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Abstract

:

A variety of evaluation methods for user interfaces (UI) exist such as usability testing, cognitive walkthrough, and heuristic evaluation. However, UIs such as guidance systems at transit hubs must be evaluated in their intended application field to allow the effective and valid identification of usability flaws. However, what if evaluations are not feasible in real environments, or laboratorial conditions cannot be ensured? Based on adapted heuristics, in the present study, the method of heuristic evaluation is combined with immersive Virtual Reality (VR) for the identification of usability flaws of dynamic guidance systems (DGS) at transit hubs. The study involved usability evaluations of nine DGS concepts using the newly proposed method. The results show that compared to computer-based heuristic evaluations, the use of immersive VR led to the identification of an increased amount of “severe” usability flaws as well as overall usability flaws. Within a qualitative assessment, immersive VR is validated as a suitable tool for conducting heuristic evaluations involving significant advantages such as the creation of realistic experiences in laboratorial conditions. Future work seeks to further prove the suitability of using immersive VR for heuristic evaluations and compare the proposed method to other evaluative methods.
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1. Introduction


Evaluation methods such as usability testing, cognitive walkthrough, and heuristic evaluation help researchers and developers to evaluate products such as user interfaces (UI) to gain insights about aspects such as usability, user experience, and cognitive load [1,2,3,4]. Due to their technical nature and feasibility aspects, the majority of these evaluation methods, especially in the domain of UI design, are conducted in controlled environments (e.g., labs or meeting rooms) [5]. This fact already involves limitations in data collection as lab situations are artificial and thus, miss out on collecting crucial aspects such as environmental impacts on the user and product during its usage [6]. Even though systems such as mobile UIs generally allow contextual evaluations, challenges arise, such as the standardization of data collection (e.g., due to changing situations from participant to participant) and the prevention of noise for the data collection. For non-mobile UIs, for instance information panels and guidance systems, contextual evaluations involve challenges in terms of effort (e.g., finding suitable spaces for valid data collection without impairing local operations), legal issues (e.g., observation of people and workspaces), or feasibility (e.g., due to technical challenges of the products). Nevertheless, in order to guarantee properly functioning products or systems that meet user needs, contextual evaluations, especially in terms of usability, are necessary [6,7].



Virtual Reality (VR) is a technology that allows people to experience simulated environments in an immersive way and with a sense of presence. In this publication, VR is defined as a computer-generated simulation that can be interacted with, consisting of images, videos, and/or sound that represents an environment that the viewer can experience by using electronic equipment. Since immersive VR allows the creation of immersive experiences of artificial but seemingly real environments while still maintaining laboratorial conditions, we propose a method to conduct heuristic evaluations (based on [2]) in immersive VR. The present study investigates to what extent the method of immersive heuristic evaluation supports experts to evaluate UIs that normally could not be evaluated in their actual application domain (i.e., guidance systems at transit hubs).



The main aim of this study is to investigate the impact of using immersive VR for identifying usability flaws compared to display-based simulations in consideration of severity of identified usability flaws. Additionally, we aim to investigate the impact of using VR on the method of heuristic evaluation itself. The significance of the present research lies in the combination of contextual heuristic evaluations in laboratorial environments due to the usage of immersive VR and the potential the proposed method can have on future evaluative studies. The underlying hypotheses are:




	
The heuristic evaluation in immersive VR leads to the identification of overall more usability flaws than conventional heuristic evaluations based on two-dimensional simulations.



	
The heuristic evaluation in immersive VR leads to the identification of more usability flaws with high severity than conventional heuristic evaluations based on two-dimensional simulations.



	
The heuristic evaluation in immersive VR allows contextual evaluations of products in an immersive way while still maintaining laboratorial conditions.








After assessing the advantages and limitations of the proposed method, a set of general guidelines for using immersive heuristic evaluation is presented to foster further research and its active usage as a tangible output for the research community. The principal conclusions of the present studies are:




	
The usage of immersive VR for the method of heuristic evaluation led to the identification of overall more usability flaws than conventional heuristic evaluations based on computer-based simulations.



	
More “minor” usability flaws as well as more “severe” usability flaws were identified by the heuristic evaluation in immersive VR than the desktop-based heuristic evaluation.



	
Besides technical limitations, the usage of immersive VR for heuristic evaluation involves a set of significant advantages over the conventional method, such as immersive and real experiences, natural interaction, laboratorial conditions, and the inclusion of filters.









2. Related Work


2.1. Heuristic Evaluation


Heuristic evaluation is a method used to evaluate the usability of UIs by having experts examine the UI and identify usability flaws based on a predefined set of rules of thumb, called the “heuristics” [2]. This method was firstly described by Nielsen and Molich in 1990 and has since been widely used in the field of human-computer interaction. The general procedure of heuristic evaluation is as follows (based on [2,3]):




	
Definition of a set of heuristics to evaluate the UIs (e.g., heuristics by Nielsen and Molich [2]).



