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Abstract
The use and sophistication of augmented reality (AR) technology continues to advance at a dramatic pace.  Current methods to test the usability of AR systems remain insufficient and cannot fully accommodate the increased levels of complexity. Literature reviews from the last two decades reveal several shortcomings of current approaches, including: a limited representation of AR tasks, the use of a narrow selection of metrics, and conducting tests outside of the intended environment of use.
We developed an AR Usability Evaluation Framework that provides a consistent process and explicit structure for planning user-based evaluations of AR technology accounting for data collection of multiple metrics simultaneously and little disruption to user behavior. This paper demonstrates how the framework can be applied by discussing each step in the context of a hypothetical use case. We also describe our ongoing development of a test environment in which the framework can be applied. It will also provide a plugin for AR applications that automatically records usability evaluation data.
While the framework provides a starting point to improve usability evaluation of AR technology, challenges still exist that are slowing the pace at which usability evaluation methodologies can be applied to innovations in AR. One of the prominent identified challenges is the use of eye tracking as a usability metric for AR. Other challenges discussed include capturing metrics to account for negative experiences, choosing appropriate evaluation environments, and a lack of standard interaction paradigms and visualizations within AR user interfaces. Future research aimed on solving these challenges may benefit from our framework and test environment, paving the way for more effective usability evaluation of AR technology.
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Introduction
Augmented Reality (AR) allows people to look through a display to see virtual objects on top of the physical environment. Over time, use cases for AR have become more dynamic, including application areas such as manufacturing, medical, navigation, driving, and public safety. Additionally, AR technology has become more complicated and innovative. What began as technology applications that overlayed simple 2D images on the view of a person’s environment has evolved into hardware that allows people to move freely, and software that allows 3D digital objects to fully interact with a person’s physical environment. As this evolution occurs, the methods chosen for usability evaluation of AR technology have remained seemingly unchanged for over a decade. It is important to update these methods to ensure that they capture accurate data on user interactions with new AR technology. Through our work in support of the Public Safety Communication Research (PSCR) program at the National Institute of Standards and Technology (NIST) we explored various examples of first responder use cases and applications of AR. These applications have the potential to aid first responders in scenarios that often involve multi-tasking in dangerous and complicated environments with several team members. These AR applications tend to be those with the most complex features, using state-of-the-art technology. As we began to investigate methods for usability evaluation, it became apparent that AR technology is evolving faster than the methods for evaluation.
Most AR studies that have employed usability evaluation since 1998 occurred in isolated lab settings outside of the environment for which the applications are intended, and they included limited metric and task selection (Dey et al., 2018). To address this need for improved methods, we have developed a framework designed to aid in planning usability evaluations of AR applications that require dynamic use cases with simultaneous data collection in single user and team environments (Choong et al., 2022). Following the development of the framework, in order to ensure it could be properly tested and utilized in real use cases, we began developing a test environment that accommodates automatic data collection of multiple metrics simultaneously in a systematic and repeatable manner. The framework and test environment offer a starting point to create more effective usability evaluation of AR. 
Challenges still exist that warrant further investigation and research. The paramount obstacle is the use of eye tracking as a usability metric. Eye tracking provides objective data and valuable insight on user behaviors while using technology with little to no interruption of the process of performing those behaviors. This could prove to be an invaluable tool when evaluating dynamic AR technology while users are engaged in complex interactions within its’ applications. However, current methods for collecting eye tracking data are not nearly as compatible with AR technology as they are for traditional computer displays. Other challenges include selecting or creating the environment in which the AR technology is tested, capturing metrics to account for negative experiences that influence task performance, and a lack of standard interaction paradigms and visualizations within AR user interfaces. We have designed the framework and test environment to accommodate new evaluation strategies as these challenges are solved. This paper discusses the framework, test environment, and challenges to evaluating usability of AR technology, including a more detailed look at eye tracking usability metrics.
Background
Usability Evaluation in AR
Usability techniques have appeared in the evaluation of AR technologies as early as the late 1990’s. Initial studies, which evaluated early versions of head-mounted-displays, used performance metrics such as task completion speed, hand eye coordination, and precision (Rolland et al., 1995). User surveys about dizziness and comfort (e.g., Ellis et al., 1997) were also conducted. While evidence exists of usability techniques in early AR development and evaluation, there were no standard, well-accepted techniques specifically for AR technology (Ellis et al., 1997). Gabbard et al. (1999) introduced the use of a sequential iterative design and evaluation process which adapts common usability methods (del Galdo et al., 1986; Hackos & Redish, 1998; Nielsen & Molich, 1990) to virtual environments. The process involves sequentially performing four steps: user task analysis, expert guidelines-based evaluation, formative user-centered evaluation, and summative comparative evaluations. It was later used successfully on an AR application (Gabbard & Swan, 2008). Gabbard et al’s (1999) sequential method validated the use of widely accepted usability techniques with AR technology and set up future researchers with a foundation to effectively evaluate the usability of emerging AR applications. However, the process does not fully account for the challenges in evaluation that have come to light as AR technology continued to evolve.
