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Abstract— Background: Non-Playable Characters (NPCs) play an important role in the quality of 

interaction in Virtual Reality (VR) games. As NPC systems become more complex and multi-role, their 

behavior must be evaluated not only from a design perspective but also in terms of technical stability and 

interaction consistency. However, systematic methods for validating NPC behavior in VR games remain 

limited. Objective: This study proposes and implements a scenario-driven black-box testing framework for 

evaluating NPC behavior in VR games based on observable interaction outcomes. Methods: NPC behavior 

was evaluated using normal, boundary, and stress-based interaction scenarios. Four behavioral quality 

criteria were assessed: determinism, state integrity, role consistency, and recovery stability. Selected 

dimensions of the Game Experience Questionnaire (GEQ), namely Social Behaviour Activity and Post-

game Module, were also evaluated. Results: Six test scenarios were evaluated. Four scenarios (66.7%) met 

all criteria, while two (33.3%) were categorized as partial due to minor delays in state transitions and 

temporary idle-state resets. No crashes, system failures, or fatal interaction breakdowns were observed. 

GEQ results indicated moderate-to-good social behavior involvement (mean = 3.3) and a comfortable post-

game experience (mean = 3.5). Conclusion: The proposed framework provides a structured and 

reproducible approach for assessing NPC behavior in VR games without requiring access to internal 

implementation details. The findings highlight the importance of technical behavioral testing, as positive 

player experience does not necessarily indicate fully stable and consistent NPC behavior. 

Keywords— Virtual Reality Games; Non-Playable Characters; Scenario-Driven Testing; Black-

Box Testing; NPC Behavior Evaluation  
This is an open access article under the CC BY-SA License. 

 

 

Corresponding Author: 

Matahari Bhakti Nendya,  

Department of Informatics, 

Universitas Kristen Duta Wacana, 

Email: didanendya@staff.ukdw.ac.id 

Orchid ID: https://orcid.org/0000-0002-4708-9087 

 

  



INTENSIF, Vol.10 No.2 2026 

ISSN: 2580-409X (Print) / 2549-6824 (Online) 

                                                                DOI: https://doi.org/10.29407/intensif.v10i2.28379 

INTENSIF: Jurnal Ilmiah Penelitian dan Penerapan Teknologi Sistem Informasi 197 

 

I. INTRODUCTION 

 Virtual Reality (VR) games have evolved into complex interactive software systems that 

integrate immersive environments, continuous user input, and autonomous agents capable of 

dynamic interaction. In these systems, the primary role of Non-Playable Characters (NPCs) is to 

assess the quality of interaction by mediating guidance, social presence and contextual feedback. 

Studies of immersive VR serious games [1] have shown that the quality of agent interaction has 

a strong influence on immersion and user engagement in learning and training applications. 

Large-scale reviews of VR use in educational and simulation environments have also suggested 

that the consistency of virtual character behavior is a major contributor to perceived realism and 

usability [2]. Meta-analyses reveal that immersion and presence, which are closely related to the 

quality of interaction[3] have significant effects on learning outcomes. Recent work on immersive 

environments from an artificial intelligence point of view, emphasizes the fact that autonomous 

agents have to exhibit stable and role-consistent behavior in order to maintain social presence and 

system credibility [4], [5]. Furthermore, empirical research on virtual agents and social interaction 

in VR shows that behavioral inconsistency can break down presence engagement and interaction 

quality even when visual fidelity is still high [6] [7]. In general, these findings show the relevance 

of NPC behavior as a quality software attribute for VR-based interactive systems.  

Many recent works have been devoted to the modeling of NPC behavior through techniques 

such as Finite State Machines (FSM), Hierarchical FSM (HFSM), Behavior Trees (BT), and 

hybrid AI architectures, to enhance modularity, scalability, and behavioral realism. Hierarchical 

state-based models have been shown to be better structured to handle complex NPC behaviors 

than flat state machines[8], [9]. Previous works have studied FSM, HFSM, Behavior Trees, 

affective or personality-driven agents, and learning-based NPC models to enhance modularity, 

adaptivity, and behavioral realism [10], [11] [12]. More recent works have proposed learning-

based models to improve the adaptivity and decision-making capabilities of NPCs [13], [14]. A 

common challenge of game AI, however, is not only to select an adequate decision model, but to 

create a coherent, human-like and context-relevant behavior in a variety of game situations [15]. 

