defined for many application
areas, some complex domains are still underexplored.
Additionally, each testing phase as well as each
application domain can present idiosyncrasies relative
to testing automation. Complex systems based on
Virtual Reality (VR) still represent a challenge to
software testing automation.

A mandatory requirement in VR-based systems is the
three-dimensional (3D) human-computer interaction in
real time [1]. Users can interact with 3D Virtual
Environment (VE) by using several types of interfaces,

perform tasks (such as moving an object to a specific
place using the mouse device) and receive feedback from
the system according to their actions (for instance,
visualizing a displacement of an object or feeling the
touch feedback) [2]. Figure 1 shows an example of
a VR-based system with haptic device, in which the
user moves a virtual needle using a haptic device in the
dental anesthesia procedure simulation.

Interaction possibilities in the 3D VE are only limited
by the characteristics of the interaction devices used
and the behavior programmed to the objects present in
the VE. This means that users can execute numerous
actions, according to their own manner to interact with
the VE. For example, to simulate a medical procedure,
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FIGURE 1. User interaction with a haptic device in a
VR-based system for dental training using two viewpoints
of the same virtual scene [3].

there are several different ways of moving a virtual
medical instrument to reach a target, since each user
can move the object in a certain trajectory. Thus, input
and output data can be very different when comparing
two users using the same interface to perform a similar
task.

Haptic interfaces provide bidirectional communica-
tion (input and output), capturing data regarding the
position and rotation in the real space and offering
touch feedback to the user. In most VR-based sys-
tems, there is also a visual feedback together with haptic
feedback. Additionally, these VR-based systems rely on
complex algorithms to provide adequate behavior of the
virtual objects in response to real time interaction. For
example, these algorithms must determine accurate col-
lision detection between virtual objects, virtual objects
deformation and haptic feedback calculation according
to the features of virtual objects (e.g., stiffness and vis-
cosity) and behaviors (e.g., ability to move) [4, 5].

Every time an algorithm (e.g., collision detection
or haptic feedback calculation) is changed, the VR-
based system with haptic interface, here called System
Under Test (SUT), should be retested with the same
input data to check whether the correct outputs are
still being generated. This means that automated test
oracles or automated procedures to check outputs of
a software, are in hand to improve testing, making it
faster, cheaper, and more reliable.

Due to their complexity and characteristics, VR-
based systems with haptic interfaces may be simulta-
neously built by teams with several developers in which
haptic devices are a scarce resource. Thus, it is often
necessary to test algorithms without the physical pres-
ence of the device. Some approaches have addressed
the challenge of testing complex systems, especially for
Graphical User Interfaces (GUIs) [6, 7]. However, VR~
based systems involve 3D virtual space, haptic and vi-
sual feedback, and multiple virtual objects with differ-
ent features whose behavior depend on user actions and
Physics laws. Additionally, experts in the application’s

area, such as in the medical training, are needed to val-
idate the applications [8]. From the scenario presented,
the literature lacks approaches to automate test oracles
in the haptic interfaces domain, including the need to
allow tests when a haptic device is not available.

We present an approach for testing automation of
VR-based systems with haptic interface. It tackles the
idiosyncrasies of haptic devices to apply the Record and
Playback (R&P) technique to these systems. Our main
contribution regards automating testing of VR-based
systems with haptic interfaces through test oracles, even
when the haptic device is unavailable and the correct
haptic sensations depend on experts’ availability. We
also provide inference rules that help the tester to
locate the typical modules of these systems that are
responsible for an erroneous behavior, i.e., for a failure
of the system. These rules allow to determine which
of the two important modules of the haptic human-
computer interaction is faulty: collision detection
between virtual objects and haptic feedback calculation
algorithms, in this case, force feedback calculation
(Section 2). Our approach allows checking whether
a software that was changed during development or
maintenance processes is correct based on previous
correct executions. Thus, it can reduce development
time and costs of VR-systems with haptic interfaces,
increasing their quality.

We validate our approach wusing three SUTs:
primitive objects SUT, dentistry SUT, and game SUT.
For each SUT we derived two sets of versions,
including faulty versions: one with manually seeded
faults and another seeded with faults generated by
applying mutation operators. We used Aspect-Oriented
Programming (AOP) to implement R&P in the SUTs.
The percentage of versions with manually seeded faults
detected and the mutation score were analyzed, as well
as the results of the inference rules, indicating that our
approach is promising to automate software testing in
VR-based systems with haptic interfaces.

This paper is organized as follows: Section 2 presents
the background on test oracles and VR-based systems
with haptic interfaces; Section 3 discusses the studies
in this field and works on automation of non-testable
programs. Section 4 presents an overview of our
approach. The case study is described in Section 5;
Section 6 shows the results and Section 7 presents a
discussion about the main advantages and limitations
of the proposed approach. We draw our conclusions and
present the future works in Section 8.

2. TEST ORACLE AND HAPTIC INTER-
FACES

Test oracles are procedures created so the tester can
check if the outputs of a software execution are
correct [9]. These procedures may be used to check
faults by observing the program state, according to
Reachability, Infection, Propagation, and Revealability
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(RIPR) model [10]. In this model, the software
state is the current value of all software variables and
the current statement during the execution. A test
needs to reach the location or module of the fault
(Reachability). The execution of the statements in the
faulty location must cause an incorrect internal software
state, i.e., the state must be infected (Infection). The
incorrect internal software state must propagate to
an Incorrect Final State or to a failure (Propagation).
The complete output state of the software includes the
Incorrect Final State. Test oracles strategies are used
to observe the final software state, defining an Observed
Final Software State. Failures are only revealed if
the Observed Final Software State includes part of the
Incorrect Final State (Revealability) [10, 11].

In the test oracle context, a problem regards
predicting the correct outputs for certain inputs and
then comparing these correct outputs with the observed
outputs of a SUT. Another issue is related to the use
of automated test oracles, allowing to reduce costs and
time of the software testing activity [9].

Haptic interfaces are related to touch [2]. They can
be used in many type of systems, but the most common
use is in tools that simulate procedures where the sense
of touch is important. Usually such systems are based
on VR concepts to build 3D interactive environments.
Many application areas can be benefited with such
interfaces, such as simulation of medical procedures [12]
and entertainment [13, 14].