Researchers have documented, through systematic literature review, how user-based methods are employed in the evaluation of new AR technology. As of 2004 when 266 AR articles were reviewed, 21 involved user evaluation (Swan & Gabbard, 2005). Dünser et al. (2008) adds to Swan & Gabbard’s review by further investigating studies through 2007. Including more papers as well as posters, they found 77 studies that included user evaluation out of a total of 557 AR studies. They also found that the ratio of formal to informal studies increased from 57% in 2001 to 76% by 2007. Bai & Blackwell (2012) reviewed publications from the International Symposium of Mixed and Augmented Reality (ISMAR), a flagship venue for AR research, from 2001 to 2010. Findings demonstrated that 71 of the 259 papers published in ISMAR included user evaluation. One of the most significant findings of Bai & Blackwell’s review was that the majority of studies using task performance focused on only one representative task for evaluation, with time and accuracy being the most used metrics. Dey et al. (2018) also found that by 2014 about 11% (out of about 1500 AR studies) involved user evaluation and 76% were conducted in controlled laboratory settings rather than the environment in which AR applications would be utilized. As AR technology continues to evolve, the findings from these reviews demonstrate that user evaluation methodology has not adapted to account for more dynamic user interactions with AR applications. Current methods often do not account for multi-task use cases, choose from a limited set of metrics, and often involve testing outside of the intended environment of use. Our framework addresses this by offering a means to organize evaluations to include simultaneous data collection of multiple metrics as well as steps for working with target users to establish a test environment most analogous to the real environment (if not the real environment itself) in which the technology will be applied.
Eye Tracking in Usability
Eye tracking technology, using infrared lights or cameras to track a user’s eye movements, is increasingly utilized as a data collection tool for usability studies. Typically, areas of interest such as different sections of a web page or different components on the dashboard of a car are pre-defined, and metrics associated with them are used to collect data about the user’s gaze behavior. These metrics may include dwell time, number and duration of fixations, sequence, time to first fixation, revisits, or hit ratio (Tullis & Albert, 2013) as well as eye movement metrics such as saccades (movement from one fixation point to another) and blinking patterns (Gardony et al., 2020). The data is then analyzed and presented as visualizations such as scan paths and heat maps. Eye tracking provides valuable insight during usability studies without interrupting the user’s behavior and does not rely on their memory to answer questions about what they were looking at after testing (Tullis & Albert, 2013). However, it can be a challenge to utilize eye tracking in AR evaluation to the same extent that it can be used when evaluating simpler, less dynamic computer screen displays.
There is far less literature on the use of eye tracking in usability studies on AR technology compared to simpler displays. We conducted a literature search that included all papers published in conferences and journals from the year 2000 to 2021 that included augmented reality, eye tracking, and usability. Of the 76 papers found, only 15 applied eye tracking metrics in a user evaluation of an AR technology. The three most common AR devices, heads-up displays (HUDs), head-mounted displays (HMDs), and handheld devices were each evaluated in 4 of the 15 studies. Additionally, AR driving displays and AR navigation apps were the most evaluated applications at 4 of the 15 and 3 of the 15 studies respectively. All of the driving display applications were presented in HUDs, and all of the navigation applications were presented on handheld devices. Of the metrics used in each paper, number of fixations and fixation duration were by far the most popular with 13 out of 15 studies using one or both (Chen & Lim, 2013; Dzsotjan et al., 2021; Josephson & Myers, 2019; K. H. Kim & Wohn, 2011; S. J. Kim & Dey, 2016; Kluge & Asche, 2012; Park et al., 2007; Pfeiffer et al., 2017; Ramkumar et al., 2019; Renner et al., 2017; Rohs et al., 2009; Sayed et al., 2020; Tanabe & Yoshioka, 2020; Wang et al., 2018; Wiesner et al., 2017). Observation of previous AR research that used eye tracking usability metrics highlighted a number of challenges including difficulties tracking virtual and physical objects in a single evaluation, recognizing body movements used to shift gaze, and collecting accurate data when there are overlapping visualizations. The AR Usability Evaluation Framework includes the ability to plan for the use of eye tracking metrics. It is important to note that solutions to these challenges must be found in order to use eye tracking in AR usability evaluation with the same effectiveness as when it is used in more traditional, often computer-based use cases.
AR Usability Evaluation Framework
The AR Usability Evaluation Framework serves as a starting point for improving the methods chosen to evaluate AR technology. Similar to Gabbard et. al.’s (1999) sequential method, the framework uses language and components familiar to usability professionals. However, our framework provides a more detailed approach to the user evaluation techniques tailored towards new dynamic AR technology. It provides a consistent process and explicit structure for planning user-based evaluations of AR technology. It also provides guidance on the organization of data collection for multiple metrics simultaneously during dynamic use cases with as little interference to user behavior as possible. The framework contains five components as shown in Figure 1.
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Figure 1. Components of the AR Usability Evaluation Framework (Choong et al., 2022)
The framework uses a hypothetical AR application designed for firefighters as an example to demonstrate how it can be applied to plan a usability evaluation. Firefighting scenarios demonstrate the complex and dynamic nature of many AR applications, in that fire incidents typically involve several team members performing multiple unique tasks simultaneously in a complicated environment. The AR application chosen for demonstration purposes uses an HMD that can display information and offer assistance relevant to firefighters for maintaining safety and completing their mission.
Determine Evaluation Scope
As an AR application may have many functions, the first step is to determine the evaluation objectives and scope – which functions or features in the AR application will be evaluated. Several factors, such as the physical environment in which the technology is used, or the perceived importance of some functions compared to others in a given use case, determine what is evaluated during iterations of user-based testing.
The HMD in the example aids multiple firefighter perspectives. It is capable of displaying visual information on interactive maps projected into real space such as bird’s-eye views, team status, and resource availability for commanding firefighters. It has functions such as obstacle detection and navigation for first responding firefighters who directly enter the fire scene. The evaluation scope of the example focuses on the responding firefighters’ perspective. It evaluates the AR application’s obstacle detection and navigation functions to aid firefighters performing essential tasks in a fire incident.
Identify Users and Context of Use
The next step is to identify the primary users of the selected functions and the context where those functions will be used. Once identified, target users should be consulted in order to accurately establish the context of use.
The example use case includes HMDs in a dangerous, high-risk environment, such as a burning building, and often include life or death situations. Firefighters also work in a multitask-based and team-oriented environment in which they are responsible for several ongoing tasks coordinated between multiple team members. Therefore, the test environment of the AR application must replicate these conditions as closely as possible for the evaluation to be accurate.