	
Recruitment of a small team of three to five experts in the field of human-computer interaction and UI design. These experts should be experienced in conducting heuristic evaluations and be familiar with the underlying set of heuristics. Optionally, people with expertise of the intended application domain can be involved.



	
Conduct of the evaluation by providing a set of clear tasks and scenarios to complete while interacting with the UI. During the interaction, the experts document findings, observations, ideas, and identified usability flaws in consideration to the heuristics.



	
Group discussion and consolidation of individual findings in order to derive an agreement on the identified usability flaws including their occurrence and severity (i.e., consensus meeting).



	
Compilation of a report that summarizes the findings of the evaluation.








The heuristics defined by Nielsen and Molich [2] have been adapted and modified for specific case studies by other researchers [5,8]. Mankoff et al. [5] used a modified set of heuristics to evaluate the usability of ambient displays and subsequently compared the modified heuristics with the heuristics that were proposed by Nielsen and Molich [2]. The results show that the tests using the modified heuristics led to the identification of overall more problems, including more severe usability flaws. This fact indicates the advantages of adapting the set of heuristics for specific case studies and technologies.



Heuristic evaluation is considered to be an effective method regarding the identification of usability flaws in a wide range of HCI related topics, including websites [8] and mobile apps [9]. The key advantages of the methods lie in its efficiency in terms of time and cost, as well as the identification of usability flaws that are considered “severe” [2,3,10,11].




2.2. Evaluation Methods in Immersive Virtual Reality


Immersive VR has already been utilized for conducting evaluative studies such as usability testing, user experience evaluation, comparative analyses, and experience simulations, as the creation of immersive and realistic environments has the potential to mimic real-world scenarios [9,10,11,12,13,14]. As immersive VR technology becomes more prevalent, it is increasingly being used as a tool for conducting evaluative studies, including methods such as usability testing, user experience (UX) testing, and observational studies. Case studies include pedestrian safety research, evaluation of UIs inside vehicles, and research in architecture.



Carlsson and Sonesson conducted a UX study in immersive VR in which participants (i.e., potential users and lead users) experienced cockpit UIs inside a vehicle [15]. The results show that immersive VR offered great opportunities for creating engaging and immersive experiences. The researchers defined a set of guidelines for the development of an immersive VR simulator for UX including aspects such as the usage of suitable narratives, ensure sensory congruence, and enabling a range of concepts to be tested. Stadler et al. conducted usability tests for evaluating explicit human-machine interfaces in pedestrian research [16]. The researchers conclude that immersive VR is advantageous for usability testing in terms of safety for participants, validity of results, feasibility of scenarios as well as efficiency in terms of time and costs. The research involved limitations mostly of technical nature such as restricted field of view and display resolution of the head-mounted displays (HMD). Mäkelä et al. conducted two empirical user studies in which the behaviors of participants was compared when seeing public displays once in a physical environment and once in immersive VR [17]. The researchers observed high congruence in behaviors and even increased motivation to explore the environment in immersive VR.



In conclusion, immersive VR is being increasingly used as a tool for conducting evaluative studies across a wide range of fields. The immersive nature of VR allows the creation of seemingly realistic environments and scenarios making it a valuable tool for studying decision-making and human behavior. Overall, studies in which VR was utilized for evaluative purposes suggest that immersive VR turned out to be a valid, cost-effective, and flexible alternative to conventional methods.




2.3. Heuristic Evaluation in Virtual Reality


The method of heuristic evaluation has already been applied in the context of immersive VR [8,18,19,20,21]. Sutcliffe and Gault evaluated UIs of immersive VR applications based on a set of adapted heuristics [8]. Similarly, Gabbard et al. proposed an iterative human-centered design approach including heuristic evaluation of immersive virtual environments [18]. Silvennoinen and Kuparinen [21] conducted a usability study (i.e., heuristic usability analysis) of medical simulators in immersive VR. The researchers conclude that the simulator could constitute a promising learning and training tool when usability issues are improved, concluding that user-friendliness is a key aspect for the simulator’s effectiveness. In a more recent study, researchers investigated the performance of conducting heuristic evaluations in immersive VR [22]. In this context, a product (i.e., a health box) was evaluated by nine participants both as a physical product as well as a digital product in immersive VR. Even though the researchers did not find statistical differences between the two evaluation methods, insights were gathered regarding the usage of the immersive VR technology. The hardware limitations (i.e., resolution and field of view) resulted in perceived usability flaws that were mentioned by the participants as false positives. Therefore, the researchers suggest that future work should focus on the impact of the representation fidelity on the respective method.