Haptic interfaces are both input and output devices.
Simultaneously, they allow the systems to receive and
send data to users. There are several technologies
involved in haptic interfaces, namely optical fibers,
movement sensors, magnetic sensors, and mechanisms
that provide haptic feedback [15]. The haptic sensations
can be classified according to their nature: tactile
feedback, which indicates the characteristics of the
surface of an object (temperature and roughness) when
there is contact with the skin; and force feedback, the
most common, which indicates the weight or resistance
of objects [16].

In the context of VR-based systems, a virtual
object is associated to the haptic device. Figure
2 describes the haptic process. It starts with the
communication between software and device, then a
haptic loop is started, running various frames per
second during human-computer interaction. At each
frame, the position, rotation, and velocity of the device
are received (input), as well as communication data
between application and device. Data, such as force,
are also sent to device (output), and the behavior of
the virtual object associated to the haptic device is
changed according to the input. When the haptic loop
is over (user finishes the execution or an error occurs),
the communication between software and device is
interrupted.

The force is calculated using algorithms that consider
features of the VE. For example, in medical training,
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FIGURE 2. Flow chart for the haptic process, describing
the steps during human-computer interaction.

algorithms that calculate force use physical features
(stiffness, viscosity, elasticity) of the virtual objects
that represent medical instruments and tissues, as
well as their behavior (predefined motion and shape
deformation). Deformation methods and mathematical
models are used to calculate haptic feedback [8].
Researchers have studied ways to increase realism
and to execute VR-based systems in real time [17,
18].  Virtual objects deformation methods (e.g.,
finite elements [19, 20]) provide physical accuracy
in simulation, but they are time-consuming. Other
approaches (e.g., the mass-spring [21]) can be executed
in real time, but they do not provide accuracy when
compared to finite elements methods. Therefore, new
methods are being always created to improve VR-based
systems. As consequence, these systems are modified
and need to be retested. However, testing this class
of applications can be difficult, time-consuming, and
limited to the presence of the haptic device and experts
of the application area. Our approach overcomes some

THE COMPUTER JOURNAL,

Vol. 7?7, No. 77, 7777




4 C. G. CorRREA, M. E. DELAMARO, M. L. Cuam, F. L. S. NUNES

of these limitations.

3. STATE OF THE ART

There are several complex domains in the software
testing automation: GUIs, with visual information
presented in different screen resolutions and sizes;
Web applications, whose correct execution depends
on the browsers and communication systems used;
mobile applications, which depend on resources that
are present in the devices; image processing, whose
evaluation of the resulting images depends on experts
of the application area; and VR and Augmented
Reality systems, including haptic interfaces, that allow
3D human-computer interaction in a fully synthetic
environment or a mixed environment (real and virtual).

Researchers have employed a variety of techniques
to automate software testing in GUIs, such as: R&P
and manually written scripts [6]. There are specific
tools for each technique. There are approaches that
use script-based languages, such as JFCUnit [22], in
which testers manually create unit test cases. Such test
cases are sets of method calls that invoke GUI events.
Selenium WebDriver, Robotium, Abbot or SOAtest are
some examples of tools that allow creating this type of
test cases [6]. However, this manual work requires high
workload and demands considerable time of the tester.

Test Automation FX Selenium Interface Develop-
ment Environment (IDE) and Quick Test Pro are tools
that can be employed in the test activity using R&P
technique. They provide functionalities to register and
retrieve sequences of events from GUIs [6, 7].

For image processing applications, the test oracle
problem can be addressed as metamorphic relations
of morphological image operations, such as dilation
and erosion [23]. Another approach uses Content-
Based Image Retrieval concepts to define graphical
test oracles, which are used to compare two images
and decide the correctness of the output of an image
processing program [24].

Web applications compose another class of applica-
tions that deserves special attention in the testing ac-
tivity. This group of programs encompasses the valida-
tion of inputs in the client that can be passed arbitrar-
ily to the server [25], as well as the information qual-
ity in online search services [26]. There are also R&P
techniques that take into account HyperText Markup
Language (HTML) elements/Attributes and Locators.
Selenium IDE is a tool applied in this context [27].

A suite of automated oracle comparator operators
for testing Web applications was proposed to reveal
failures [28]. Each comparator focuses on certain
characteristics of the possibly non-deterministic Web
applications in the form of HTML responses. The
authors mention that concurrency, non-determinism,
dependence on persistent state and previous user
sessions, a complex infrastructure, and a large number
of output formats require developing different playback

and oracle comparison operators for Web applications.

In spite of the growing number of applications
using VR concepts, we found few studies concerned
with automating the software testing activity for
this class of applications. In VR-based systems
implemented using Scene Graphs there are efforts
that aimed at describing test criteria and automating
the software testing activity [29], as well as creating
an automated functional testing approach for VR
applications [30]. Specifically considering interaction
in VR-based systems, Souza [31] applies the R&P
technique for body-tracking-based applications using
a Kinect sensor; the R&P technique was also applied
for the VR Juggler platform, using input from several
devices and system’s states during interaction [32].
Software that controls devices employed in VR-based
systems are also tested. A technique that automatically
tests Kinect sensor-based applications by synthesising
realistic sequences of skeletal movement was proposed.
It generates test cases by means of a statistical model,
which is trained on a corpus of common gestures.
The results suggest that the generated tests achieve
significantly higher code coverage than random test
inputs [33]. A framework was proposed to model human
hand data that interact with five applications using
the Leap Motion device. Test data were generated
automatically from this model [34].

To the best of our knowledge, there are no studies
aimed at providing techniques to automate tests for VR-
based systems with haptic interfaces, strengthening our
contribution in this area, as shown in the next section.

4. APPROACH FOR TESTING AUTOMA-
TION OF VR-BASED SYSTEMS WITH
HAPTIC INTERFACES

The current section presents the details of our approach
for test automation of VR-based systems with haptic
interfaces.