Develop Evaluation Scenario and Tasks
Next is to develop a test scenario representative of the use case and select relevant tasks for evaluating the selected AR functions. We reviewed our past research in which we interviewed 193 first responders (i.e., Firefighters, Law Enforcement, Emergency Medical Services, and Comm Center & 9-1-1 Services) and learned about their interactions with communication technology and deepened our understanding of the scenarios first responders work in (Choong et al., 2018). With this context in mind, we identified four task types, on which the framework is based, that users may perform in an AR usability evaluation session: Action, Communication, Detection, and Monitoring tasks. The division into different tasks facilitates efficient selection of appropriate metrics. Future research may validate the applicability of the four task types outside of a first responder context. The task types are as follows:
Action – The user performs a specific action to complete the task or make change(s) in the system or physical environment.
Communication – The user is required to communicate with another user or the Test Administrator.
Detection – The user needs to detect targets (objects or information) placed in the environment.
Monitoring – The user must track specific states, conditions, objects, or people over time and could be required to monitor multiple targets simultaneously.
In the example use case, we consulted firefighters in order to create a narrative of an apartment fire scenario:
A fire was reported to have started in an apartment in a building. The local fire department was alerted and dispatched, a crew donned their gear and loaded onto a fire engine and a ladder truck, and they drove to the scene following a route planned by the command officer. Upon arrival, smoke can be seen coming from an open apartment window on the 2nd floor of the two-story building. Other building residents reported to the command officer that they did not know whether the resident(s) of the apartment on fire was in the building or not. The fire engine was positioned next to the fire hydrant outside the building. (Choong, et al., 2022)
Then, we conducted a procedural analysis of what the firefighting team’s response would be to the scenario. The analysis demonstrated that the response would be complex, involving multiple ongoing processes with many tasks that could be used during an evaluation. From all possible choices, we select a few representative tasks from the scenario that align with the evaluation scope and match the specific functions being evaluated, i.e., obstacle detection and navigation in our example. Tasks were chosen from the step “search location of fire/hazard” of searching the building for victims as it contains tasks from all four of the above-mentioned task types:
Action – Search the location of the fire for victims
Communication – Report conditions over the radio
Detection – Detect Hazards
Monitor – Monitor your air level
Select Applicable Usability Metrics
After all the tasks to be performed by the users are chosen, usability metrics are selected based on the evaluation goals to define how the usability of the AR application will be assessed. Common performance usability metrics, such as task completion, task completeness, time on task, and errors, may be selected for the representative tasks. These metrics are common to usability evaluations and are easily applied to AR solutions. 
Other metrics less commonly seen in AR usability evaluations, such as spatial accuracy, event deviation, and several different eye tracking metrics are particularly useful in evaluating dynamic applications. These can be applied when chosen with respect to each task and task type. As an evaluation may have several ongoing tasks, it helps to further organize chosen metrics by metric category and usability dimension, allowing the test administrators to plan for systematic collection of data.
Define Usability Measures for Selected Metrics
The metrics chosen for each task must have specific corresponding measures, operationally defined to collect data during usability evaluation. Defining measures is especially important when evaluating AR technology in a dynamic scenario. It will involve simultaneous data collection for several ongoing tasks, and interactions with both physical and virtual elements. For instance, the same metric may be chosen for multiple tasks. In the example use case, Task Completeness was chosen as an effectiveness metric for the action task “Search location of hazard” and the communication task “Report conditions over radio.” The measures for the same metric are different. For the “Search location of hazard” task, Task Completeness was defined as “Out of all locations to search, how many does the user search?” while for the “Report conditions over radio” task, it was defined as “Out of all pre-determined conditions, how many does the user report?” These definitions state exactly what will be measured in each task so that the stated pre-determined areas for searching and conditions for communication can be prepared for testing (Choong et al., 2022). As another example, measures must be clearly defined when several tasks are being completed simultaneously so test administrators know which actions and behaviors are associated with which task. Error, as an effectiveness metric for the Communication task “Report conditions over radio” was defined as “Frequency of user evoked events in which the user intends to communicate but fails to do so, communicates with the wrong person, etc.” So, if the user is trying to communicate but presses a button that activates infrared vision (heat detection) it will be labeled as an error. However, if the user presses the button to activate infrared vision while trying to scan for hazards it will not be counted as an error (Choong et al., 2022).
Test Environment
After constructing the AR Usability Evaluation Framework, we developed and continue to enhance an open-source test environment used to evaluate AR technology. This environment works as a plug-in for AR applications to automatically records usability evaluation data. The environment accommodates all existing AR interaction paradigms including eye gaze, gesture, haptic, voice, and controller. During a usability evaluation session involving a dynamic scenario, different types of data will need to be collected simultaneously as the user will be completing several tasks at any given time. The requirements and sources for collecting data during the evaluation of an AR application fall under one or more of four categories: 
System data recorded by the technology solution itself, such as events and event timestamp or eye tracking data which are needed for the time on task and all eye tracking metrics.
Test Admin data collected from the Test Admin during or after the evaluation. For example, a Test Admin must verify whether and how many tasks are completed to score for the task completion/completeness metrics.
User Self-Reported data collected from the user. For example, the user answers questionnaires to assess mental workload and ease of use.
Media data that includes any video/audio/screen recordings or recordings of the user view from the AR headset. This type of data is especially important to collect for the communication and spatial accuracy metrics.
The test environment captures data including time, audio/video/screen recordings, eye tracking, gesture, button presses, controller movement, and head rotation. This allows all data under the system and media categories to be collected automatically during evaluation. The raw data provided will allow the test administrator to determine the outcomes of those metrics that require test administrator determination. For example, time until event, in which the test administrator will use event type and time stamp data to determine how long it took for a user to begin a certain target event. The test environment is instrumented to collect the dynamic and simultaneous data necessary for usability evaluation of AR technology. As such, it is critical for implementing evaluation plans generated using the framework.