At the same time, research in Game Software Engineering indicates that quality assurance of 

games faces particular difficulties such as fast iteration cycles and intricate interaction paths, 

which leads to testing practices that tend to focus on functional correctness rather than systematic 

behavioral validation [16], [17]. Empirical surveys of industry practices reveal that game testing 

remains dominated by manual playtesting and informal verification [18], [19]. 

 In this study, functional correctness and behavioral stability are treated as different but related 

evaluation concerns. Functional correctness and behavioral stability are treated as related but 
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distinct evaluation concerns. An NPC may produce correct dialogue or animation in ordinary 

playtesting but still show unstable behavior during repeated, interrupted, or rapidly switched 

interaction sequences; therefore, NPC evaluation must examine behavioral coherence across time 

and interaction contexts[16], [18], [19]. 

 However, despite advances in NPC behavior modeling and automated game testing, a 

significant gap remains in the systematic technical evaluation of NPC behavior from a black-box 

perspective. Recent regression testing frameworks for video games have proved effective in 

detecting unintended changes in behavior between software versions by modeling execution 

traces and state transitions, yet their main concern is functional regressions, rather than behavioral 

stability across sequences of interaction [20]. Likewise, reinforcement learning-assisted testing 

approaches have been demonstrated to improve test coverage and explore vast state spaces in 

complex games, but they are mainly developed to optimize exploration efficiency and stress 

system limits, rather than to assess determinism or role-consistent behavior of NPCs from players’ 

perspective[21], [22]. Research in the meantime has pointed to the significance of keeping 

consistent role-dependent behavior to maintain immersion, social presence and system credibility 

in interactive environments by investigating personalized and role-based non-player characters 

[23], [24]. These results indicate that NPC correctness should be assessed not only in terms of 

functional outcomes, but also in terms of behavioral coherence across repeated and contextual 

interactions. Scenario-based testing has been shown to be effective for validating context-

dependent behavior in complex systems beyond the game domain. Scenario-based testing has 

been widely used in complex autonomous and interactive systems to expose behavioral edge cases 

under normal, boundary, and stress conditions, particularly when system behavior emerges 

through context-dependent interaction sequences [25], [26], [27], [28]. These studies indicate that 

scenario-based testing is suitable for evaluating systems whose behavior emerges through 

sequences of context-dependent interactions. However, its application to NPC behavior 

evaluation in VR games remains limited, particularly when the evaluation is conducted from a 

black-box and player-centric perspective. 

 The difference between this work and prior work is that this work does not propose a new 

NPC behavior model, AI architecture, or dialogue generation technique, but a scenario-driven 

black-box testing framework to evaluate whether NPC behavior is stable, deterministic, role-

consistent, and recoverable across different interaction conditions. Unlike prior work that mainly 

focuses on designing NPC behavior models or improving automated test coverage, this work 

proposes an implementation-independent evaluation framework based on observable player-

facing behavior such as dialogue output, animation response, interaction timing, and state 

progression [8], [9], [11], [13], [14], [15]. [18], [19], [20], [21], [22]. In contrast, this study 
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contributes [8], [9], [11], [13], [14], [15]. In contrast, this study contributes an implementation-

independent evaluation framework that can be applied to different NPC architectures because it 

relies only on observable behavior, including dialogue output, animation response, interaction 

timing, and state progression. This focus makes the proposed framework useful for VR game 

developers who need to verify NPC behavioral quality without accessing or modifying internal 

NPC control logic. 

 The goal of this research is to develop and apply a scenario driven black-box testing 

framework for evaluating the behavior of NPCs in Virtual Reality games. The proposed 

framework classifies NPC evaluation into normal, boundary and stress interaction scenarios and 

analyzes behavioral quality on observable criteria such as determinism, state integrity, role 

consistency and recovery stability. This work provides (1) a systematic and reproducible method 

for measuring NPC behavior from a player-centric point of view, (2) an operationalization of 

behavioral quality criteria for black-box testing of VR-based interactive systems, and (3) 

empirical evidence that the framework is capable of finding behavioral edge cases that are 

difficult to find with traditional playtesting. This work addresses the problem of validating NPC 

behavior as a software quality assurance issue to provide a practical methodological foundation 

for enhancing the reliability and robustness of VR games and other immersive interactive systems. 