4.1. Assumptions

Our approach is based on some important assumptions
that must be addressed when VR-based systems are
developed with haptic interfaces:

1. These interfaces capture input data during each
moment of the human-computer interaction such as
position and rotation of the device stylus handled
by the user;

2. These interfaces provide output, such as force
feedback, which is a result of the inputs, of
collision detection and force calculation algorithms.
Algorithms that compute force feedback take
into account physical features (e.g., stiffness and
elasticity), and behaviors (e.g., displacement and
deformation) of virtual objects, as well as the data
provided by the users (e.g., trajectory and velocity
of the virtual object handled by user via haptic
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device). These algorithms are usually triggered
when a condition occurs (e.g., a collision between
two objects) and they must be able to analyze all
the VE features in real time to calculate the correct
feedback with no noticeable delay;

3. The feedback is highly dependent on the user’s
actions. It is very difficult for the tester to provide
exactly the same input when handling the device,
i.e., to maneuver the haptic device exactly the
same way, to repeat a given test case. Since the
inputs are provided by moving the haptic interface,
users cannot accurately control the positions. The
correct perception of the feedback can be difficult
since the correct sensation is often perceived only
by experts, and usually testers are not experts in
the application area;

4. VR-based systems can use several input and
output devices, such as haptic interface and high-
resolution graphical equipment. Additionally,
response in real time is required to ensure the
realism.  All these requirements have guided
several research efforts to develop fast and robust
algorithms for graphical and haptic feedback.
The way to reach these characteristics is to
customize the algorithms that calculate the
feedback according to the application needs. Thus,
such algorithms can be changed several times for
improvement, and the new versions of the programs
must be retested;

5. A haptic device is a relatively expensive resource
and is still considered as non-conventional equip-
ment. Thus, it is not usual that all developers have
a specific equipment available throughout the en-
tire development process. This unavailability can
delay the development and decrease the effective-
ness of the testing activity if an automated alter-
native approach — preferentially that does not re-
quire the physical presence of the equipment — is
not available.

4.2. Design and implementation

Based on the aforementioned considerations, our
approach was designed to:

1. Record test oracle information (inputs and out-
puts) of correct VR-based systems with haptic in-
terfaces to test new versions (regression testing);

2. Repeat execution (playback) using exactly the
same input data;

3. Compare outputs to provide a verdict on the
correctness of the new version (test oracle);

4. Test new versions of VR-based systems with haptic
interfaces, even if the physical device is not
available;

5. Locate faulty modules of VR-based systems with
haptic interfaces that have faults.

To reach the aforementioned goals, we used an
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behaviors of virtual objects
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of virtual objects,
including object handled
by tester via haptic device

Expert

. ’/’ Tester
42
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system
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force feedback == >

Recorded script
during execution

Test
Script

FIGURE 3. Record step of the R&P technique for VR-
based systems with haptic devices, generating the test script
(inputs and expected outputs).

adapted R&P technique. R&P allows recording the
user’s actions or commands (inputs) when the user
is using an interface, as well as feedback (outputs),
creating scripts. Such scripts are used to test the
software in subsequent executions, checking whether the
previous and current output data are the same when the
same input data are provided [35].

In the Record step, the SUT is executed, necessarily
using the physical haptic interface. The main actions
(displacement of virtual object using haptic device) of
the tester, or expert, are recorded, composing a test
script. Likewise, the results produced by the program
are also recorded to compose the test script. The inputs
and outputs (complete test script) of the Record step
constitute the test oracle information.

Figures 3 and 4 show the steps of our approach.
Figure 3 describes the Record step, in which the haptic
device makes the interface between the tester or expert
and the VR-based system whereas AOP records the
information. Figure 4 (Playback step) shows the script
recorded in the Record step being executed to reveal
failures and the inference rules to find the modules
where the faults are located. In the Playback step,
a physical haptic device is not needed since AOP
enables the execution of the test script, as well as
the comparison of the outputs (recorded and current)
and the application of the inference rules. A graphical
interface is used in both steps.

4.3. Generation of scripts and re-execution

In the Record step, a test script is generated with
input and output descriptions to compose the test
oracle information for posterior executions. Each line
in the script records information collected in each
frame during the human-computer interaction using the
haptic device. Figure 5 shows part of a test script
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FIGURE 4. Playback step of the R&P technique for VR-
based systems with haptic devices, using the test script
to provide the verdict, i.e., the results of the comparison
between outputs current and recorded outputs and inference
rules.

recorded using one of the SUTs from Section 5.

In this paper, the record consists of the command
name to receive information from a haptic device
(e.g., getPosition) and the positions of the haptic
interface in the three axes (z, y, and z). In addition,
the command name to send force information (e.g.,
setForce) and the force calculated in the three axes
(output) when a collision is detected are also recorded.
The fields are separated in the file using semicolons.

The number of lines in the script depends on the
frequency or rate of frames of the haptic loop. Usually
a frequency of 1,000 Hz (1,000 frames per second) is
required to give the user the sensation of response in real
time, but there is a discussion on this subject in which
different contexts require different frequencies [12]. The
frequency may be influenced by the VE characteristics,
namely, number and polygonal complexity of the virtual
objects, the computer’s memory and processor, the
algorithms to calculate collision detection, objects
deformation and haptic feedback, and the trade-off
between speed and accuracy in the simulation.

In the Playback step, each line of the script is read
and the four initial fields (command name getPosition
and position of the haptic device in the axes z, y, and
z) are used as inputs for the SUT, which allows moving
the virtual object without a haptic device. The last four
fields in the script contain the command name setForce
and the force in the three axes (force information in
these three axes are outputs for comparison). Thus,
the output generated by the SUT (force in the three
axes) is compared with the last three fields in the script
generated in the first step; that is, they are compared
with the three values presented after the setForce
command in the test script. When force feedback values
coincide with force feedback values of the SUT, a correct
verdict is presented. Otherwise, an incorrect verdict is
informed to the tester, who can stop the test to correct
the SUT. Thus, correct and incorrect outputs can be
observed during and after the Playback step.

4.4. Verdict composition

The verdict reveals failures and modules (collision
detection or/and haptic feedback calculation modules)
where the faults causing these failures are located. We
know that VR-based systems with haptic devices work
with collision detection and haptic feedback calculation
(or, in our case and commonly in various systems, force
feedback calculation).

The force feedback values (recorded and current)
must be exactly the same for a correct verdict since
a difference in only one axis and in one frame during
execution is considered incorrect.

To compose the final verdict, we defined inference
rules to analyze the comparisons between outputs
recorded in the Record step and the current outputs
obtained during the Playback step at each frame
recorded. The rules are based on two important
algorithms mandatory in systems with haptic feedback:
collision detection and force feedback calculation. The
force feedback algorithm is executed after the collision
detection algorithm identifies a collision.