Challenges and Future Directions
The AR Usability Evaluation Framework and test environment provide a necessary starting point for improving user-based evaluation of AR. However, challenges still exist, which if overcome, will aid in the overall goal of significantly closing the gap between the effectiveness of AR usability evaluation and the fast pace of the development of innovative AR itself. This section covers a few of those challenges as well as opportunities for future research to help overcome challenges that AR technologies still face.
Eye Tracking Challenges
The dynamic scenarios used for evaluation in the framework accommodate multiple task performance by users from any of the four task types defined previously. When these tasks are performed simultaneously (e.g., searching a room for victims while detecting hazards) it is important to apply metrics on task performance that do not interrupt user behavior while data is collected. In this case, eye tracking metrics are a strong choice. However, our analysis of previous studies in which eye tracking metrics were used during usability evaluation have revealed challenges that prevent usability professionals from doing so effectively.
It is more challenging to utilize eye tracking during studies of AR technology due to the dynamic nature of the technology. AR displays can range from small handheld screens that show 2D information in front of a camera view, to more immersive head mounted displays that show 3D images that interact with the physical environment. Additionally, the user’s position and view in the physical environment will change via head movements or shifts of their entire body’s location in the physical space. This contrasts with the more traditional use of eye tracking in which the most accurate data is collected when the user keeps their head completely still and watches a computer screen with little to no change in what’s displayed. 
The first challenge in using eye tracking to evaluate AR technology is tracking gaze at both physical and virtual objects during evaluation. None of the previous studies have successfully done so. For example, all of the AR navigation studies that used handheld devices only measured whether the users were looking at the device or looking somewhere else (Josephson & Myers, 2019; Kluge & Asche, 2012; Tanabe & Yoshioka, 2020). Additionally, of all the HMDs evaluated where the user consistently sees both virtual and physical objects, either the user’s gaze was tracked when they saw only physical objects (Sayed et al., 2020) or when they saw only virtual objects (Dzsotjan et al., 2021; Ramkumar et al., 2019; Renner et al., 2017). It should also be noted that current methods for tracking gaze at physical objects requires time-consuming manual annotation of video data (Gardony et al., 2020). While tracking gaze at physical and virtual objects may not be required in every instance of evaluation, it becomes a problem when AR technology is evaluated in dynamic environments. For example, in the firefighting example the user’s gaze at physical and virtual objects are equally important to determining evaluation outcomes, as the user will be utilizing virtual elements displayed through AR to help them navigate and interact with their physical environment. 
The second challenge is that virtual objects often overlap physical ones. Using current eye tracking methods, it is difficult to determine if the user is looking at the virtual objects or through them (Elmadjian et al., 2018). Consider an evaluation in which one of the tasks is for a user to detect changes in their environment. If they are looking at a virtual menu when a change occurs to a physical object behind it, their first instinct will probably be to look through the menu to the physical change that occurred. Typically, virtual objects in AR are somewhat translucent. The eye tracker will likely miss that a shift in gaze has occurred because technically the user’s eyes have not shifted from the location of the virtual menu. 
The third challenge is that video-based eye tracking, the most common method, will often neglect to measure a gaze shift when the user performs only large movements with their head or body to shift their gaze rather than eye movements. This is because the tracker cannot register body movements as it is only recording eye movements. That is, while the tracker measures changes across a two-dimensional plane, the user is capable of moving in a three-dimensional plane that the tracker cannot detect (Alao, 2020). This becomes an obvious problem when eye tracking metrics are used to evaluate any AR application that allows the people to move about freely in their physical environment while interacting with virtual 3D content. For example, if a metric is chosen to measure shifts in gaze, and a user moves their head to shift their gaze to a different object instead of just their eyes, the tracker will often miss that a gaze shift occurred.
There is promising exploratory research that may offer potential solutions to these challenges. Some research suggests including and coordinating depth of gaze measurements to measure eye gaze in a three-dimensional plane, which newer AR hardware is capable of registering with add-on binocular eye trackers. Binocular eye trackers are attachable video-based trackers that simultaneously measure both eyes’ movements. Although this idea has been tested in a few studies, it has not yet been deemed dependable enough to be used consistently in the wide range of testing scenarios that occur when evaluating new AR applications (Elmadjian et al., 2018; Oney et al., 2020). Another line of research offers solutions in Artificial Intelligence (AI)-based solutions. For example, a few studies used AI to automatically annotate videos with 3D object recognition which is helpful when only tracking physical objects but did not account for virtual objects (Kurzhals et al., 2017; Panetta et al., 2019; Pontillo et al., 2010). 
Recent research demonstrates the use of virtual reality as an environment to conduct usability evaluations on virtual versions of products in development with no significant difference between the evaluations of the real products (Freitas et al., 2020). This suggests that it may be possible to use eye tracking usability metrics in a fully virtual environment that simulates an AR application. Specifically, the virtual objects that would be in the AR application are presented in a virtual version of the physical environment that the application is intended to be used. The eye tracking data will be more accurate as the user only views virtual objects rather than a mix of virtual and physical. 
User studies of this nature are needed to test whether this is a viable option. For example, a realistic search and rescue scenario, like the one in the framework example, can be developed for our test environment and be used to conduct evaluations for AR interfaces in earlier iterations of their design. This would allow for eye tracking data to be collected on the users’ gaze at the objects that will remain virtual in the final design of the AR application, such as imagery to guide the user through a room during navigation. It will also allow for the collection of eye tracking data on objects that, while virtual during testing in a VR environment, will eventually be physical when the AR application is used in reality, such as a fire extinguisher, couch, table, or other obstacles in a room. User testing AR designs in a VR environment, if viable, will also create another opportunity to further refine our framework and test environment. 