Further studies focused on using heuristics for the evaluation of immersive VR systems. Rusu et al. developed a set of overall 16 usability heuristics as well as a usability checklist for virtual worlds, arguing that these virtual worlds need new evaluation methods [23]. Nevertheless, the researchers do not specifically apply the method of heuristic evaluation in this context. In another study, Billow and Cottam [24] investigated the heuristics by Nielsen and Molich [2] in the context of immersive analytic systems in VR. By applying the method of heuristic evaluation for evaluating an immersive data visualization tool, the researchers conclude that the majority of heuristics still apply for the chosen context whereas several occurring issues revolved around areas where the heuristics did not provide specific guidance. Thus, the researchers suggest that the heuristics need to be modified in the chosen application domain.



In summary, researchers who investigated the usage of heuristics and the method of heuristic evaluation in the context of immersive VR conclude that further research is needed in order to generate general conclusions in this context [18,23,25].



The method of heuristic evaluations has also been investigated in the context of Augmented Reality (AR) and Mixed Reality (MR). Labrie and Cheng investigated the applicability of general heuristics (i.e., Nielsen and Molich [2]) for AR in the context of home design apps. The researchers conclude that the technical limitations of AR can impact the usability of AR applications and since AR is an emerging technology proper onboarding processes for users are necessary [26]. Sari et al. used the method of heuristic evaluation to evaluate the usability of a mobile AR app for designing houses [27]. The method allowed the researchers to identify usability shortcomings of the tested application, especially regarding the heuristics “consistency and standards” as well as “error prevention”. Nevertheless, since the present research explicitly focusses on the usage of immersive VR for heuristic evaluation, AR and MR will not further be considered.





3. Materials and Methods


In the present chapter, firstly the underlying case study for the experiments is shared, followed by a detailed description of the methodological approach of the present investigation.



3.1. Case Study: Guidance Systems at Bus Interchanges


The chosen case study considered dynamic guidance systems (DGS) at transit hubs in an era of level 5 autonomous mobility. It is anticipated that due to advantages connected to automation, such as bus platooning and optimized schedules, the localization of buses towards specific berths at a bus transit hub may vary throughout the day (similar to an airport where several airlines share the same gate throughout the day). Therefore, passengers at transit hubs will not be able to rely on prior spatial knowledge to board buses anymore but must constantly re-localize the required bus berths. Since this could lead to disorientation, additional cognitive effort and decreased user acceptance, improved DGS concepts were tested to evaluate their usability for leading people to the respective destination berth at a transit hub.




3.2. Adaptation of Heuristics


The set of general heuristics of Nielsen and Molich [2] was used as a basis for the present evaluation. It consists of ten heuristics including aspects such as providing a simple and natural dialogue, consistency, and feedback. Researchers have already used the general heuristics of Nielsen and Molich in an adapted way to ensure suitability for the chosen case study [5,8]. Since heuristics such as “Provide shortcuts” do not apply to the present study, a workshop was conducted in which the chosen experts for the experiments had the possibility to adapt the heuristics to be tailored upon the case study’s needs. During this workshop, the experts experienced the virtual environment including a baseline guidance system (i.e., the current UI of the transit hub) and were asked to adapt the heuristics accordingly. The following heuristics were defined for the chosen case study:




	
Continuity of information (i.e., the DGS should provide information at the transit hub as continuously as possible. Thus, regardless of the user’s location at the transit hub, guidance information should be provided.)



	
Consistency of information (i.e., the DGS should be consistent in terms of provided information including its visual representation.)



	
Visibility of information (i.e., the placement and size of DGS provides sufficient visibility for users at the transit hub.)



	
Adequate information (i.e., the DGS provides adequate and necessary information to ensure successful guidance inside the transit hub.)



	
Comprehensibility of information (i.e., the information displayed by the DGS is understandable to the user.)



	
Intuitive and clear interface (i.e., the DGS is designed to foster usability and reduce cognitive load.)



	
Accessibility for vulnerable users (i.e., the DGS should be usable for vulnerable users—in this study this refers to seniors.)



	
Provision of feedback (i.e., the DGS implicitly or explicitly provides feedback to users.)



	
Prevention of errors (i.e., the DGS is designed in a way to reduce the risk of wrong interaction for users.)








Overall, two heuristic evaluations were conducted: one in immersive VR and one with the help of a computer-based simulation that was visualized on a screen. This allowed a direct assessment of the impact that the technology of immersive VR had on the method. Both methods are described in detail in the following subsections.