The Decision Table presented in Table 1 shows the
rules, as well as their conditions and actions. The
first column shows the conditions and the actions to be
carried out in the case of the conditions to be satisfied.
Other columns show the values (false or true) for the
conditions of each rule, regarding the current force
and the force recorded; and the actions (messages to
testers), indicating the module of the SUT where the
fault is possibly located (in this case, collision detection
or/and force calculation algorithm).

In Rule 1, SUT calculated the force, the recorded
force was also calculated and the values (current and
recorded) are equal, i.e., values calculated for the SUT
during the test and values in the test script generated
previously are equal, indicating that the SUT offers
correct output. In this case, force is not zero since
a zero force means that there is no feedback. Force
can be positive or negative at each axis; and if only
one of the values of the three axes is different from
zero, indicates there is force. Furthermore, if there is
a difference between current and recorded values, SUT
calculated different force comparing to test script.

In Rule 2, there is no current force (current force
equals zero), there is no recorded force (recorded force
equals zero), and the values (current and recorded) are
equal, indicating that the SUT did not calculate the
force when it is not necessary, offering correct output.

Regarding Rule 3, SUT calculated the current force,
the recorded force was also calculated (recorded force
is not zero), but the values (current and recorded) are
different, indicating incorrect output. The collision was
detected, though the force calculation algorithm may
have a fault.

In the case of Rule 4, there is no calculated current
force (current force equals zero), the recorded force
was calculated (recorded force is not zero), and the
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FIGURE 5. Part of a test script — position in millimeters and force in Newtons (three axes) in three frames.

TABLE 1. Decision Table for the inference rules.

Conditions Rule 1 Rule 2 Rule 3 Rule 4 Rule 5
current force value == 0 False True False True False

recorded force value == 0 False True False False True

current force value == recorded | True True False False False

force value

Actions Rule 1 Rule 2 Rule 3 Rule 4 Rule 5

Show message about faults in the | No message - | No message - | No message - | Message - Rule | Message - Rule
collision detection algorithm success success success 4 5

Show message about faults in the | No message - | No message - | Message - Rule | Message - Rule | Message - Rule
force calculation algorithm success success 3 4 5

values (current and recorded) are different, indicating
incorrect output of the SUT. It is possible that the
collision is not detected; or, if the collision is detected,
the force algorithm has a fault.

In Rule 5, SUT calculated current force (current
force equals zero), the recorded force was not calculated
(recorded force is equal zero), and the values (current
and recorded) are also different, indicating incorrect
output of the SUT. Similar to Rule 4, it is possible
that the collision is not detected; or, if the collision is
detected, the force algorithm has a fault.

Others three rules were not created because whether
the current force is zero and the recorded force is not
Z€ero or vice versa, i.e., one of the two first conditions is
true, the third condition can not be true (current force
equals recorded force). Whether the two first conditions
are true the third condition can not be false.

Based on the five rules previously presented, a final
result is composed, providing guidance to the tester to
identify where the faults are (in which modules). The
verdict is presented to the tester in the video monitor
during the execution, with partial results at each frame.

5. CASE STUDY

In order to validate our approach, we conducted a
case study with three SUTs: primitive objects SUT,
a system with primitive virtual objects (boxes and
spheres); dentistry SUT, a dental anesthesia VR-based
training system [36, 4, 5]; and game SUT, a game for
breast biopsy training using VR, [37]. For each SUT we
created two sets of versions, including faulty versions.
In next subsections, we detail the study.

5.1. Objective

The objective of this case study is to investigate the
application of our approach in the haptic interface
domain that is, VR-based systems which capture
position information and provide force feedback. Thus,
we intend to analyze the benefits and limitations of our
approach towards establishing ways for automating the
software testing activity in the domain here considered.

5.2. Research questions

We established two research questions:

RQ1. Is the REP technique effective to test VR-
based systems with haptic interfaces? The objective
is to check whether our approach can be used to test
VR-based systems with haptic interfaces and whether
the test oracle information is effective at detecting the
presence of faults.

RQ2. Do the inference rules help find faulty modules
in VR-based systems with haptic interfaces?  The
objective is to check whether simple rules help identify
faulty modules.  Beyond collision between virtual
objects and force feedback calculation modules, a VR-
based system has others, for instance, for loading virtual
objects. Thus, if effective, the inference rules will
narrow down the search for faults to specific modules.

5.3. Assumptions

We assume that the setup of the systems in both steps
of the Record and Playback process must be equal, i.e.,
features of the virtual objects, such as scale, rotation
and position in the three axes (z, y, and z), as well
as the shape, cannot be changed between these two
steps. Especially those objects not directly handled
by users, such as the objects representing boxes and
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FIGURE 6. Graphical interface of the primitive objects
SUT — simple objects (boxes and sphere).
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FIGURE 7. SUT graphical interface for dental anesthesia

training.

sphere, as shown in Figure 6 (primitive objects SUT);
the objects representing anatomical structures (bones,
skin, tongue, muscles and teeth), as shown in Figure
7 and in Figure 8 (dentistry SUT); and the object
representing the breast, as shown in Figure 9 (game
SUT). Other features previously assigned to the virtual
objects (e.g., stiffness and viscosity values), must also be
unaltered between recording and playing back. Thus,
the rationale is to keep the features of the VEs and add
faults in the source code.

The failures can be caused by faults in the collision
detection, force feedback calculation, communication
initialization between system and device, haptic loop
control and motions capture (position). The beam
(primitive objects SUT), virtual needle (dentistry
SUT), and virtual syringe (game SUT) are the virtual
objects that will be handled by user during human-
computer interaction.

In the Record step, the VR-based system with
haptic interface is considered as the correct version, so
the input/output data that it produces is the oracle
information used in executions a posteriori.

5.4. Study execution

Our approach was analyzed using three SUTs and two
sets of versions of the SUTSs, including faulty versions
(the first set with manually seeded faults and the second
set seeded by applying mutation operators).

Training session...

FIGURE 8. Graphical interface of the dentistry SUT
- objects representing internal anatomical structures and
needle.

FIGURE 9. Graphical interface of the game SUT - objects
representing breast and syringe.

For the first set of versions, the first step (Record) was
to generate the correct outputs according to the inputs,
using AOP resources. We ran the Record step 15 times,
creating 15 tests scripts: 5 scripts were recorded using
the primitive objects SUT, 5 using the dentistry SUT,
and 5 using the game SUT.