II. RESEARCH METHOD 

 In this paper we propose a scenario-driven black-box testing approach for the evaluation of 

Non-Playable Character (NPC) behavior in Virtual Reality (VR) games based on a framework-

driven research methodology . The main methodological contribution of this research is the 

layered evaluation framework depicted in Figure 1, which is the basis of the proposed 

methodology. The framework explicitly models the transformation from interaction scenarios to 

behavioral observations, which are abstracted to quality criteria and aggregated to evaluation 

outcomes, unlike linear experimental workflows. The methodology is implementation 

independent, as it considers only observable NPC behaviour, rather than internal AI 

representations such as FSMs, HFSMs or behaviour trees. This design decision is consistent with 

the well-established principles of black-box testing in software engineering and game quality 

assurance research [17], [29], [30]. The framework maps player-NPC interaction scenarios to 

evidence of observable behavior . The results are classified into Pass, Partial or Fail as shown in 

Figure 1. 
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Fig  1. Research flow of the scenario driven black-box NPC test of the proposed framework. 

The novelty of the proposed framework is embodied in Scenario Definition Layer, Behavior 

Observation Layer, Behavior Quality Criteria Layer and Evaluation Outcome Determination. 
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A. Scenario Definition Layer 

 The methodology starts with the Scenario Definition Layer (Fig. 1) where interaction scenarios 

are defined as structured test cases. Each scenario generates a set of player actions and 

environmental conditions intended to trigger NPC reactions over time. In this context, the main 

units to organize and control the behavioral evaluation are scenarios, following the traditional 

practices in scenario-based software testing and validation of interactive systems [31].  

 Interaction scenarios are concrete exchanges between players and NPCs (Fig. 2) where the 

player chooses dialogue options and the NPC generates observable actions and feedback. The 

example shown is one of a normal interaction scenario and can be used as a black-box test case. 

Here, the behavior of the NPC is only tested by its externally visible responses, irrespective of the 

internal control logic.  

 

 

Fig  2. A Typical Interaction Scenario illustrating observable NPC behavior as input for 

scenario-driven black-box testing 

 Scenario-based testing has been widely used in recent research on complex and autonomous 

systems to expose behavioral edge cases that are not detectable through isolated functional tests 

[25], [27], [28], [32]. Scenarios are divided into three types to cover systematically: 

1. Normal interaction scenarios, showing what interactions to expect in the gameplay. 
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2. Boundary interaction scenarios, i.e. interaction at the limits of behavioural conditions like 

repeated triggering or fast context switching. 

3. Stress interaction cases. Uncover long or abnormal interaction patterns to diagnose 

instability and recovery issues. 

 This classification is in line with recent practice in scenario based testing of autonomous and 

interactive systems [25], [27]. Table 1 presents operational definitions, example test actions, and 

the primary evaluation focus for each scenario type. 

Table 1. Operational Definition of Scenario Types 

Scenario 

Type 

Operational 

Defintion 
Example Test Action 

Main Evaluation 

Focus 

Normal 

Expected player-NPC 

interaction under 

ordinary gameplay 

conditions 

The player approaches the 

Guidance NPC, selects a dialogue 

option, receives a response, and 

ends the interaction normally 

Correct response, role 

consistency, and normal 

state transition 

Boundary 
Interaction at the limit 

of expected behavior 

The player rapidly switches 

between NPCs or repeatedly opens 

and closes the same dialogue 

within a short interval 

Determinism and state 

integrity under rapid 

interaction changes 

Stress 

Prolonged or 

abnormal interaction 

designed to expose 

instability 

The player repeatedly triggers the 

same NPC interaction, interrupts 

the interaction by moving away, 

and reactivates the NPC 

immediately 

Recovery stability, idle 

reset handling, and 

delayed transition 

detection 

 

B. Behavior Observation Layer 

 Once defined, the execution of the scenarios generates observable interaction traces that can 

serve as the basis for behavioral analysis. All scenarios are contained within the Behavior 

Observation Layer. Here the NPC's behavior is assessed from a black-box perspective. At this 

stage we do not assume any internal control structures for the NPCs, but evaluate solely on the 

basis of external observable behavior, such as dialogue output, animation response, interaction 

timing, and state progression. Behavioral observation focuses on three dimensions illustrated in 

Fig 1: 

1. State transition observation, examining whether NPCs move coherently between 

interaction states. 