3.3. Development of the VR Application


Prior to the conduct of the heuristic evaluation, an immersive VR application was developed to represent the application field of the test and offer adequate interaction techniques for the experts to experience the proposed DGS. The application was built using the game engine Unity 3D 2019.1.3. The development involved the expertise of one designer, two software developers, as well as one 3D visualizer and took four months of development and optimization time until its completion. To ensure a realistic environment, a digital twin of a transit hub in Singapore was created (i.e., Boon Lay Station). The necessary information regarding the transit hub was collected by on-site visits and documentation. Figure 1 shows the virtual environment including a crowd simulation and baseline guidance system (i.e., the existing guidance system at the transit hub).



Necessary interaction techniques were implemented for allowing effective and efficient evaluations of the proposed UIs by the experts. This involved the inclusion of locomotion methods within a six degrees-of-freedom setup (i.e., touchpad movement, teleportation, arm-swing movement, and physical movement) and possibilities to adapt the environment (e.g., changing the crowd size at the transit hub and adapt arrival time of busses). This functionality was implemented to be accessible via a compressible floating UI. Figure 2 shows two screens of the immersive VR UI for modifying the scene and environment (i.e., left: the interface for changing aspects such as crowd level and locomotion technique; right: the interactive map with the option to teleport to the entrances of the transit hub). A precise and effective interaction was ensured due to ray-casts and by using the input devices of the respective HMD.



The following functionalities were included in the immersive VR simulation:




	
Nine DGS concepts were implemented and accessible via the immersive VR UI.



	
A crowd simulation including three-dimensional humanoid agents was integrated, representing crowd movements throughout the day. The crowd density could manually be increased and decreased by the experts. The crowd simulation was realized by using NavMesh.



	
Five scenarios were implemented involving the completion of specific tasks in the virtual environment to allow experts to experience the DGS concepts in specific situations (see Section 3.8).








A further focus of the application was the integration of a mode that simulates the environment out of the perspective of vulnerable users (in this context elderly people). This was realized by including a mode that simulates an occlusion of peripheral vision as well as reducing the walking speed of touchpad movement and arm swing movement to 60%. Therefore, the experts were able to experience the virtual environment and proposed guidance systems out of the perspective of vulnerable users to investigate the system’s accessibility.




3.4. Study Setup


The experiments were conducted in a controlled environment inside a conference room with an empty tracked area of 6.2 m by 3.8 m to allow six degrees-of-freedom tracking for the HMD. An HTC Vive Pro HMD was used with HTC Controller and HTC Lighthouse 2.0 trackers. A high-performance notebook was used as hardware for running the simulation (i.e., HP Omen i7-8750H, NVIDIA GeForce GTX 1070, 32 GB DDR4-2666 SDRAM, 512 GB PCIe nvmetm M.2 SSD).




3.5. Recruitment of Experts


The following structured approach was chosen to identify and recruit experts for the heuristic evaluation:




	
The necessary expertise and required experience for the experts were defined including the field of UI, UX and usability [2,3]. Beyond that, experts from the intended application field for the guidance systems were required as evaluations in this application domain could lead to specific challenges that require deep understanding of the operation of the transit hub. To ensure a high degree of expertise and experience, at least five years of working experience in the required context was presupposed. Additionally, experts from industries, academia, and government were preferred for allowing different perspectives on the DGS. As the workshops were held in Singapore, experts from Singapore were especially searched. Since research suggests that a small sample size of five to ten participants is already sufficient to identify the majority of usability flaws, overall, six experts were identified and recruited for the heuristic evaluations (based on [2,28]).



	
By conducting online research, accessing the established professional network of the researchers as well as actively approaching governmental institutes and universities, overall, six experts were identified. This included two experts in the field of design, usability, and UI from industry, two experts from the field of architecture with knowledge in UI and UX from academia, as well as two experts from local traffic authorities in Singapore (government).



	
After approaching the identified experts, screening questionnaires were handed to ensure suitability of expertise and experience for the planned workshops.



	
As all identified experts passed the screening questionnaire, these six experts were invited to the heuristic evaluation workshops (16.7% female, 83.3% male; age: 24–64; M = 36.17; S.D. = 14.39).








Since the designers and architects had expertise in UI, UX, and usability, they were paired with experts in public transport to ensure multidisciplinary groups. All experts had moderate experience in immersive VR. The experts were grouped into pairs of two with one UI expert included. Consequently, for the conduct of the heuristic evaluation in immersive VR, there were three groups consisting of two experts each, in which at least one was trained in UI, UX, and usability.



The recruitment of experts for the comparative heuristic evaluation (by utilizing the computer-based simulation) corresponded with the above-mentioned procedure. Thus, six experts from the field of Design, UI, UX, and usability, as well as architects and public transport experts were involved in the study (16.7% female, 83.3% male; age: 26–59; M = 34; S.D. = 14.26).