The Playback step, also using AOP resources, was
executed according to Table 2.

The repetition was performed to analyze whether
different frame update rates would influence the results
of the tests. The rates can vary during human-computer
interaction and between Record and Playback steps due
to computer resources (memory and processor) and due
to parallel processes (e.g., software modules for collision
detection and force feedback calculation executing in
parallel).

During the Playback step, the failures were revealed
and the verdict was shown to the tester for each
execution. The faulty versions in which our approach
did not reveal the failures, the correct versions that our
approach suggested existing failures, and the use of the
inference rules were analyzed and discussed.

For the second set of versions of the SUTs (set
seeded by applying mutation operators), we used a tool
to generate mutants. In total, 160 mutants for the
primitive objects SUT and the dentistry SUT, and 80
mutants for the game SUT were generated. We used
three scripts (generated in the Record step), one for
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TABLE 2. Seeded faults manually for each SUT, version, showing the number of scripts generated in the Record step and

the executions of these scripts in the Playback step.

SUT Version Scripts number | Executions for each script | Total
Original 5 5 25
Primitive objects Fault in the force calculation algorithm 5 5 25
Fault in the collision detection algorithm | 5 5 25
Different collision detection algorithm 5 5 25
Original 5 5 25
Dentistry Fault in the force calculation algorithm 5 5 25
Fault in the collision detection algorithm | 5 5 25
Different collision detection algorithm 5 5 25
Original 5 5 25
Game Fault in the force calculation algorithm 5 5 25
Fault in the collision detection algorithm | 5 5 25
Total 275
each SUT.

During the Playback step, the presence of failures
was checked and the verdict was shown to the tester.
The mutants, especially those that were not killed, were
analyzed and discussed. The use of the inference rules
was also analyzed.

Subsection 5.4.1 presents the Systems Under Tests
(SUTSs), Subsection 5.4.2 describes AOP resources used
in the SUTs. Subsection 5.4.3 shows how the test scripts
were generated for each SUT, and Subsection 5.4.4
describes how the faults were manually seeded and the
mutants were created.

5.4.1.  Systems Under Tests (SUTs)

The SUTSs used in the case study allow communication
with the haptic device Geomagic Touch [38], which
provides a resolution of 0.055 mm (millimeters), six
Degrees of Freedom (DoF) of motion, three Degrees of
Freedom of Force Feedback (DoFF), a maximum force
of 3.3 Newtons and workspace of 170 mm (width), 120
mm (height) and 70 mm (depth).

The SUTs are VR-based systems with different
features (e.g., virtual objects with different shapes and
scales). All the SUTs were developed using Java
programming language and Java3D API (Application
Programming Interface) for VE rendering, as well as
collision detection computation. Java Native Interface
(JNI) was used to integrate software modules written
in Java and C programming languages, since C was
employed to access the functions from the device
software library. The SUTs require human-computer
interaction in real time, usually, at a frequency of 1,000
Hz. The haptic rendering is usually combined with
graphical rendering, allowing the user to view and feel
virtual objects.

These SUTs detect collision between virtual objects
and calculate force feedback, allowing the haptic
sensation. In Figure 7 we can see the interface of the
dentistry SUT.

The haptic device has a stylus that is handled by the
user (Figure 10) and it offers data such as: position in

e s S

FIGURE 10. Haptic device with Carpule syringe -
instrument used by dentists in the anesthesia procedure [36].

three axes (z, y, and z), rotation in three axes, motion
velocity in three axes and force feedback in three axes.
In Figure 10, the stylus of the haptic device was replaced
with Carpule syringe, an instrument used by dentists in
the anesthesia procedure.

Figures 6, 8 and 9 show the virtual objects of the
three SUTSs, especially the objects handled by user at
each SUT (beam in the primitive objects SUT, needle
in the dentistry SUT and syringe in the game SUT).

The class called Haptic controls the information
of the haptic device, receiving the position of the
stylus and sending data regarding the resistance of
virtual objects when a collision occurs between the
object handled via device and other virtual objects,
causing the force feedback. Collision detection and force
calculation were implemented in other different classes
(Collision and ForceFeedback). When the needle,
syringe or beam reach the virtual anatomical structure
or the simple virtual object (collision detection), the
force calculation is activated.

The main difference in the human-computer inter-
action between SUTs is the precision of movements
and haptic feedback required in the dental anesthesia
and breast biopsy procedures comparing to system with
primitive objects. In these cases, anatomical structures
(e.g., muscles, nodules, blood vessels and nerves) can-
not be viewed by users, only felt using haptic percep-
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tion; and the user must know where the needle or nee-
dle/syringe is during the insertion.

5.4.2.  Aspect-Oriented Programming (AOP)

To carry out the Record and Playback steps without
changing or instrumenting the source code of the
SUT, we used AOP. This type of programming allows
to modularize transverse interests (called aspects)
affecting Classes and Objects independently of the
original code. Since the major part of the system was
implemented using Java, we chose the AspectJ library,
a Java extension that provides aspect resources [39].

We used these resources (such as advices and
pointcuts) to intercept methods of the Haptic class. In
the Record step, the interception allows to record data
returned by some methods (e.g., to get the position in
the 3D space) and data to be used by methods (to set
the force).

In the Playback step, the goal is to test the software
without the presence of a physical haptic device. In
a normal execution the method would indicate to the
user that there is no device connected and would finish
the program. To cope with the lack of the device,
resources provided by the AspectJ library were chosen
to identify the call for particular methods of the Haptic
class (e.g., the method that starts the communication
of the software with the device); and to indicate that
this method must be executed.

Another method that depends on the presence of the
haptic device is the method that checks whether the
device is working correctly; a similar implementation
to the method that starts the communication was
employed for this verification method. In the Playback
step, the method that sends the force to the haptic
device was intercepted, avoiding its call and obtaining
the force calculated by system; and the method that
captures the position was intercepted to read this data
in the script generated in the Record step.

To use AOP, the tester must be familiar with a
specific library of the programming language, such as
AspectJ for Java, as well as the signature of the methods
(names, parameters, data that they return) of the
software. However, the tester does not need to modify
the source code. Java and AspectJ are the best known
languages to support AOP but many other languages
(e.g., Python, C/C++, C#, Lua, PHP and JavaScript)
have support to AOP.

