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Abstract

Aims: Sharing a robot's intentions is crucial for building human confidence and ensuring safety in robot co-located environments.
Communicating planned motion or internal state of a robot in a clear and timely manner is challenging, especially when users are occupied
with other tasks. Augmented reality (AR) offers an effective medium for delivering visual cues that convey such information. This study
evaluates a smartphone-based AR interface designed to communicate a robot's navigation intentions and enhance users’ situational
awareness (SA) in shared human-robot settings.

Methods: We developed a mobile AR application using Unity3D and Google ARCore to display goal locations, planned trajectories, and the
real-time motion of a Robot Operating System enabled mobile robot. The system provides three visualization modes:
Goal Visible, Path Visible, and Robot Visible, with spatial alignment achieved via a reference image marker. Fifty-eight participants, with varying
levels of experience in robotics and AR, took part in an online user study. SA was assessed using a query-based evaluation adapted from the
Situational Awareness Global Assessment Technique (SAGAT), examining perception, comprehension, and projection levels. A
post-assessment survey captured user opinions on usability and perceived benefits.

Results: Participants achieved an average SAGAT score of 86.5%, indicating improved awareness of the robot mission, spatial positioning,
and safe zones. AR visualization was particularly effective for identifying obstacles and predicting unobstructed areas. In the
post-assessment survey, over 96.6% of participants agreed that the interface enhanced their confidence and understanding of robot motion
intentions.

Conclusion: A mobile AR interface can significantly enhance SA in shared human-robot environments by making robot intentions more
transparent and comprehensible. Future work will include in-situ evaluations with physical robots, integration of richer robot-state
information such as velocity and sensor data, and the exploration of additional visualization strategies that further strengthen safety,
predictability, and trust in human-robot collaborative environments.
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1. Introduction

Robots are increasingly deployed in industrial, domestic, and service environments, resulting in more frequent interactions between
humans and autonomous systems. As these systems operate alongside people, it becomes essential for users to understand an
autonomous agent’s current behavior, intended motion, and decision-making process. This ability to interpret and anticipate robot
behavior is commonly referred to as intention readability, which contributes directly to safety, trust, and coordination in
human-robot co-located settingsl'™l.

Traditionally, interfaces for human-robot interaction (HRI) have focused on one-way communication, allowing humans to issue
commands while robots execute them. Although effective for task assignment, such interfaces provide little insight into the robot’s
reasoning or planned motion. Communicating a robot’s intent in an intuitive manner remains challenging, because many systems
lack mechanisms for conveying internal state, decision processes, or motion goals in ways that humans can readily interpret.
Interfaces that expose a robot’s internal state help make interaction more transparent and user-centered, enabling operators to
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better understand its goals, performance, and reasoning processes!’-!l. This transparency supports situational awareness (SA), which
enables users to perceive, comprehend, and project relevant information about the system and environment!' 12,

Augmented reality (AR) has become a compelling medium for improving human understanding of robot behavior. By anchoring
virtual information within physical space, AR provides spatially grounded visualizations that make a robot’s planned actions and
navigation behavior more explicit during interaction!'?l. Prior works have shown that AR can effectively visualize robot motion
intentions!®!%1%], task progress!*°l, traversed pathsl®!, and internal or sensory states!'®!’l. Presenting these cues directly in the user’s
environment has been shown to enhance comprehension, increase interaction fluency, and improve user confidence in shared
workspaces!>1l.

Recent studies further support the value of AR for intention communication in deployment contexts. For instance, AR-based overlays
have been shown to improve trust, calibration and coordination in human-robot teamwork, and AR-enabled path and goal displays
can help co-workers better anticipate robot actions in shared spaces!!®:'°l. Similarly, mixed-reality interfaces for industrial or
collaborative tasks have demonstrated that making robot intent visually accessible improves task understanding and reduces
ambiguity during interaction!?%-2!l. Collectively, these recent studies highlight a consistent trend: AR-based visualization improves
human awareness of what robots will do, where they will go, and how they will behave, especially in co-located settings.

Despite these promising findings, much of the existing work relies on specialized hardware such as projection systems!'*?? or
head-mounted displays!'>23l. These constraints limit broader deployment of AR-based interfaces in everyday human-robot
environments?*l. In contrast, the present work introduces a lightweight smartphone-based AR framework that unifies multiple forms
of intention visualization, including goal indication, path representation, and virtual robot motion simulation, within a single and
easily deployable interface. By spatially aligning virtual elements with the physical environment using only a smartphone and a
reference marker, the proposed system reduces setup complexity and enables intention visualization outside a controlled research
environment.