3.6. Study Procedure


After a formal introduction to the case study, the method, the interfaces, and immersive VR (~0.5 h), the experts had time to familiarize themselves with the technology of immersive VR (~0.25 h). After clarifying questions, the experts were paired and started the heuristic evaluation. While one expert experienced the virtual environment, the other expert followed the events on a screen and took notes from the statements of the expert in immersive VR who followed a “think aloud protocol” (i.e., spontaneously sharing all observations, findings, usability flaws, and ideas while experiencing the application; based on [29]). Figure 3 shows one expert undergoing a scenario and sharing insights while the other expert observes the video footage (showing a first-person view) and notes down statements from the expert immersed in VR.



After one expert experienced all UIs in all the scenarios, the experts swapped roles and followed the same procedure again. Once both experts experienced all UIs in all scenarios, the interactive part of the heuristic evaluation was finished (~1 h). Subsequently, the experts had time to discuss their observations within their group before getting back together with the other groups to discuss the experiences among all experts (~1.5 h). The main objective of the expert discussion was to share usability flaws of the UIs, ideas, and observations that were identified during the interactive part in immersive VR. The experts prepared a report to document the concluded findings of the heuristic evaluation as precisely as possible. Finally, the experts shared their opinions regarding the usage of immersive VR for heuristic evaluation (~0.5 h).




3.7. DGS Concepts


Overall, nine DGS concepts were included in the tests. The intended application field for the concept was the transit hub that functioned as basis for the experiments (i.e., Boon Lay Station in Singapore). To ensure a variety of concepts, a range of technologies was used for the concepts, including screens, information points, LED stripes, and AR applications on Smartphones. Figure 4 shows a summary of the tested DGS concepts.




3.8. Scenarios


Scenarios were implemented to allow the experts to experience each DGS in specific situations. Each scenario included a pre-defined starting point as well as a task to complete. The tasks to complete were as follows:




	
Start at starting point two and try to enter the bus that drives to Boon Lay Drive



	
Start at starting point one and board a bus that drives to Bukith Merah



	
Start at destination berth B13 and transfer to the bus that drives to Bukith Merah



	
Start at starting point three, collect a book at berth B09 and subsequently board a bus that drives to Boon Lay Drive



	
Start at starting point three and find the bus that drives to Jurong East








The arrival times of all buses differed among the scenarios in order to increase the variability for investigating each UI.




3.9. Computer-Based Heuristic Evaluation


The computer-based heuristic evaluation followed the same procedure as the heuristic evaluation in immersive VR to ensure direct comparability. However, the experts evaluated the guidance systems alone and documented identified usability flaws in a virtual notebook that was implemented in the computer-based application. The tests were conducted in a controlled environment in a conference room. The same computer hardware was used for the computer-based simulation as for the heuristic evaluation in immersive VR. A keyboard- and mouse-based locomotion was chosen for moving in the computer-simulated environment. After the tests, a group discussion was conducted to conclude and derive a study report.





4. Results


Due to the small sample size of the heuristic evaluation, a descriptive analysis of results was chosen to directly compare the identified usability flaws both in immersive VR and the desktop-based application.



4.1. Usability Flaws Identified in Immersive VR


Table 1 shows a summary of usability flaws that were documented by the experts during the heuristic evaluation and subsequent group discussion. The identified usability flaws are clustered by the adapted set of heuristics as well as the total amount of discovered usability flaws of all nine DGS concepts identified in immersive VR. The identified usability flaws were separated into the two groups of “minor” (M) and “severe” (S) [25].



A total of 19 out of the overall 65 identified usability flaws were retrospectively clustered as “severe” usability flaws by the experts and researchers while 46 usability flaws were defined as “minor” flaws. A usability flaw was considered “severe” if the flaw actively influenced decision making due to, for instance, wrong or unclear information or due to the absence of information in critical moments.




4.2. Usability Flaws Identified via the Computer Simulation


Table 2 shows a summary of usability flaws, clustered by the adapted set of heuristics as well as the total amount of discovered usability flaws of all nine DGS concepts identified via the computer simulation. The identified usability flaws were separated into the two groups of “minor” (M) and “severe” (S) [25].



A total of 16 out of the overall 43 identified usability flaws were retrospectively clustered as “severe” usability flaws by the experts and organizations while 27 usability flaws were defined as “minor” flaws. The procedure of defining a usability flaw as “minor” or “severe” followed the same criteria as for the heuristic evaluation in immersive VR.




4.3. Comparison of Identified Usability Flaws Based on Technology


Figure 5 shows a graph of the overall identified usability flaws per DGS concept, divided into “minor” and “severe” usability flaws. Furthermore, the mean values of identified flaws among all concepts are displayed as dotted lines.