5.4.8.  Test scripts

To generate the test oracles for the primitive objects
SUT; that is, to create scripts from its correct version,
we defined a unique start contact point (the top of
the upper third box) and different end points (five end
points), that the user should reach with the virtual
beam (handled according to haptic device). The tester
performed five different trajectories for the virtual
beam, that is distant from other virtual objects before

2 App_testoz ]

:Trajectory
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FIGURE 11. Beam passing by three virtual objects - the
beam in contact with the boxes.

2l g et =3 - JENCE

Training session

FIGURE 12. Example of trajectory with needle reaching
the skin.

the interaction. End points were the upper second
box; upper third box; sphere; bottom box passing by
two upper boxes and sphere; bottom box passing by
two upper boxes. In the last two cases, three and
four virtual objects were reached by the virtual beam,
generating more than one force feedback value different
from zero in the same simulation. In Figure 11 we can
observe the beam reaching the three boxes. 6

For test oracles of the dentistry SUT, we defined
five end points that the user should reach with the
virtual needle (handled using haptic device). The
tester should carry out five different trajectories of the
virtual needle for creating five test scripts. The virtual
needle is distant from other virtual objects before the
interaction (Figures 7 and 8). Figure 12 shows a
recorded trajectory (between needle and skin). End
points were the central right superior tooth; buccal
mucosa; gum; buccal mucosa and jaw (bone) together;
and skin and jaw together. In the last two cases,
two virtual objects were reached by the virtual needle,
generating more than one force feedback value different
from zero at different moments in the same simulation.
In Figure 13 we can see a trajectory where the needle
crosses the mucosa and reaches the jaw.

In Figure 14 we can see a trajectory where the virtual
syringe reaches the virtual breast.

For test oracles for the game SUT, the graduate
students in Computer Science used the system, handling
the syringe using the haptic device to reach the
virtual object that represents the breast, specifying five
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Training session

FIGURE 13. Trajectory: needle passing by two virtual
anatomical objects. The skin was removed to show internal
structures.

s

Level :1

FIGURE 14. Trajectory: syringe is moved to reach the
virtual breast.

trajectories according to their preferences. The virtual
syringe is distant from other virtual objects before the
interaction.

Each object of the SUTs has a stiffness value
according to its composition.  These values were
assigned by experts in the case of the anesthesia
simulator and breast biopsy training game (dentistry
SUT and game SUT), and were recorded in a
database. Primitive objects SUT had random values,
also recorded in a database.

The five trajectories for each SUT were used in the
executions of the first set of versions, including faulty
versions (faults manually seeded). We choose one out
of these five trajectories for each SUT to use in the
executions of the second set of versions (mutants and
equivalent mutants). We selected the trajectory in
which the top box was the end point for the primitive
objects SUT, the trajectory in which the gum was
the end point for the dentistry SUT, and a trajectory
specified by graduate students for the game SUT.

5.4.4. Seeding of faults

We used two strategies to seed faults in the SUTs:

manual faults insertion and mutant generation, creating

faulty versions for the two sets of versions of the SUTs.

Thus, some versions of these sets did not have faults,

allowing to evaluate the approach with correct versions.
In the first set, we used two seeded faulty versions, a

version with a different collision module and the original
version of each SUT, i.e., four versions in the first set.
In the first faulty version, we changed the collision
detection, setting a boolean variable with a constant
false value when the value should be true. Thus, when
there is collision, the algorithm indicates that there is
no collision.

In the second faulty version, we changed the force
feedback calculation algorithm, adding a multiplication
factor (0.25) to the three values of an array, which
stores the force in the three axes, calculated in the
force feedback module, that must be sent to the device.
This value was defined to modify the force feedback
compared to the force data previously recorded.

The third version was not actually faulty. We used
a collision software module from the Java3D library
(using the Bounding Box method), different from the
software module that was tested initially (using the
Octree method) [40]. Bounding Box method envelops
the 3D virtual objects in imaginary boxes, aligned to
the coordinate axis. It uses the coordinate points that
are farthest from the objects, to check the intersections
between boxes, considering their centers and their sizes
[41]. The Bounding Box accuracy is lower than that
provided by the original module. There are no faults in
the source code. However, the source code is different
from the original, used in the Record step. A version
with a different collision module was not created for the
game SUT because it originally uses the Bounding Box
method. The fourth version was the original SUT.

In the second set, we seeded faults in the SUTs of the
case study by generating mutants with MuJava [42, 43].
We applied MuJava on the methods of the Haptic class
(the same class in all three SUTSs), using the following
operators:

(A) Arithmetic operators: Arithmetic Operator Re-
placement (AORg) to replace basic binary arithmetic
operators with other binary arithmetic operators (+, —,
x, /, and %.); and Arithmetic Operator Replacement
(AORg) to replace short-cut arithmetic operators with
other unary arithmetic operators (op++, +-+op, op——,
and — — op).

(B) Relational operator:  Relational Operator
Replacement (ROR) to replace relational operators
(>, >=, <, <=, == and | =) with other relational
operators, as well as to replace the entire predicate with
true and false.

(C) Logical operator: Logical Operator Replacement
(LOR) to replace binary logical operators with other
binary logical operators (&, | and !).

(D) Deletion operators: Statement DeLetion (SDL),
which deletes each executable statement, but does not
delete declarations - when this operator is applied to
control structures that include a block of statements
(if, while and for), the entire block is deleted, as
well as each statement; Variable DeLetion (VDL),
where all occurrences of variable references are deleted
from every expression; Constant DeLetion (CDL),
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where all occurrences of constant references are deleted
from every expression. Likewise VDL, in CDL,
when needed, operators are removed to preserve the
compilation; and Operator DeLetion (ODL), where
each arithmetic, relational, logical, bitwise and shift
operator is deleted from expressions and assignment
operators.

We chose these mutant operators to emulate possible
faults in VR-based systems with haptic devices. These
systems use arithmetic operations to calculate the force
feedback and conditional commands to check force,
position of the haptic device, the haptic loop, and
the communication between the system and the device.
Thus, we selected mutation operators to seed faults on
these operations and structures. These are also well
known operators, used in several previous experiments.

6. RESULTS

To assess our approach, we calculate the percentage of
versions with manually seeded faults (first set cited in
the previous section) that were detected by the test
oracle. Regarding the mutants (second set), the ability
of a test oracle for detecting the presence of faults is
measured by the percentage of killed mutants in relation
to the total of mutants, the mutation score or ms(P,T),
according to Equation 1 [44].