Moreover, although previous studies have illustrated perceived benefits of AR-based communication, recent surveys highlight that
empirical evaluations of SA remain limited!'®. To address this gap, we assess user awareness using a structured Situational Awareness
Global Assessment Technique (SAGAT)-based methodology, offering new evidence on how a lightweight mobile AR solution influences
mission awareness and spatial awareness in robot-shared environments. This evaluation extends our earlier demonstrations of
mobile AR-based human-robot communications!?>2! and contributes toward a deeper understanding of the role of mobile AR in
supporting transparency, predictability, and human-robot coordination.

2. Implementation of AR Visualization Interface

We developed a mobile AR application that can be used by a human operator to serve as a visualization interface on which
information regarding a mobile robot navigating in the environment can be displayed. The AR application is developed using
state-of-the-art Google ARCore technology?” and the Unity3D game engine. The AR interface helps visualize the goal, navigation
path, and expected motion of a Robot Operating System (ROS) enabled mobile robot by generating virtual objects at the
corresponding spatial locations in the AR scene. The pose of a reference marker is used to make a correspondence between
real-world coordinates in the robot’s map and the AR environment[?’l. Specifically, a 2D image marker is affixed on the floor at a
known real-world map coordinate location that serves as a reference (Figure 1a) to determine the spatial location of the virtual
objects in the robot’s map. Then, these virtual objects are rendered in the corresponding spatial locations with reference to this
reference coordinate axis (reference marker pose).

p—— T T
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Figure 1. AR interface screenshots. The green dots represent the projected navigation path, and the blue virtual object with purple arrow denotes the target goal pose.

(a) Left: The planned trajectory and goal are visualized within the AR environment. A virtual coordinate frame rendered on an image marker represents the global map

reference frame; (b) Right: The goal pose is visualized with an arrow indicates the robot's desired orientation at the target location. AR: augmented reality.
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When the AR application launches, it scans the environment and detects feature points, as well as the reference marker, and waits to
receive data from the robot system. TurtleBot3, a ROS enabled robot is used as the mobile robot platform for this work, and Bluetooth
communication is established between the AR device (smartphone) and the PC running the ROS master. The AR application is
provided with three visualization options, namely, Goal Visible, Path Visible, and Robot Visible. On the AR application, when the user
selects a specific visualization option, the corresponding ROS topics are subscribed to on the ROS end and seamlessly send data to the
smartphone AR device. The navigation coordinate data, which are represented in the right-handed coordinate system in ROS, are
converted to the left-handed coordinate system of the AR application before being transmitted to the AR device.

The goal pose of the mobile robot is indicated by a virtual pin-point object with an arrow as shown in Figure 1b. The arrow direction
indicates the orientation of the robot at the goal location. When the Goal Visible option is enabled, the AR application sends a goal
request to the serial node on the ROS end. The ROS topic/move base/current_goal is subscribed to by the ROS node and the target
goal pose is transmitted to the AR application. A new virtual goal object is rendered in the AR scene at the corresponding real-world
spatial location.

When a new goal is selected for the robot, a navigation path to the selected target coordinate is computed based on the cost map!?®!
of the area. If the Path Visible option is enabled in the AR interface, the ROS topic/move base/NavinROS/plan is subscribed by the ROS
node, and waypoint coordinates are sent to the AR application. The waypoints of the planned trajectory are represented by the green
virtual sphere objects rendered in the AR scene as shown in Figure 1a.

A virtual robot visualization framework helps users to understand the movement of the robot in the absence of a real robot, assuming
no dynamic obstacles are present on the path. A CAD model of the robot is exported into the Unity3D environment to get the specific
virtual robot model. If the Robot Visible option is enabled, the ROS topic (amcl_pose) is subscribed to by the ROS node, and
instantaneous poses of the robot are transmitted to the AR application to visualize the motion of the virtual robot (Figure 2). The
virtual robot is also surrounded by a buffer zone visualization (shown as a yellow circular region, see Figure 3) with a radius of 0.5 m
(inflation radius is 0.5 m) to indicate a possible obstructed area while navigating through the planned path.

()

Figure 2. AR visualization of a virtual robot navigation simulation, showing the planned trajectory (green dots), the robot’s final pose with orientation (arrow), and the safety
buffer zone (yellow circle) around the virtual robot. An obstacle positioned near the path illustrates how spatial relationships and potential collision regions are conveyed to

the user in the augmented scene. AR: augmented reality.