Evaluation of Dynamic AR
The development of AR technology brings with it quickly evolving paradigms of user interactions, posing several challenges for the evaluation of that technology. In dynamic environments, such as those present in the fields of emergency management or construction, some research has reported that users’ behavior can be different during evaluation compared to their behavior performing in the field (Li et al., 2018; Zhu & Li, 2021). Additionally, as of 2018, based on a sample of studies reviewed, only approximately 15% of AR user studies were performed in the field rather than a formal lab (Dey et al., 2018). This raises questions on how well lab-based test results can represent users’ experiences with AR technology. Therefore, there is a need for user evaluations of AR technology to take place in the environments they will be applied in if available at the time of development. If the intended environment is not available during evaluation, more realistic testing scenarios should be designed in order to evoke more representative user behaviors. This will not only improve the accuracy of the results but could ultimately improve user acceptance of the final product. The steps of our framework could be used in future research to help plan the creation of more suitable dynamic test environments.
Another challenge was revealed when Egger & Masood (2020) examined studies that evaluated AR applications for manufacturing. They observed that it was not always clear whether negative task performance was related to flaws in design, application during a task ill-suited for AR technology, or other un-accounted for factors such as poor instructions, unfamiliarity, or general user acceptance. This suggests that a greater effort must be made to capture data on these factors during evaluation. This can be done by ensuring there are measures for learnability, cognitive load, and user response data for subjective experience as well as past experiences with different types of technology. These measures can be included following the steps in the AR framework. In usability studies performed on familiar technology in familiar environments it is easier to rule these factors out as having an influence on task performance. However, AR technology is largely new to general consumers and workers, so there is not a working knowledge in which to use to predict how people will behave while using it.
A consideration for future research is to conduct user studies that help to create standard interaction paradigms and visualizations within AR user interfaces. Many fields that develop AR technology have cited the lack of standards as a reason for having difficulties during evaluation. In education, users found the AR applications harder to use and less familiar than traditional technology (Sheikh et al., 2021). Construction workers had differing reactions to visualizations based on personal and cultural backgrounds and required more training to understand the applications (Li et al., 2018). Manufacturing workers also had issues in performance relating to icons used in applications and the lack of a common framework for the user to provide feedback to the system (Egger & Masood, 2020). User studies comparing existing techniques and evaluating new ones will help to establish visualizations and interaction techniques common across all AR technology as well as those that are specific to the fields for which the applications are developed.
Conclusion
Augmented reality technology has continued to grow and evolve since its creation over 50 years ago. Despite its evolution, usability evaluation test environments are often isolated and lab-based rather than in the environment in which the application will be used, and metrics chosen do not always account for the complicated interactions people have while using AR. The methods used during evaluation have not adapted to the level of complexity of AR technology, nor the increasingly dynamic use cases in which it is applied. The AR Usability Evaluation Framework offers the opportunity for practitioners to systematically organize simultaneous data collection of common and validated metrics. It also allows for the integration of a more robust selection of metrics in AR usability evaluation, such as eye tracking and other behavioral and physiological metrics, in order to adapt to the need for more adequate data to keep up with increasingly innovative technology.
Some limitations exist with our research. First, the framework only focuses on the planning of an evaluation session. As the framework is tested, it may be found that there are still challenges to be explored with physically setting up and conducting AR evaluations as well as protocols for test administrators conducting evaluations. Additionally, further investigation is needed to see if the four AR task types can be used outside of a public safety context. Special consideration may be needed for other types of dynamic scenarios. For example, the framework was based on our experience working in public safety domain. If additional task analysis is conducted for AR applications in other domains such as manufacturing, we may find considerations that were not relevant to public safety that need to be accounted for in the framework.
The test environment will facilitate application of the framework as well as help to address the challenges that face usability evaluation in AR technology. This includes creating more realistic scenarios, testing in more dynamic environments, and exploring methods for eye tracking which will provide vital data with very little interruption of user behavior. It also sets the stage for future research on standard visualizations and interaction techniques in AR technology which may address issues in user acceptance and learnability that affect task performance. Additionally, we may find with future research that some of the mentioned challenges, if solved, will have a larger impact on improving AR usability evaluation than others, paving the way for a clearer path to effective usability evaluation of AR technology.
Tips for Practitioners
When conducting usability evaluations of AR technology here are some tips that may be useful:
Consult with target users throughout developing a plan for evaluation to ensure that the test environment and scenario accurately depict the use case chosen for evaluation.
Define measures to specifically describe what and how data is collected for each metric according to the scenario developed and tasks chosen
Include metrics that account for negative user behaviors related to unfamiliar technology. As AR tends to be more unfamiliar to users compared to other applications on familiar technology such as computers and mobile devices, some negative user behaviors may be misattributed to design flaws in the AR technology being evaluated rather than a lack of experience interacting with AR.
When possible, conduct AR evaluations in the natural environment of the use case, or close to it in order to capture the most accurate user behavior.
Before using eye tracking for usability metrics, understand the limitations of the trackers chosen, especially where they may miss data important to evaluation outcomes, such as gaze shifts that occur from body movements rather than eye movements.
