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Abstract

Virtual Reality (VR) applications are increasingly used in domains
such as surgical training and industrial marketing, yet their long-
term adoption remains limited by the lack of effective, systematic,
and reproducible testing approaches tailored to VR. To address this
gap, we present ULTRAINSTINCTVR, a novel tool that automates the
generation and execution of concrete system-level tests for VR ap-
plications, helping developers efficiently validate interactions and
behaviors. We evaluated ULTRAINSTINCTVR against state-of-the-art
automated VR testing tools across 10 open-source VR applications,
where it outperformed existing approaches in detecting unique
failures and uncovering real-world bugs. In this paper, we further
extended this evaluation through an empirical user study with ten
VR developers. Results highlight strong dependability and efficiency
while identifying opportunities for improvement in other user expe-
rience dimensions. Overall, these findings position ULTRAINSTINCT-
VR as a promising step toward more practical, effective, and scalable
VR testing. The tool is publicly available at https://github.com/snail-
unamur/UltralnstinctVR, with a demonstration video available at
https://youtu.be/USDW TmXmeh4.
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1 Introduction

Virtual reality (VR) is an emerging technology that enables users
to engage with immersive [1], computer-generated environments,
typically through head-mounted displays. Nowadays, these types
of applications are increasingly adopted in the market, with a wide
variety of use cases emerging (e.g., surgical training, gaming, data
visualization tool). However, software engineering practices and
tools supporting the development of such applications (e.g., stan-
dard frameworks, integrated development environments, depen-
dency management, and automated tools) are still evolving and
remain relatively immature, as highlighted by Andrade et al. [2].

Currently, the testing of VR applications largely relies on man-
ual processes [2], as no widely adopted tools exist to automate the
testing workflow. To address this limitation, we propose ULTRA-
INSTINCTVR, a novel Model-Based Testing (MBT) approach that
automates the generation and execution of system-level tests for VR
applications. The generated tests target failures related to common
VR user interactions, including selection, locomotion, and object
manipulation. The tool is distributed as an open-source Unity pack-
age that can be directly imported into VR projects and is publicly
available at https://github.com/snail-unamur/UltralnstinctVR

Our approach builds on recent VR development practices that
leverage multiple models throughout the development process, en-
abling their reuse by both researchers and industry practitioners.
In particular, it leverages VR scenario models [4], which describe
sequences of interactions within virtual environments and can be
used to automate user actions such as navigation and object manip-
ulation. These models are commonly employed in applications such
as generating demonstration scenarios or automating behaviors in
3D environments.

2 Background and Motivation

Andrade et al. [2] highlight the lack of systematic software testing
practices in VR, showing that testing is less consistently integrated
into the development lifecycle than in non-VR systems, thereby
increasing the likelihood of defects. In a follow-up study, they adopt
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a stakeholder perspective [3] and propose a taxonomy of VR faults
(e.g., performance, networking, stability), identifying those most
impactful for users and developers.

Model-Based Testing (MBT) automates test generation from mod-
els but is limited by the cost of model creation [13]. GUI testing
mitigates this by extracting runtime models (GUI ripping), which
infers interaction models and reduces manual effort. In VR, scenario-
based approaches such as #SEVEN [4] use formal models (e.g., Petri
nets) to define interaction sequences that can be reused for both
test generation and oracle definition. Xareus, a Unity plug-in, ex-
tends this idea to more complex and collaborative VR interactions,
though with increased modeling effort [6].

Automating the testing process, VRGreed [14] and VRGuide [15]
simulate navigation and interaction while improving exploration ef-
ficiency via dynamic cut coverage. However, their fault detection ca-
pabilities remain largely limited to runtime exceptions. PLUME (8]
supports interaction recording and replay but requires manual
analysis and is limited to single-user scenarios. The iv4XR frame-
work [10] provides an agent-based approach for testing interactive
systems, though it is not yet fully adapted to VR. XRIntTest [7] au-
tomates VR interaction testing by generating interaction sequences,
improving coverage of 3D interactions. Finally, VRExplorer [16] en-
ables systematic exploration using the Entity—Action-Task model
and demonstrates improved coverage and broader fault detection.