Figure 5 shows that the overall amount of identified usability flaws including the identification of “minor” and “severe” usability flaws was higher while using immersive VR than using the display-based computer simulation. Nevertheless, even though due to the usage of immersive VR overall more minor and severe usability flaws were identified, proportionally more severe usability flaws with high severity were identified by using the desktop-based method (37.21%) compared to immersive VR (29.23%).




4.4. Qualitative Assessment of the Heuristic Evaluation in Immersive VR


Subsequent to the experiments, a group discussion was conducted in order to assess the usage of immersive VR for heuristic evaluations (i.e., consensus meeting). The following advantages of using the technology for this method were defined by the experts:




	
Immersive VR allows a very realistic and immersive experience.



	
Scenarios and concepts can be created and experienced in a way that would not be possible in real-life conditions.



	
Immersive VR allows standardized evaluations of concepts in its intended application domain(s).



	
Immersive VR makes a big difference to these kinds of workshops due to its fidelity of spatial awareness and scale.



	
Without immersive VR, the experts would need more time to understand the case study and to experience all concepts.



	
Immersive VR allows a fast immersion into the environment without the need for on-site visits.



	
Immersive VR is a good tool to experience environments and concepts.



	
One key advantage is the usage of “elderly mode”, which is exclusive to immersive VR. People can experience an approximation of how it would feel to be an elderly user (e.g., with visual occlusion and reduced walking speed). Immersive VR offers the only way to experience that.



	
The range of locomotion techniques is very advantageous; with the teleportation locomotion, the environment can be investigated very quickly, whereas with the physical walking method and arm swing method, the effort, distance, and time to reach certain points in VR can be experienced very realistically.



	
The immersive VR devices, including its input devices and the VR interface, are easy to use.








Furthermore, the following challenges and limitations of using VR for the specific heuristic evaluations were identified and mentioned by the experts:




	
Participants with little VR experience should not stay too long in VR to minimize the risk of cybersickness.



	
The expert who takes notes can get nauseous by watching the video footage of the first-person view (due to an unsteady field of view in immersive VR).



	
The movement sensitivity with the touchpad locomotion technique is too high and therefore, using the touchpad for moving was not as realistic as the other locomotion techniques.



	
Continuous rotation while using touchpad movement fosters cybersickness. Thus, it should be changed into incremental turning (i.e., changing the perspective by a pre-determined angle).



	
When the crowd level is set to “high”, the performance (i.e., framerate) decreases, which could lead to cybersickness.



	
In other study contexts, the absence of haptic feedback could cause limitations while evaluating concepts.



	
Technical limitations of the HMD decrease evaluation capabilities (e.g., visibility of information due to restricted field of view and resolution).









4.5. Design Guidelines for Conducting Heuristic Evaluations in Immersive VR


Based on the observations during the heuristic evaluation in immersive VR as well as the group discussion, the following guidelines were defined for fostering the development and conduct of heuristic evaluations in immersive VR:




	
Ensure the involvement of researchers with sufficient expertise regarding the hardware, software and study context since participants might need assistance.



	
Take precautions to comfort participants in case of cybersickness.



	
Ensure a controlled environment and laboratorial conditions for valid and reliable data collections.



	
Include a wide range of concepts for the tests: Since immersive VR allows the evaluation of different concepts and variants without additional effort, its full potential should be used to identify a range of usable concepts and variants.



	
Include a range of conditions/scenarios and specific tasks: Since immersive VR allows to change the environment and conditions very quickly and easily, the concepts and variants should be tested in different conditions to increase the evaluation potential.



	
Prioritize content interactivity over visual representation: For participants, a precise and natural way of interacting with the system is more important than its visual representation for evaluating concepts (i.e., willing suspension of disbelief).



	
Avoid the integration of aspects that would expose technical limitations of immersive VR (e.g., the resolution of the displays of the used HMDs and their field of view).










5. Discussion


In the present study, a method for conducting heuristic evaluations in immersive VR is proposed. The contribution of the current investigation is twofold: Firstly, results are shared that indicate that the usage of immersive VR for the conduct of heuristic evaluations has the potential to allow experts to identify overall more usability flaws compared to computer-based simulations. In addition, not only more “minor” usability flaws but also more “severe” usability flaws could be identified thanks to the immersive technology. Nevertheless, proportionally more severe usability flaws were identified through the desktop-based heuristic evaluation compared to the immersive VR method. Possible explanations for this fact could be that the immersive experience of the environment fosters the identification of additional minor flaws that do not become apparent in the desktop-based application or that are even caused by the immersive technology (e.g., due to its resolution and field of view). This fact could indicate the potential risk of identifying pseudo-problems by using immersive VR. This is in line with Zhang and Simeone who concluded that the usage of immersive VR for heuristic evaluation and its technical limitations could lead to false positives (i.e., the identification of invalid usability flaws) [22]. However, the validity of this fact needs to be investigated in future research iterations. Secondly, by a qualitative assessment of the method by the involved experts as well as the research team, a set of guidelines was derived that functions as a basis for fostering further research as well as the development of VR heuristic evaluations. Beyond the potential for enhancing the identification of usability flaws, the assessment showed great advantages of using VR, such as the possibility to create immersive and realistic scenarios for investigating concepts in certain application domains in laboratorial conditions, the reproducibility of scenarios for every expert, the possibility to adapt crowd levels on demand, as well as the integration of modes that let the experts experience each concept out of the perspective of vulnerable users. In addition to the above stated advantages, the advantages of conventional heuristic evaluations, such as time- and cost-efficiency, were still maintained (based on [3]), since the majority of tasks for developing and preparing the workshops only insignificantly differ from the conventional method.