DM(P,T)
M(P) — EM(P)

where DM (P,T) is the number of killed mutants
considering the tests set T for the program P; M(P)
is the total number of generated mutants; and EM (P)
is the number of equivalent mutants generated for
program P.

Thus, after applying our approach on both SUTS,
following the steps to record and playback, the
percentage of versions detected with manually seeded
faults was 100%; and the mutation score was 93%.

Figure 15 shows an example of outputs presented to
the tester, informing that a failure was revealed, and
the number of the inference rule. The figure also shows
the output or the force in the current frame during the
execution in the three axes. In this example, the force
in axis z is correct; the force in axis y is incorrect (the
recorded and current values are shown; and the force in
axis z is incorrect (the recorded and current values do
not appear). A failure is revealed if a difference between
the recorded and the current force value is found in one
frame and in one axis.

During the Playback step, the tester could observe the
behavior of the beam, of the needle and of the syringe
in the VEs using a video monitor. Since information
about force values is also shown on the video monitor, it
is possible to visually check whether the force is correct
according to the virtual object and whether there was
collision between virtual objects.

For the first set of versions, Table 3 shows the

ms(P,T) = + 100 1)

Output - Test oox | —_

> Force in x axis is incorrect
[

Force: (current) 1.0 ! = 0.0 (recorded)
5] Inference Rule 3

Force in y axis is correct

Force in z axis is incorrect

FIGURE 15. Visualization of failures revealed using a
faulty version of a SUT and a test script.

results. The failures were expected in 150 executions
(in the versions with modifications in the collision
detection and force calculation algorithms), except in
125 executions (in the original versions and versions
with another collision detection algorithm).

We detected the 150 executions with faults (failures
revealed). However, other 25 cases with no faults were
detected (failures revealed). This happened because
of the different source codes for collision detection at
each step of the R&P (different algorithms for collision
detection), since the haptic feedback calculation is
performed only when there is a collision between
the object handled by user and other objects in
the VE. We used a method implemented in the
Java3D software library (Bounding Boz method) for
the collision detection in the Playback step, whose
precision is inferior for irregular objects when compared
to the Octree method, used in the Record step. The
method from the Java3D library involves objects with
transparent boxes to simplify the calculations. The
dentistry SUT controls a VE with objects with irregular
edges and the 25 executions presented failures. Due
to these objects, collision was detected in different
points from those points detected in the original version.
Consequently, failures were revealed in relation to the
dentistry SUT when they do not really exist.

Regarding the second set of versions of the SUT's, 400
mutants were generated, being nine equivalent mutants
(manually observed), of which 362 were killed using
three test scripts (one script for each SUT). Many
mutants were timed out, because of infinite loops. The
29 cases that were not killed were manually analyzed,
and it was observed that faults in the variable that
controls the haptic loop were not detected using our
approach. This variable allows to end the system
when a problem in the haptic device during human-
computer interaction is found. It should be pointed
out that the haptic process encompasses, as mentioned:
initializing communication between the software and
the device, loop control (3D motion capture, collision
checking, force calculation, and errors checking), and
ending communication with the device. We believe that
whether the values of the loop control variable were
recorded in the test script during the human-computer
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TABLE 3. Results - seeded faults manually.

SuUT Version Executions Failures ex- | Failures re-
number pected vealed

Original 25 0 0

Primitive objects Fault in the force calculation algorithm 25 25 25
Fault in the collision detection algorithm 25 25 25
Different collision detection algorithm 25 0 0
Original 25 0 0

. Fault in the force calculation algorithm 25 25 25

Dentistry . .. . .
Fault in the collision detection algorithm 25 25 25
Different collision detection algorithm | 25 0 25
Original 25 0 0

Game Fault in the force calculation algorithm 25 25 25
Fault in the collision detection algorithm 25 25 25

interaction in the Record step, these mutants would be
killed.

After the Playback step, the messages showed, and
the inference rules helped identify, the faulty modules,
especially in the collision detection module, except
when the faults were in the variable that controls the
haptic loop. Certain values attributed to this variable
indicates problems and causes the interruption of the
execution of haptic software.

Finally, the research questions were answered.
Regarding RQ1, the application of the adapted R&P
technique showed to be effective for automating the
software testing activity in the haptic interface domain
with several benefits. However, there are limitations
that will be addressed in Section 7.

Regarding RQ2, there is evidence that the set of
inference rules help identify the software modules where
the faults causing failures are located: in the collision
detection or in the force feedback calculation module,
according to the source code analysis after revealing
failures.

7. DISCUSSION

Automating the software testing activity is important
to ensure productivity and quality of the software
product. However, certain domains of applications have
characteristics that hamper performing this task.

In this context, VR-based systems, in particular
those with haptic interfaces, are still a challenge for
testers. In the literature few studies have shown
convincing results in this domain. Haptic devices
are still considered non-conventional and expensive
equipment. The communication is bidirectional,
capturing information (position, rotation and velocity)
and providing haptic feedback (force feedback). Along
with the characteristics of haptic devices, VR-based
systems have to address the visual feedback and
different frequencies or frame update rates during
human-computer interaction. Moreover, in these
interactive systems, frame update rates can vary during
the execution, which is an additional aspect that makes
the testing activity difficult. Additionally, as mentioned

before, experts are who usually test the VR-based
systems, but the reproduction of their actions, in order
to test these systems with the same data is difficult,
even when it is performed with the same user. Experts
also determine the correct force feedback or haptic
sensation. These considerations evidence how complex
is to test VR-based systems with haptic interfaces.

R&P techniques have been applied in the complex
interfaces, but their application in VR-based systems
with haptic interactions has never been explored in
the literature, probably because it requires non-trivial
adaptations, which requires extensive knowledge of
the domain. We adapted the R&P technique and
used it along with AOP and inference rules to,
respectively, automate VR-based systems testing with
haptic interfaces, reveal failures, and locate faulty
modules in these systems.

We answered RQ1 and RQ2 by verifying that R&P
can be effective for automating the software testing
activity in the haptic interfaces domain, and that
inference rules help the tester to locate the faulty
module that gives origin to certain failures. There
are benefits and limitations in our approach. We
used position in three axes of a virtual object and
force in three axes to compose the scripts, reducing
computational resource consumption in the application
of the R&P technique. However, we noted that it is
important to include the information about the haptic
loop control variable, verifying whether the haptic
device is working correctly, since those mutants not
killed affected the variable that controlled this loop.