References
Alao, N. (2020). Qualitative and Quantitative Visual Information Detected by Portable Eye-Tracking Technology. In B. C. Kress & C. Peroz (Eds.), OPTICAL ARCHITECTURES FOR DISPLAYS AND SENSING IN AUGMENTED, VIRTUAL, AND MIXED REALITY (AR, VR, MR) (Vol. 11310, Issue Conference on Optical Architectures for Displays and Sensing in Augmented, Virtual, and Mixed Reality (AR, VR, MR) (SPIE AR/VR/MR)). https://doi.org/10.1117/12.2548336 WE - Conference Proceedings Citation Index - Science (CPCI-S)
Bai, Z., & Blackwell, A. F. (2012). Analytic review of usability evaluation in ISMAR. Interacting with Computers, 24(6), 450–460. https://doi.org/10.1016/j.intcom.2012.07.004
Chen, M. C., & Lim, V. (2013). Tracking Eyes in Service Prototyping. In P. Kotze, G. Marsden, G. Lindgaard, J. Wesson, & M. Winckler (Eds.), HUMAN-COMPUTER INTERACTION - INTERACT 2013, PT IV (Vol. 8120, Issue 14th IFIP TC 13 INTERACT International Conference on Designing for Diversity, pp. 264-271 WE-Conference Proceedings Citation Inde).
Choong, Y., Dawkins, S., Furman, S., Greene, K. K., Prettyman, S. S., & Theofanos, M. F. (2018). NISTIR 8216 Voices of First Responders – Identifying Public Safety Communication Problems. 1.
Choong, Y., Goad, K., & Mangold, K. (2022). Augmented Reality (AR) Usability Evaluation Framework: https://doi.org/10.6028/NIST.IR.8422
Choong, Y.-Y., & Salvendy, G. (2021). Voices of First Responders – Applying Human Factors and Ergonomics Knowledge to Improve the Usability of Public Safety Communications Technology: Findings from User-Centered Interviews, Phase 1, Volume 5. 5. https://doi.org/10.6028/NIST.IR.8340
Dawkins, S., Greene, K. K., & Prettyman, S. S. (2020). Voices of first responders--nationwide public safety communication survey findings: 2. https://nvlpubs.nist.gov/nistpubs/ir/2020/NIST.IR.8314.pdf
del Galdo, E. M., Williges, R. C., Williges, B. H., & Wixon, D. R. (1986). An Evaluation of Critical Incidents for Software Documentation Design. Proceedings of the Human Factors Society Annual Meeting, 30(1), 19–23. https://doi.org/10.1177/154193128603000105
Dey, A., Billinghurst, M., Lindeman, R. W., & Swan, J. E. (2018). A systematic review of 10 Years of Augmented Reality usability studies: 2005 to 2014. Frontiers Robotics AI, 5(APR). https://doi.org/10.3389/frobt.2018.00037
Dünser, A., Grasset, R., & Billinghurst, M. (2008). Survey of Evaluation Techniques Used in Augmented Studies. ACM SIGGRAPH ASIA 2008 Courses, SIGGRAPH Asia’08, June 2014. https://doi.org/10.1145/1508044.1508049
Dzsotjan, D., Ludwig-Petsch, K., Mukhametov, S., Ishimaru, S., Kuechemann, S., Kuhn, J., & MACHINERY, A. C. (2021). The Predictive Power of Eye-Tracking Data in an Interactive AR Learning Environment. In UBICOMP/ISWC ’21 ADJUNCT: PROCEEDINGS OF THE 2021 ACM INTERNATIONAL JOINT CONFERENCE ON PERVASIVE AND UBIQUITOUS COMPUTING AND PROCEEDINGS OF THE 2021 ACM INTERNATIONAL SYMPOSIUM ON WEARABLE COMPUTERS (Issue ACM International Joint Conference on Pervasive and Ubiquitous Computing (UbiComp) / ACM International Symposium on Wearable Computers (ISWC), pp. 467–471). https://doi.org/10.1145/3460418.3479358 WE - Conference Proceedings Citation Index - Science (CPCI-S)
Egger, J., & Masood, T. (2020). Augmented reality in support of intelligent manufacturing - A systematic literature review. COMPUTERS & INDUSTRIAL ENGINEERING, 140. https://doi.org/10.1016/j.cie.2019.106195
Ellis, S. R., Brkantl, F., Menges2, B., Jacoby3, R., Adelsteina, B. D., Breant, F., Menges, B., Jacoby, R., & Adelstein, B. D. (1997). Factors influencing operator interaction with virtual objects viewed via head-mounted see-through displays: viewing conditions and rendering latency. Proceedings - Virtual Reality Annual International Symposium, 138–145. https://doi.org/10.1109/vrais.1997.583063
Elmadjian, C., Shukla, P., Tula, A. D., & Morimoto, C. H. (2018). 3D gaze estimation in the scene volume with a head-mounted eye tracker. In S. N. Spencer (Ed.), COMMUNICATION BY GAZE INTERACTION (COGAIN 2018) (Issue Communication by Gaze Interaction (COGAIN) Symposium). https://doi.org/10.1145/3206343.3206351 WE - Conference Proceedings Citation Index - Science (CPCI-S)
Freitas, F., Winkler, I., Gomes, M., Oliveira, H., & IEEE. (2020). Virtual Reality on Product Usability Testing: A Systematic Literature Review. In 2020 22ND SYMPOSIUM ON VIRTUAL AND AUGMENTED REALITY (SVR 2020) (Issues 22nd Symposium on Virtual and Augmented Reality (SVR), pp. 67–73). https://doi.org/10.1109/SVR51698.2020.00025
Gabbard, J. L., Hix, D., & Swan, J. E. (1999). User-Centered Design and Evaluation of Virtual Environments. IEEE Computer Graphics and Applications, November/December, 2–10.
Gabbard, J. L., & Swan, J. E. (2008). Usability engineering for augmented reality: Employing user-based studies to inform design. IEEE TRANSACTIONS ON VISUALIZATION AND COMPUTER GRAPHICS, 14(3), 513–525. https://doi.org/10.1109/TVCG.2008.24
Gardony, A. L., Lindeman, R. W., & Brunye, T. T. (2020). Eye-tracking for human-centered mixed reality: promises and challenges. In B. C. Kress & C. Peroz (Eds.), OPTICAL ARCHITECTURES FOR DISPLAYS AND SENSING IN AUGMENTED, VIRTUAL, AND MIXED REALITY (AR, VR, MR) (Vol. 11310, Issue Conference on Optical Architectures for Displays and Sensing in Augmented, Virtual, and Mixed Reality (AR, VR, MR) (SPIE AR/VR/MR)). https://doi.org/10.1117/12.2542699
Hackos, J., & Redish, J. (1998). User and Task Analysis for Interface Design (T. Hudson, Ed.). John Wiley & Sons, Inc.