In a method comparison study, Jeffries et al. [3] found that heuristic evaluation is an inexpensive evaluation method that offers efficiency in terms of identification of usability flaws. Furthermore, Nielsen and Molich [2] stated that the major advantages of heuristic evaluation are cost-effectiveness, the intuitive procedure, no need for advanced planning, and the fact that the method can be used in the early phases of the development process. This is consistent with the present findings, since with immersive VR the conduct of a heuristic evaluation in an inexpensive and effective way without the need for an on-site evaluation or physical prototyping was possible. Several research projects already investigated the suitability of using VR for concept evaluations. Researchers investigated for instance pedestrian safety aspects and explicitly human-machine interfaces as communication cues for crossing scenarios at zebra crossings in an era of fully autonomous vehicles [16,30,31,32]. The researchers conclude that immersive VR experiences offer great advantages such as feasibility of scenarios that would not be replicable in real-life conditions, the collection of valid and reliable data, as well as time- and cost-efficiency. These findings are consistent with the advantages that became evident in the present investigation. Further research suggests that immersive VR can constitute a suitable tool for evaluative studies such as usability tests, behavioural observations, and user experience studies. Kuliga et al. [33] compared user experience aspects in a real building with its digital twin in immersive VR. The researchers concluded that there were no significant differences in UX ratings between the real-building and its digital representation indicating that in this context VR could be a suitable empirical research tool. These findings are in line not only with the quantified results of the present study that indicate that immersive VR can improve evaluative capabilities but also the qualitative assessment in which experts expressed the suitability and advantages of using immersive VR for this method.



The conduct of the present method also involved a set of limitations. Firstly, the experts claimed that spending too much time in immersive VR could lead to cybersickness. Secondly, the experts mentioned that by setting the crowd level to “high”, the performance of the immersive VR application decreased. Since the framerate of the immersive VR application is directly affected by this aspect, the risk of cybersickness is increased [34]. Additionally, due to the small test population for the present comparative analysis, a generalization of results is not possible. Thus, the present results are exploratory and should be treated as suggestions. Further studies are required, to prove the suitability of using immersive VR for heuristic evaluations in a valid and reliable way. In this context, as only one application domain was chosen for the present study, impacts of using VR for such methods in other application domains need to be proven in future studies as well.



The implications of the present study are as follows. Especially when heuristic evaluations are not feasible in real-life conditions or would involve a considerable amount of effort, time, and money, the usage of immersive VR could constitute an advantageous alternative for evaluating concepts in terms of usability in its intended application domains. Especially compared to non-immersive simulations, immersive VR offers great advantages, as it allows experts to experience concepts in a realistic and immersive way. Moreover, in contrast to contextual evaluations, the proposed method can be conducted in a laboratorial environment that ensures controlled conditions for data collection. Overall, the results indicate that immersive VR has the potential to become a valid research tool for evaluative methods such as heuristic evaluations.



Future research is planned to further quantify the impact of immersive VR on heuristic evaluation but also to determine its effectiveness and efficiency compared to other evaluation techniques such as usability testing and cognitive walkthrough. Furthermore, additional application domains are planned to be included in next iterations for allowing a certain level of generalizability for the proposed method. By conducting further research, it is also planned to revise the first set of design guidelines for the development of heuristic evaluations in immersive VR.




6. Conclusions


The evaluation of UIs is a fundamental part of the product development and design process to ensure usability and user acceptance of products. Nevertheless, in order to guarantee properly functioning products that meet user needs, especially contextual evaluations are necessary as products are directly impacted by its surroundings. Considering this, conventional evaluation methods such as usability testing and heuristic evaluation may fall short since these methods are mainly conducted in artificial and isolated environments (especially for UIs with certain dimensions such as information panels or guidance systems). Therefore, in the present study, a method is proposed that allows the conduct of heuristic evaluations in immersive VR. Thus, UIs can be evaluated in their intended application field without the need for on-site experiments. The key findings of the present research are:




	
Based on the expert statements, a basic feasibility of the proposed method in immersive VR for the chosen case study was proven without losing the advantages of the conventional method of heuristic evaluation (e.g., low cost- and time-involvement).