2. Response consistency, analysis on how similar interactions lead to response consistency 

across repeated executions. 

3. Role compliance, whether the behavior observed is consistent with the intended 

functional role of the NPC. 

 This observation strategy is consistent with recent studies that stress external behavior as the 

main indicator of correctness for interactive agents and game systems [17], [19] , [32]. 
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 At each scenario run a structured observation sheet was filled in with the following 

information: Type of scenario, actions of the player, expected behavior, observed behavior, time 

of transition, role consistency, recovery behavior and final outcome. 

C. Behavior Quality Criteria Layer 

 The Behavior Quality Criteria Layer then summarizes the observed behaviors into four 

complementary criterion-based assessments: 

1. Determinism: The responses of the NPCs to multiple executions of the same scenario are 

consistent. 

2. Integrity of the state Maintaining valid behavioral states across sequences of interactions. 

3. Role consistency. Matching between observed behaviour and pre-defined roles of NPCs. 

4. Recovery stability: The ability of NPCs to return to valid behavioral states after an 

interruption or a deviant interaction. 

 Together, these criteria capture different but related aspects of behavioral correctness from a 

black-box point of view, allowing for a systematic evaluation of NPC behavior as perceived by 

players rather than as implemented internally. The selection of these criteria is motivated by recent 

work in game quality assurance, automated game testing, agent behaviour assessment and 

reliability of interactive systems   [16], [33], [34] [16]. These criteria have been chosen because 

they measure behavioral stability in repeated, interrupted, and context-sensitive interactions, not 

just functional correctness.  

D. Evaluation Outcome Determination 

 The evaluation result of a scenario execution is obtained by aggregating the behavioral quality 

criteria according to the aggregated assessment of the defined behavioral quality . The results are 

grouped as follows: 

1. Pass, when all behavioral criteria are satisfied. 

2. Partial, when minor behavioral issues are observed without disrupting overall interaction 

coherence. 

3. Fail, in case of serious breaches of the behavioural code. 

 This classification scheme enables reproducible and transparent reporting of NPC behavioural 

quality across scenarios. This is in line with evaluation practices in software testing research [20], 

[29]. 

 Pass means all requirements were met. Partial means minor problems, such as state transition 

delays, temporary idle resets, or short response inconsistencies, without breaking the interaction. 

Fail is for invalid state, wrong role behavior, failed recovery or breakdown in interaction. 
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E. Participants and Supporting Data Collection 

 The proposed framework was applied to a VR game environment with multi-role NPCs. We 

analyzed behavioral determinism and recovery stability by repeating six predefined interaction 

scenarios. In addition to the technical evaluation, player-centered data were collected using 

selected dimensions of the Game Experience Questionnaire (GEQ) [35], a validated tool widely 

used in VR and game research [36]. To provide supporting evidence of the perceived quality of 

NPC interaction and post-interaction comfort, the dimensions of Social Behaviour Involvement 

and Post-game Module were selected. 

Participants were 12 students (age range 19-23 years) from a university with previous VR 

experience. Confounding effects of first time VR users were reduced by using purposive 

sampling. Participants experienced the predefined interaction scenarios in the VR environment 

and then filled out the selected dimensions of the GEQ. All participants provided informed 

consent before data collection. Participants were informed of the aims of the study, the interaction 

procedures and their right to withdraw at any time without penalty. 

The sample size was considered suitable for validation of the methodological framework as 

small samples are generally used in structured usability and exploratory testing studies to identify 

interaction and behavioral problems [37],  [36], [19], [17]. 

III. RESULT AND DISCUSSION 

The NPC behaviour was tested using the proposed scenario-driven black-box testing 

framework with six predefined interaction scenarios. Scenarios included normal, boundary and 

stress conditions. Each scenario was run multiple times to check for behavioral stability and 

recovery. The evaluation results are based on four behavioral quality criteria: determinism, state 

integrity, role consistency and recovery stability. 

The results of this research are that the proposed scenario-driven black-box testing framework 

can identify subtle NPC behavioral instability that is not necessarily observable in conventional 

playtesting or player experience scores. The system baseline was robust in terms of not crashing 

or failing fatally during testing, but the framework detected behavioral edge cases under boundary 

and stress interaction conditions such as small state transition delays and temporary idle resets. 