Josephson, S., & Myers, M. (2019). Augmented Reality Through the Lens of Eye Tracking. VISUAL COMMUNICATION QUARTERLY, 26(4), 208–222. https://doi.org/10.1080/15551393.2019.1679636
Kim, K. H., & Wohn, K. Y. (2011). Effects on productivity and safety of map and augmented reality navigation paradigms. IEICE Transactions on Information and Systems, E94-D(5), 1051–1061. https://doi.org/10.1587/transinf.E94.D.1051
Kim, S. J., & Dey, A. K. (2016). Augmenting human senses to improve the user experience in cars: applying augmented reality and haptics approaches to reduce cognitive distances. Multimedia Tools and Applications, 75(16), 9587–9607. https://doi.org/10.1007/s11042-015-2712-4
Kluge, M., & Asche, H. (2012). Validating a Smartphone-Based Pedestrian Navigation System Prototype An Informal Eye-Tracking Pilot Test. In B. Murgante, O. Gervasi, S. Misra, N. Nedjah, A. Rocha, D. Taniar, & B. O. Apduhan (Eds.), COMPUTATIONAL SCIENCE AND ITS APPLICATIONS - ICCSA 2012, PT II (Vol. 7334, Issues 12th International Conference on Computational Science and Its Applications (ICCSA), pp. 386–396).
Kurzhals, K., Hlawatsch, M., Seeger, C., & Weiskopf, D. (2017). Visual Analytics for Mobile Eye Tracking. IEEE Transactions on Visualization and Computer Graphics, 23(1), 301–310. https://doi.org/10.1109/TVCG.2016.2598695
Li, X., Yi, W., Chi, H.-L., Wang, X., & Chan, A. P. C. (2018). A critical review of virtual and augmented reality (VR/AR) applications in construction safety. AUTOMATION IN CONSTRUCTION, 86, 150–162. https://doi.org/10.1016/j.autcon.2017.11.003
Nielsen, J., & Molich, R. (1990). Heuristic evaluation of user interfaces. Conference on Human Factors in Computing Systems - Proceedings, April, 249–256. https://doi.org/10.1145/97243.97281
Oney, S. Z., Rodrigues, N., Becher, M., Ertl, T., Reina, G., Sedlmair, M., & Weiskopf, D. (2020). Evaluation of Gaze Depth Estimation from Eye Tracking in Augmented Reality. In S. N. Spencer (Ed.), ETRA 2020 SHORT PAPERS: ACM SYMPOSIUM ON EYE TRACKING RESEARCH & APPLICATIONS (Issue ACM Symposium on Eye Tracking Research and Applications (ETRA)). https://doi.org/10.1145/3379156.3391835
Panetta, K., Wan, Q., Kaszowska, A., Taylor, H. A., & Agaian, S. (2019). Software architecture for automating cognitive science eye-tracking data analysis and object annotation. IEEE Transactions on Human-Machine Systems, 49(3), 268–277. https://doi.org/10.1109/THMS.2019.2892919
Park, K. S., Cho, I. H., Hong, G. B., Nam, T. J., Park, J. Y., Cho, S. I., & Joo, I. H. (2007). Disposition of information entities and adequate level of information presentation in an in-car augmented reality navigation system. In M. J. Smith & G. Salvendy (Eds.), HUMAN INTERFACE AND THE MANAGEMENT OF INFORMATION: INTERACTING IN INFORMATION ENVIRONMENTS, PT 2, PROCEEDINGS (Vol. 4558, Issue Symposium on Human Interface and the Management of Information held at HCI International 2007, pp. 1098-+).
Pfeiffer, J., Pfeiffer, T., Greif-Winzrieth, A., Meissner, M., Renner, P., & Weinhardt, C. (2017). Adapting Human-Computer-Interaction of Attentive Smart Glasses to the Trade-Off Conflict in Purchase Decisions: An Experiment in a Virtual Supermarket. In D. D. Schmorrow & C. M. Fidopiastis (Eds.), AUGMENTED COGNITION: NEUROCOGNITION AND MACHINE LEARNING, AC 2017, PT I (Vol. 10284, Issues 11th International Conference on Universal Access in Human-Computer Interaction (UAHCI) held as part of 19th International Conference on Human-Computer Interaction (HCI International), pp. 219–235). https://doi.org/10.1007/978-3-319-58628-1_18
Pontillo, D. F., Kinsman, T. B., & Pelz, J. B. (2010). SemantiCode: Using content similarity and database-driven matching to code wearable eyetracker gaze data. Eye Tracking Research and Applications Symposium (ETRA), April, 267–270. https://doi.org/10.1145/1743666.1743729
Ramkumar, N., Fereydooni, N., Shaer, O., & Kun, A. L. (2019). Visual Behavior During Engagement with Tangible and Virtual Representations of Archaeological Artifacts. In J. Cauchard, V. Gentile, M. Khamis, & S. Sorce (Eds.), 8TH ACM INTERNATIONAL SYMPOSIUM ON PERVASIVE DISPLAYS (PERVASIVE DISPLAYS 2019) (Issue 8th ACM International Symposium on Pervasive Displays (Pervasive Displays)). https://doi.org/10.1145/3321335.3324930
Renner, P., Pfeiffer, T., Marchal, M., Teather, R. J., & Thomas, B. (2017). Attention Guiding Techniques using Peripheral Vision and Eye Tracking for Feedback in Augmented-Reality-Based Assistance Systems. In 2017 IEEE SYMPOSIUM ON 3D USER INTERFACES (3DUI) (Issue 12th IEEE Symposium on 3D User Interfaces (3DUI), pp. 186–194).