A limitation is related to the users’ profile. Experts
in the field where the VR-based system will be used
should define the main trajectories the device should
go through and the correct haptic sensations. Thus,
test scripts relevant for testing could be specified. This
creates a dependence on expert’s participation; though
the experts are interested in reliable simulators and can
help in the development.

Another limitation is that there is the need to check
VE settings (objects features, such as scale, position
and rotation), indicating whether they are similar to
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the software used in the Record step. Such differences
in settings may change the outputs of the software being
tested; though they are not faults. For example, a
trajectory that causes a collision of two virtual objects
with a S scale, when it is reproduced in a VE where the
same objects have a 0.55 scale, may not collide because
the objects are smaller and the trajectory previously
recorded is not enough to cause the collision. These
features of the virtual objects, as well as stiffness and
viscosity were not recorded in the test scripts, but they
can be added.

The VE settings may also include the shape of
virtual objects (vertices and polygons). The tester
must know the memory variables that store settings
values to check the test conditions. Thus, the virtual
objects must have the same features at the beginning
of the Record and Playback steps. For instance,
in the case study almost all objects in the VE are
static (they have the same features — position, rotation
and scale), only the virtual beam, needle and syringe
(primitive objects SUT, dentistry SUT and game SUT,
respectively) are moved (the position is changed during
human-computer interaction) using the haptic device.
However, these features can be recorded in the Record
step and compared in the Playback step to inform these
differences to the tester.

With regards to time consumption, it can be a
problem in the observation, since additional commands
in the source code or interceptions could cause delays,
a situation that did not happen and which is undesired
in real time systems. This is solved including delays
during Playback step for waiting certain commands.

Regarding the inference rules, they are related
to collision detection and force feedback calculation
software modules; though, these rules can be applied
in most VR-based systems with haptic devices. These
rules must be improved to consider the control of the
haptic loop and setup conditions of the VE, according to
case study (tests using mutation and different settings
of the VE).

Although limitations are perceived, there are the
following advantages. R&P techniques-based tools
are very useful because they prevent the tester from
manually repeating the same sequence of actions on
the interface. In addition, using the outputs generated
by the original execution as a test oracle, they make
possible automatically check if the program behaves as
expected.

AOP, in turn, prevents the direct instrumenting of
the original source code, contributing to its use in
practice. If the signatures of the methods are known, it
is possible to test the system even if the source code is
not available.

An effective benefit is that the tester can perform
automated tests even in the absence of the haptic
device, which is considered a non-conventional and
expensive device. This benefit is a contribution to
the practice, since the practitioners usually test the

VR-based systems with haptic interfaces by manually
repeating the trajectories with the physical device. Our
approach also contributes to ensure the exact repetition
of the input data during the execution of a trajectory,
reaching the same structures in the VE, and using the
same speed in the movement. For a human tester, this
is an almost impracticable and complex task. Different
speed values used in the haptic device manipulation
can generate different force feedback, hampering the
feedback analysis. Therefore, the tester should apply
the same velocity to analyze the correct force feedback
as well as to reach the same object. Thus, our approach
allows testing new versions of the VR-based system with
the same previously used data, whose respective correct
outputs are known, even without the physical presence
of a haptic device.

Finally, our approach can be used to identify lack of
force feedback or inadequate force feedback values. This
is possible because the inference rules can be customized
to reveal failure in some intervals of force values and of
frames, which could be pre-defined by the tester.

8. CONCLUSION

Haptic interfaces are deemed non-conventional devices
and allow a bidirectional communication during human-
computer interaction. Haptic devices are able to
capture motions in the real space and provide tactile or
force feedback. These interfaces are employed in VR-
based systems, mainly for training in several areas.

We investigated and adapted the use of the Record
and Playback (R&P) technique for haptic interfaces
domain, composing an approach that puts together
characteristics of the R&P and assumptions that are
intrinsic to systems that use haptic devices in order
to automate the test oracles in this domain. Sets of
versions, including faulty versions of three SUTs or VR-
based systems with haptic interfaces and AOP were
used to assess the approach. One hundred percent of
faulty versions was detected and a mutation score of
93% was achieved using the new approach. Thus, the
case study showed that R&P and AOP can be applied
to automate VR-based systems with haptic interfaces
testing, and simple inference rules can help locate faulty
modules.

We worked with important haptic information (po-
sition and force in the three axes), but additional in-
formation can be added such as rotation. Furthermore,
most of the objects in the VE (e.g., virtual anatomical
objects) were static during Record and Playback steps, a
scenario that can change depending on the objective of
the simulation and that can cause problems in apply-
ing R&P because the trajectories previously recorded
may cause collision and haptic feedback at undesired
moments.

As future work we plan to apply our R&P
technique in other systems with haptic interfaces to
corroborate the results found in our current case
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study.  Additionally, we intend to apply machine
learning techniques to analyze the context, mainly
when the virtual objects features (position, scale and
shape) change between Record and Playback steps.
An analysis of the inference rules with several testers
and the use of metamorphic testing are also planned.
Many VR-based systems with haptic interfaces are
implemented in parallel or concurrent mode, generating
different outputs for the same inputs. Another line of
research is to extend our approach to tackle these non-
deterministic cases; as well as to improve the inference
rules.

Another future work is to study whether a threshold
of the recorded information can be useful to compare
force values in the R&P technique in a certain set
of frames, since the execution frequency can change,
depending on computer resources, causing delays in
the force feedback calculation, for example. Small
differences of force feedback can be observed when
recorded and actual values are compared, and for some
applications they do not represent a real error. So,
it is interesting to analyze which differences in such
values are perceptible or not and should or not be
considered as failures in the Playback step [5]. Studies
are also needed to analyze the influence of faults in other
modules besides the two (collision detection and haptic
calculation).

Thus, this paper proposes the first approach to
automatically test the complex domain of systems with
haptic interfaces in a systematic manner. Nowadays,
applications in this domain are tested by developers or
users in an ad hoc manner, without maintaining similar
conditions of input data and actions. Our approach
can be a contribution to effectively carry out automated
software testing in this domain.
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