They did not induce immediate interruptions of the flow of gameplay but suggested possible 

shortcomings of the NPC behavioral recovery mechanism. Table 2 presents the summary of the 

evaluation results of the six predefined scenarios. 
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Table 2. NPC Behavior Evaluation Results Summary 

Scenario 

Type 

Number of 

Scenarios 
Pass Partial Fail Main Observation 

Normal Normal Normal Normal Normal NPCs reacted consistently in 

dialogue, animation, and role 

appropriate responses during 

expected game play interactions. 

Boundary Boundary Boundary Boundary Boundary In one case, a small delay was seen 

in the state transition for fast 

interaction switching, but the NPC 

eventually returned to the correct 

behavior. 

Stress Stress Stress Stress Stress One scenario showed a temporary 

idle reset during long or abnormal 

interaction, but the NPC recovered 

without system failure. 

Total 6 4 (66.7%) 2 (33.3%) 0 No crash or fatal behavioral 

failures were observed. 

 Table 2 shows that four scenarios (66.7%) were classified as Pass, two scenarios (33.3%) as 

Partial due to transition delays and temporary idle resets and zero as Fail. 

A. Behavioral Result by Evaluation Criteria 

 In standard interaction situations NPC responses were mostly deterministic when the same 

situation was repeated several times. If scenarios were repeated, NPCs always gave the same 

sequences of dialogue and animation. This result shows that the NPC system could give 

predictable replies during normal player-NPC interaction. However, under edge conditions of fast 

switching of interaction small deviations in the time of state transition were noticed. While these 

deviations did not result in wrong answers, they did impact temporal consistency and resulted in 

Partial classification. 

 The tested scenarios have generally preserved the integrity of the state. NPCs have not entered 

an invalid or unintended state during normal interaction. However, the boundary scenario showed 

that the fast switching of interactions can have a transient effect on the timing of state changes. 

This implies that the NPC system is functionally correct, but its behavioral timing is not 

completely stable under edge-case interaction patterns. This is important because black-box 

evaluation can expose problems that are not apparent when you only test whether a feature gives 

the expected output. 

 Role consistency was largely maintained in all scenarios. NPCs behaved according to their 

pre-defined functional roles in routine interactions, thus supporting the effectiveness of role-based 

NPC design. We did not observe any role violations across the tested scenarios. For example, we 

found that the NPCs we tested did not fall back on behavior that contradicted their assigned roles, 

even when the interaction sequences were repeated, interrupted, or otherwise abnormal. This 
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means that, at the level of functional identity, role-based behavior remained the same and only 

timing and recovery still needed to be improved. 

 In stress scenarios, stability of recovery was the most sensitive criterion. Occasionally, after 

long or abnormal interactions, NPC's would go into idle states for a short period of time before 

returning to normal behaviour. Despite the fact that the recovery was successful, the observed 

delay signals possible flaws in the way state recovery is managed. The delay justified the 

classification as Partial. This result suggests that recovery stability is an important criterion to 

evaluate the behavior of an NPC, because an NPC might be correct during normal interaction but 

still has delayed recovery when the player repeatedly interrupts or reactivates the interaction 

sequence. 

 Prior research in game software engineering and scenario-based testing supports the results of 

this research. Interaction problems in complex systems are often revealed under boundary or 

stress conditions, not during normal operation [16], [18], [19], [25], [27], [28]. The results are 

also in line with previous research on NPC believability and social interaction in VR, which shows 

that consistent and role-aligned agent behavior is important to maintain immersion, social 

presence and user trust in interactive environments [4], [5], [6], [23], [24]. Thus, the Partial results 

presented in this work should be interpreted not as a major system failure, but as a diagnostic 

evidence that the proposed framework is sensitive enough to detect subtle behavioral 

vulnerabilities. 