Motivation. Although existing automated testing tools focus on
interaction generation, their fault detection is largely limited to
crash and non-functional failures. To address functional failures,
we propose ULTRAINSTINCTVR, a model-based testing approach
structured around three components: automated interaction gener-
ation via agents, interaction detection and correctness verification
using Sensors and Effector from Xareus [6].

3 Approach & Architecture

In this section, we present the workflow of a testing campaign using
ULTRAINSTINCTVR, focusing on configuration, execution, and ora-
cle verification through a simple teleportation scenario. As shown
in Figure 1, the tester first defines tests agents (A), each assigned a
task that triggers specific VR interactions through interaction with
scene objects. The tester then specifies corresponding oracles as
Petri nets (B) to validate agent behavior. Finally, ULTRAINSTINCT-
VR executes each agent (C) according to its defined behavior and
evaluates the associated oracle (D).

Regarding implementation, we use Unity6 [12] due to its wide-
spread adoption in the VR community and Xareus [6], a Unity
plug-in for oracle specification, as it uniquely supports complex
VR behavior modeling using a Petri net abstraction. ULTRAINSTIN-
cTVR is distributed as a Unity package that automatically imports
all required scripts and components; the tester then adds the par-
ent GameObject to the scene to enable sequential and independent
execution of test agents.Documentation and installation details
are available in our GitHub repository, while Xareus licensing
information is available on its official website https://xareus.insa-
rennes.fr/?tabs=air We also provide a template test agent that testers
can reuse to reduce the effort required to design and implement
new tests.
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public override void SafeReset()

{

4 // Initialize the last position to the user's initial
position

lastPosition = GetPlayerPosition();

public override Result UnityStepSensorCheck() {
8 Vector3 currentPosition = GetPlayerPosition();
9 // Interaction detection
10 if (Vector3.Distance(currentPosition, lastPosition) >
teleportDistanceThreshold){
11 // Assign a teleportation key for retrieving the
interaction later
12 string teleportKey = §$
13 // Add the context to Xareus
14 eventContext.Add(teleportKey, currentPosition.ToString());
15 lastPosition = currentPosition;
16 return new Result(true, eventContext);
17 }
18 return new Result(false, eventContext);

19 Y

Listing 1: Sensor implementation

1 public override void SafeEffectorUpdate (){
2 Vector3 currentPosition = GetPlayerPosition();
3 Debug.Log( );
4 // Represent the ASSERT in the effector
if (Vector3.Distance(currentPosition, lastPosition) >
teleportDistanceThreshold){
6 Debug.Log( )
7 lastPosition = currentPosition;
8 }
9 else{
10 Debug.LogError( )
11 }
o)

Listing 2: Effector implementation

Defining a test agent (A). The tester defines a test agent by cre-
ating it as a GameObject in Unity and configuring a wide range
of parameters, including collider size, number of locomotion at-
tempts, collision handling, locomotion behavior, and other interac-
tion mechanisms. In total, more than 100 parameters can be adjusted
to customize the agent’s behavior in the VR environment. Explor-
ing how combinatorial interaction testing can be applied to those
parameters to amplify the tests is part of our future work.

In our running example, the tester creates a GameObject rep-
resenting the agent and imports all required components (e.g., XR
Interaction Manager) as well as the basic components needed
to track the position and state of relevant GameObjects. The tester
must also implement interaction scripts in C#, which define how
automated interactions are executed and specify the behavior of
the test agent within the environment. For example, in our running
example, the tester configures the test agent’s position to reach the
desired target position.

In the current implementation, readily usable test agent behav-
iors are organized into two main categories: locomotion-related use
cases (e.g., valid and invalid teleportation scenarios) and interaction
tasks (e.g., object selection, grabbing, movement, and collision). To-
gether, these predefined behaviors enable systematic exploration of
both navigation and interaction scenarios within VR applications.

Defining the oracle (B). To define an oracle, and as shown in List-
ing 1, the tester first implements a Sensor i.e., a function executed
at each frame update that monitors the virtual environment (e.g.,
the VR space, GameObjects, and test agents) using the Xareus plug-
in, When the sensor condition is satisfied, it triggers a transition in
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Figure 1: Flow of a testing campaign using ULTRAINSTINCTVR

the underlying Petri net, which activates an associated Ef fector
in Xareus. As illustrated in Listing 2, the Effector implements the
oracle mechanism by validating the correctness of detected interac-
tions. This process is modeled using a cyclic Petri net created by the
tester using the plug-in Xareus, where each transition is associated
with a specific Sensor and Effector.