	
Additional advantages were identified due to immersive VR such as a high level of immersion, the consideration of the UIs’ application field, controlled conditions in a laboratorial environment, reproducibility and standardization of data collection, and the integration of modes to enable experts to experience the UIs as vulnerable users.



	
More “minor” and “severe” usability flaws were identified by using immersive VR compared to the desktop-based application.








Potential cybersickness caused by immersive VR as well as the limited generalizability of results caused by the small sample size and specific application domain constitute the main limitations of the present study. Overall, the present study implies that immersive VR could be a valuable tool for the conduct of heuristic evaluations especially when physical prototypes are not feasible or available. However, besides technical limitations of VR that should not be exposed by the application, the potential identification of pseudo-problems by the experts needs carefully to be considered and avoided in order to ensure effectiveness of the heuristic evaluation. Besides the verification of the stated research questions, the main contribution of the present investigation is the proposition of a preliminary set of guidelines for developing and conducting heuristic evaluations in immersive VR. The present study functions as a basis for further research in the field of UI evaluation and human-computer interaction. Future research will focus on further proving the suitability of using immersive VR for heuristic evaluations, test the method in different application domains and compare it to other evaluative methods such as usability testing and cognitive walkthrough.
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Figure 1. Digital twin of a Singaporean transit hub including a baseline guidance system. 
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Figure 2. User interfaces of the immersive VR simulation to change and adapt the environment. 
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Figure 3. Two experts during a scenario of the heuristic evaluation. 
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Figure 4. Summary of DGS concepts tested via the heuristic evaluation in immersive VR. 
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Figure 5. Comparison of identified usability flaws and its means based on display technology (i.e., desktop-based vs. immersive VR). 
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Table 1. Overview of identified usability flaws discovered among the nine guidance systems in immersive Virtual Reality.
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M = Minor; S = Severe.
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Table 2. Overview of identified usability flaws discovered among the nine guidance systems via the computer simulation.
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Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
el
-
i
—
p—
[~
]
i1
!

l

sasic Crowd Level

~ +

Locomotion Mode
Teleport TouchPad

Armswing None

Cuidance System

Original Dynamic

Original Rails Show

Elderly Simulate

RN

Choose a starting point

1[®

| 2
—






nav.xhtml


  mti-07-00019


  
    		
      mti-07-00019
    


  




  





media/file2.png





media/file5.jpg





media/file3.jpg
e Crowd Level Choose a starting point
[L b B oihed il "
Locomotion Mode
Teleport TouchPad
Armswing None

Guidance System

Original  Dynamic

Original Rails | Show.

Elderly Simulate






media/file1.jpg





media/file7.jpg
Concept

Description Picture

Scroens wih ons.
colours, and patlrns
including secondary
informaton

One scroon por bus.
ne it secondary
infomaton

AR app that shows the
destinaton bern sven

rough wals

AR app hat shows a
ofingbal tha qices
he user o he
Gestnation bert

AR appn addiion 1o
ovehead sgnage tat
excludes unnecessary
informaton

Concept. Description

0 Information ponts that
Show nformaton va 8
prjecton

7 LED sires tatare

intgrated s e oor

(one colouredstipe per ==

bus ne)
0 personaizod

information on th flor 2

A

infontof he

passengor via LED es

B Apersonal assisance
b hatleacs the

passenger 0t
Gestinaton bertn

Picture






media/file10.png
10

Q1

W

(O8]

N

p—

0l

Concept1 Concept2 Concept3 Concept4 Concept5 Concept 6 Concept?7 Concept8 Concept9

B VR Minor
Flaws

N VR Severe
Flaws

I PC Minor
Flaws

m PC Severe
Flaws

- - = = X VR Minor
Flaws

- === X VR Severe
Flaws

- = = = X PC Minor
Flaws

- = = = X PC Severe
Flaws





media/file9.jpg





media/file0.png





media/file8.png
Concept

Description

1

Screens with icons,
colours, and patterns
including secondary
information

One screen per bus
line with secondary
information

AR app that shows the
destination berth even
through walls

AR app that shows a
rolling ball that guides
the user to the
destination berth

AR app in addition to
overhead signage that
excludes unnecessary
information

Picture

Concept

Description

| Picture

6

Information points that
show information via a
projection

LED stripes that are
integrated in the floor
(one coloured stripe per
bus line)

Personalized
information on the floor
in front of the
passenger via LED tiles

A personal assistance
robot that leads the
passenger to the
destination berth






media/file6.png