B. Player-Centered Supporting Evidence 

 The technical evaluation results were supplemented by the analysis of selected dimensions of 

the Game Experience Questionnaire (GEQ). Results showed moderate to good social behavior 

involvement (mean = 3.3) and enjoyable post-game experience (mean = 3.5). These scores 

indicate a satisfactory quality of perceived interaction. The Social Behaviour involvement score 

shows that the interaction with the NPC was acceptable and socially engaging for the participants, 

despite the small behavioural problems found from technical testing. The Post-game Module 

score suggests that the interaction session in VR was generally comfortable for the participants 

and that they did not experience severe post-interaction discomfort. This means that from user 

perspective, the NPC system still provided an acceptable interaction experience. This divergence 

shows that acceptable GEQ scores do not necessarily indicate full behavioral robustness, because 

black-box testing still revealed subtle technical issues. 

C. Discussion and Implications 

 These results indicate that scenario-driven black-box testing can reveal NPC behavioral issues 

that remain hidden during ordinary playtesting. These results indicate that scenario-driven black-
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box testing can reveal NPC behavioral issues related to determinism and recovery stability that 

might be hidden during normal playtesting. The absence of Fail outcomes suggests baseline 

behavioral robustness while the Partial outcomes indicate remaining vulnerabilities in transition 

and recovery handling. Methodologically, the findings validate the employment of scenario-

driven testing to evaluate NPC behavior in VR games with different NPC architectures. For 

example, the same evaluation logic can be applied to evaluate NPCs implemented in FSM, HFSM, 

Behavior Tree or learning-based control models, as the framework only evaluates observable 

behavior instead of internal implementation. From a practical viewpoint, the identified temporary 

idle reset under stress conditions suggests that the NPC recovery logic should be considered a 

dedicated architectural concern.  

Developers should not default to a generic idle state as the fallback after interruption. NPCs 

should instead have explicit recovery states that store the previous valid state, interrupted 

interaction context and expected return state after recovery. This would allow the NPC to return 

to a more coherent behavior after abnormal or repeated player interaction. The slight delay in state 

transitions under boundary conditions also hints at the need for transition guards, interaction 

cooldowns, or input debounce mechanisms to prevent an NPC from receiving conflicting triggers 

before the previous transition has completed. And each role of an NPC should have a role-specific 

recovery rule. A Guide NPC should be reset to a guide ready state, a Culprit NPC should be reset 

to its violation or reaction cycle, and a Bystander NPC should be reset to its observation or 

ambient behavior cycle. These improvements can help decrease idle resets, and help maintain role 

consistency and behavioral stability for repeated or abnormal player interactions. The results also 

imply that VR game developers should combine player-centered evaluation and technical 

behavior testing. GEQ can tell if the users feel comfortable and socially meaningful during the 

interaction. Scenario-driven black-box testing can tell if the NPC system is stable under repeated, 

interrupted or abnormal interaction patterns. Combining both approaches provides a more 

comprehensive assessment of NPC quality than either approach alone. 

IV. CONCLUSION 

 In this paper we have shown that a scenario-driven black-box testing framework can be a 

systematic and reproducible approach to validate the behavior of non-player character (NPC) in 

Virtual Reality games. The framework can expose behavioral edge cases of determinism and 

recovery stability that are hard to detect using traditional playtesting, by using predefined 

interaction scenarios and explicit criteria for behavioral quality. Evaluation of six scenarios 

resulted in four scenarios (66.7%) being classified as Pass. Two scenarios (33.3%) were classified 

as Partial due to mild state transition delays and temporary idle resets. with no Fail outcomes, 
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system crashes or fatal interaction breakdowns observed. The corroborating results from the GEQ 

of Social Behaviour Involvement, with a mean score of 3.3, and Post-game experience, with a 

mean score of 3.5, suggest that participants perceived the NPC interaction as acceptable and 

comfortable. Subtle behavioral vulnerabilities were still detected via technical testing. These 

results confirm that the positive user experience scores should not be seen as enough evidence of 

behavioral robustness, as NPC systems may still have issues with stability for repeated, 

interrupted or abnormal interaction patterns. However, limitations of this study included the use 

of six predefined scenarios, 12 participants with previous VR experience and manual observation 

of behavior through structured observation sheets . Future work should focus on more diverse 

scenarios, include participants with varying levels of VR experience, implement automated 

logging and scripted scenario execution, and compare the framework across different NPC 

architectures. In general, the proposed framework contributes to game software engineering and 

VR interaction design by positioning NPC behavioral correctness as a software quality assurance 

problem and by providing an implementation-independent approach to improve the reliability and 

stability of immersive interactive systems.  
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