In practice, for each transition, the tester implements two C#
files: one for the Sensor and one for the Effector. Using tem-
plates provided by Xareus [6], the tester defines in the SafeReset ()
method which variables are monitored, and in the UnityStepSen-
sorCheck () method how these variables are evaluated to trigger
the corresponding Effector. For the Effector, the tester specifies
in the SafeEffectorUpdate () method the conditions under which
the oracle passes or fails. Petri nets may be simple, as in our running
example, or more complex, depending on the testing requirements
and the system under test.

Test agent execution (C). Once the tester has defined the test
agents and their associated oracles, the testing campaign can be ini-
tiated by executing the Unity application. During runtime, agents
are executed sequentially, each independently performing its be-
havior within the VR environment. Technically, each test agent is
implemented as a sub-GameObject of a parent GameObject. The
parent GameObject coordinates the execution of its children, acti-
vating each agent in turn after the previous one completes. This
mechanism is implemented using a thread pool, where each child
is added to the pool and executed sequentially and independently
by dedicated threads.

Oracle verification (D). Once triggered, an Effector evaluates a
conditional assertion to determine whether the test passes or fails.
In our example, we verify that the test agent can teleport in the VR
environment.

4 Evaluation

In our previous study [9], we empirically compared ULTRAINSTIN-
cTVR with other state-of-the-art VR testing tools across ten open-
source projects in terms of line coverage, interaction coverage, and
unique failure detection, and we also conducted a root cause analy-
sis of failures detected by ULTRAINSTINCTVR in two projects. Results
show that ULTRAINSTINCTVR achieves line coverage ranging from
12% to 25%, which is comparable to state-of-the-art approaches such
as VRGuide (between 15% and 23%), VRGreed (between 12% and

23%), VRExplorer (between 10% and 12%), and XRIntTest (between
8% and 15%). In terms of interaction coverage, ULTRAINSTINCTVR
reaches between 27% and 72%, while competing tools range from
0% to 75%. Overall, these findings show that ULTRAINSTINCTVR de-
livers competitive coverage performance across key metrics while
demonstrating stronger effectiveness in several specific scenarios.
In failure detection, ULTRAINSTINCTVR identified 30 unique fail-
ures, outperforming VRGreed (17), VRGuide (16), XRIntTest (13), and
VRExplorer (8), while sharing substantial overlaps with all tools.
Although it missed a few XRIntTest specific failures, it was overall
the most effective due to its advanced oracle design. Root cause
analysis identified three representative failures: a gaze interaction
defect fixed by disabling the XRGazelnteractor, an interaction fault
where agents passed through GameObjects resolved with a Rigid-
Body based collision prevention script, and a NullReferenceExcep-
tion caused by misconfigured rigid bodies and missing components,
fixed by disabling the faulty component. According to Andrade’s
fault model, the first and third defects were classified as stability
faults.

In this paper, we further extended our quantitative evaluation
with a developer study to assess effectiveness and user experience
by using the standard User Experience Questionnaire (UEQ) [11].
Participants were tasked with identifying and fixing defects based
on failures detected by ULTRAINSTINCTVR in a VR application we
developed. A total of 10 participants aged 20-58 years took part
in the study, including student interns, developers, researchers,
and academic professors, all working within a computer science
research laboratory.

Developer evaluation setup. We used BlocEmpiler, which is
available in our replication package at https://zenodo.org/records/
20054137. Developing our own application gave us full control over
included interactions and defects, such as interaction-related bugs
targeted by ULTRAINSTINCTVR, unrelated issues (e.g., NullPoin-
terReferences), missing components, and runtime warnings. The
application contains 7,110 lines of code and 282 game objects.
Participants were first introduced to the software under test.
They then received a comprehensive presentation on ULTRAINSTIN-
CTVR, along with a detailed README file that provided documenta-
tion to support their use throughout the session. They first had to
run ULTRAINSTINCTVR, and after that, they were given 40 minutes
to identify and fix as many defects as possible. After the session, they
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Figure 2: UEQ scales (Mean and Error bar)

completed the UEQ questionnaire to assess user experience across
six dimensions: attractiveness, perspicuity (ease of use), efficiency,
dependability (control over interactions), stimulation (motivation),
and novelty of the tool.