Rohs, M., Schleicher, R., Schoning, J., Essl, G., Naumann, A., & Kruger, A. (2009). Impact of item density on the utility of visual context in magic lens interactions. PERSONAL AND UBIQUITOUS COMPUTING, 13(8), 633–646. https://doi.org/10.1007/s00779-009-0247-2
Rolland, J. P., Biocca, F. A., Barlow, T., & Kancherla, A. (1995). Quantification of adaptation to virtual-eye location in see-thru head-mounted displays. Proceedings - Virtual Reality Annual International Symposium, 56–66. https://doi.org/10.1109/vrais.1995.512480
Sayed, A. M., Shousha, M. A., Islam, M. D. B., Eleiwa, T. K., Kashem, R., Abdel-Mottaleb, M., Ozcan, E., Tolba, M., Cook, J. C., & Parrish, R. K. (2020). Mobility improvement of patients with peripheral visual field losses using novel see-through digital spectacles. PLOS ONE, 15(10). https://doi.org/10.1371/journal.pone.0240509
Sheikh, S., bin Heyat, M. B., AlShorman, O., Masadeh, M., & Alkahatni, F. (2021). A Review of Usability Evaluation Techniques for Augmented Reality Systems in Education. In Qaralleh E (Ed.), PROCEEDINGS OF THE 2021 INNOVATION AND NEW TRENDS IN ENGINEERING, SCIENCE AND TECHNOLOGY EDUCATION CONFERENCE (IETSEC 2021) (pp. 18–23). https://doi.org/10.1109/IETSEC51476.2021.9440506
Swan, J. E., & Gabbard, J. L. (2005). Survey of User - Based Experimentation in Augmented Reality. Proceedings of 1st International Conference on Virtual Reality, 1–9. https://doi.org/10.1.1.527.6345
Tanabe, A., & Yoshioka, Y. (2020). Gazing Pattern While Using AR Route-Navigation on Smartphone. In T. Ahram (Ed.), ADVANCES IN HUMAN FACTORS IN WEARABLE TECHNOLOGIES AND GAME DESIGN (Vol. 973, Issues 10th International Conference on Applied Human Factors and Ergonomics / AHFE International Conference on Human Factors and Wearable Technologies / AHFE International Conference on Game Design and Virtual Environments, pp. 325–331). https://doi.org/10.1007/978-3-030-20476-1_33
Tullis, T., & Albert, B. (2013). Chapter 7 - Behavioral and Physiological Metrics. In T. Tullis & B. B. T.-M. the U. E. (Second E. Albert (Eds.), Interactive Technologies (pp. 163–186). Morgan Kaufmann. https://doi.org/https://doi.org/10.1016/B978-0-12-415781-1.00007-8
Wang, T. K., Huang, J., Liao, P. C., & Piao, Y. (2018). Does Augmented Reality Effectively Foster Visual Learning Process in Construction? An Eye-Tracking Study in Steel Installation. Advances in Civil Engineering, 2018. https://doi.org/10.1155/2018/2472167
Wiesner, C. A., Ruf, M., Sirim, D., & Klinker, G. (2017). 3D-FRC: Depiction of the future road course in the Head-Up-Display. In W. Broll, H. Regenbrecht, & J. E. Swan (Eds.), PROCEEDINGS OF THE 2017 IEEE INTERNATIONAL SYMPOSIUM ON MIXED AND AUGMENTED REALITY (ISMAR) (Issues 16th IEEE International Symposium on Mixed and Augmented Reality (ISMAR), pp. 136–143). https://doi.org/10.1109/ISMAR.2017.30
Zhu, Y., & Li, N. (2021). Virtual and augmented reality technologies for emergency management in the built environments: A state-of-the-art review. Journal of Safety Science and Resilience, 2(1), 1–10. https://doi.org/10.1016/j.jnlssr.2020.11.004
 
About the Authors
	[image: picture of author]
	Kurtis Goad
Kurtis Goad is a Human Factors Scientist at the National Institute of Standards and Technology. He conducts Usability research with virtual and augmented reality. Kurtis received his master’s degree in Cognitive Psychology, specialized in Human Factors and Applied Cognition from George Mason University.

	[image: picture of author]
	Kevin Mangold
Kevin Mangold works as a Computer Scientist at the National Institute of Standards and Technology. Kevin is investigating how virtual and augmented reality technologies can be leveraged by the public safety community. His primary focus is researching the usability impact of integrating these technologies into the lives of first responders.

	
	Yee-Yin Choong
Dr. Yee-Yin Choong is a Human Factors Scientist at the National Institute of Standards and Technology. Yee-Yin conducts research in human-centered design and evaluation, usable cybersecurity, public safety communications technology, augmented-reality usability, and biometrics usability. Yee-Yin received her PhD in Industrial Engineering, specialized in Human Factors from Purdue University.

	
	




Journal of Usability Studies	Vol. X, Issue X, X 2015
Journal of Usability Studies	Vol. X, Issue X, X 2015

image4.png
1 2 4
Evaluation Scope (I AZIIEAEE bility Metrics
Determine AR Identify representative  Develop representative Select applicable Define measures for
functions or features users and the scenario and select usability metrics the selected metrics.

to be evaluated context of use tasks for evaluation




image5.jpeg
s Alibiddssssss





image6.png

image1.jpeg
< JOURNAL OF USABILITY STUDIES




image2.png
i](;lé:’nal of
Experience

JU





image3.png
&
-‘II uxpa