During the evaluation sessions, researchers passively observed
participants’ interactions with the system, recording the number
of defects they identified and successfully resolved. Several par-
ticipants also voluntarily provided qualitative feedback on their
experience using ULTRAINSTINCTVR.

Evaluation results. As summarized in Figure 2, ULTRAINSTINCT-
VR received an overall positive assessment. According to the UEQ
handbook [11], mean values between —0.8 and 0.8 indicate neutral
user experience, while values above this range reflect positive eval-
uations. In our results, efficiency (mean = 0.850, variance = 0.27)
and dependability (mean = 0.900, variance = 0.77) were positively
rated, whereas perspicuity (0.400, 1.13), stimulation (0.775, 0.35),
novelty (0.125, 0.57), and attractiveness (0.553, 0.73) remained
neutral. These results show that our tool received positive eval-
uations for efficiency and dependability, while the remaining
metrics were assessed as neutral. Regarding defect detection and
correction, participants identified 62.85% of the ten injected defects,
in addition to the default defect present in the application, and
successfully fixed 47.14% of these defects, along with the default
defect.

5 Discussion

Participants feedback. Participants reported positive impressions
of ULTRAINSTINCTVR in terms of efficiency and dependability, while
attractiveness, stimulation, perspicuity, and novelty were rated as
neutral. To improve perspicuity, participants suggested reducing
console log verbosity and enriching test reports with contextual
information, such as the TestAgent name and the component as-
sociated with detected defects. The TestAgent name can be easily
included since the executed agent is always known, whereas iden-
tifying the faulty component is more complex: Unity logs may
sometimes expose it directly, but in other cases this information
is absent, particularly for oracle failures, where a dedicated defect
localization mechanism would be required. Improving attractive-
ness and stimulation remains challenging due to the task-oriented
nature of testing tools, although these aspects could be valuable
for educational use cases, where inspiration could be drawn from
platforms such as Inginious [5].
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Development challenges. Several practical challenges emerged
during the development of ULTRAINSTINCTVR. A key technical
challenge was to ensure that test agents could run independently
and sequentially without interfering with one another. This was ad-
dressed by encapsulating test agent execution within a thread pool,
enabling isolated, one-by-one execution and preventing chaotic
interactions during testing campaigns. Another challenge involved
repurposing Xareus, which was originally designed to support VR
application development rather than software testing tasks. This
required understanding how to effectively leverage its Sensor and
Effector mechanisms to define testing oracles.

Tester challenges. Finally, implementing automated VR interac-
tions in C# is particularly challenging due to the complexity of
immersive user behaviors. Creating complete automated interac-
tion sequences, such as grabbing multiple objects, rotating them,
or coordinating complex object manipulations, can be both time-
consuming and inefficient for testers. For now, ULTRAINSTINCTVR
comes with a set of predefined behaviors and their corresponding
oracles. In our future work, we will explore how a domain-specific
language can help to streamline the specification and automation
of complex VR interactions, alleviating the tester from writing
complex C# code.

6 Conclusion

Our research introduces ULTRAINSTINCTVR, an automated frame-
work for testing interaction-based behaviors in VR applications by
generating and executing system-level tests. User evaluations show
that it effectively supports defect identification, although assis-
tance for defect remediation remains limited. UEQ results highlight
strengths in efficiency and dependability, with room for improve-
ment in stimulation, attractiveness, and clarity. Future work will
address user feedback by adding a progress indicator, encapsulating
ULTRAINSTINCTVR as a dedicated test runner, and developing an
embedded domain-specific language (eDSL) to support more com-
plex interactions, including voice-based and multimodal scenarios.
In addition, this eDSL helps testers to better manage large sets of
parameters and facilitates more efficient parameter tuning. This
improved usability may contribute to higher scores in the UEQ
dimensions of perspicuity, stimulation, novelty, and attractiveness.
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