Object
Virtual robot

Buffer zone

Figure 3. AR visualization of a safety buffer region around the virtual robot. (a) Left: When the object appears outside the buffer region, the robot is considered

unobstructed; (b) Right: The object is located inside the buffer zone, representing a potential obstruction. AR: augmented reality.
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3. Evaluation of SA

To assess how effectively the mobile AR interface supports users’ understanding of robot navigation intentions, we conducted a
structured evaluation based on the SAGATI!!!l. SAGAT is a widely used method in human-automation and HRI research for measuring
SA by probing a user’s mental model at specific points during a task. It evaluates SA across three levels defined in Endsley’s
framework!'?: perception (Level 1), comprehension (Level 2), and projection (Level 3). Unlike subjective questionnaires, SAGAT
captures real-time cognitive understanding, making it well-suited for evaluating AR interfaces that provide spatial and temporal cues.

In our study, we incorporated a variety of scenarios and questions to evaluate all three levels of SA. Level 1 SA queries assessed users’
ability to directly perceive information shown in the AR scene, such as the robot’s goal location, visible obstacles, or objects
positioned along the planned path. These questions measure immediate recognition of elements explicitly presented through the AR
visualizations.

Level 2 SA queries examined how well users could comprehend and interpret the information they perceived. For instance, when
presented with a planned trajectory, users needed to recognize potential issues or conflicts that might arise along the navigation
route. To assess this level, we included scenarios where path-environment interactions introduced possible hazards or constraints,
requiring users to move beyond simple perception and form a meaningful understanding of the situation.

Level 3 SA queries evaluated users’ ability to project future states of the environment based on their current understanding. Here,
participants were asked to anticipate likely outcomes, such as whether the robot would navigate safely through an area or whether
the environment contained unobstructed regions. Visualizations of the robot’s intended motion and path provided cues that enabled
users to forecast future events and reason about the robot’s behavior.

Additionally, we considered specific dimensions of SA such as mission awareness and spatial awareness when designing the scenarios
and constructing the SAGAT queries?” to assess how effectively the AR interface supports user understanding. To measure mission
awareness, queries asked participants to identify the robot’s navigation goal or infer the intended direction of travel. These questions
assess whether the AR cues effectively communicate the robot’s high-level objective. For example, the user should be able to
understand how and where the robot is heading and any possible conflicts arising due to the planned trajectory. To measure spatial
awareness, queries focused on recognizing obstacles, determining safe versus obstructed regions, and understanding how these
elements relate to the robot’s planned path. These queries probe the user’s ability to interpret spatial relationships conveyed through
AR overlays such as distances, collisions, and path—-object interactions.

Together, the SAGAT queries capture mission and spatial awareness across perception, comprehension, and projection levels. By
aligning query design with the visual elements of our AR interface, we establish a direct connection between the interface’s features
and users’ cognitive understanding. Table 1 summarizes the full set of questions and associated accuracy rates.

Table 1. SA experiment queries and result.

. Expected . . Accuracy
# SAGAT Queries SA Dimensions
Response Rate (%)
1 Where is the goal location of the robot At B L1, Mission, Spatial 82.76
2 What will be the final orientation of the robot? Toward South-West L1, Mission, Spatial 87.93
3 Arethere any objects along the planned trajectory of the robot that will Yes L1, L2, Mission, Spatial 983
obstruct its path?
4 How many objects encountered along the planned trajectory may obstruct  Two L2, Mission, Spatial 86.2
the robot's path?
5 How many objects serving as obstacles are present along the planned One L2, L3, Mission, Spatial 81.03
trajectory of the robot?
6 Which zones may be suitable for users to occupy without worrying about Zone A& C L2, L3, Spatial 82.76

obstructing the robot’'s motion in the given environment?

SA: situational awareness; SAGAT: Situational Awareness Global Assessment Technique.

4. Experiments and Results

4.1 SAGAT assessment

We conducted a user study to evaluate the SA and usability of the AR visualization interface. A total of 58 participants took part in the
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study, including 14 females and 44 males, with ages ranging from under 20 (n = 2), 21-30 (n = 45), 31-40 (n = 9), and 41-50 (n = 2). Most
participants reported prior experience with robotics (86.2%) and augmented reality (79.3%). The study was administered online and
followed the SAGAT methodology, in which participants responded to query prompts associated with AR scenarios representing
robot goals, planned paths, obstacles, and safe regions in the environment.

To begin, participants were shown two sample AR scenes to familiarize them with the visualization elements. They were then
presented with a sequence of screenshots, each illustrating a specific scenario, followed by a SAGAT query. The queries were
designed to assess users’ perception, comprehension, and projection of information related to the robot’s mission, planned
trajectory, obstacles, and safe zones. Table 1 summarizes the queries and corresponding SA dimensions.

Quantitative SA scores were computed by comparing participant responses with the expected answers. SA performance was
determined by how well participants understood the information presented through the various AR visualization features. Queries
Q1-Q3 examined Level 1 SA, assessing users’ ability to directly perceive AR information, such as the robot’s mission goal and visually
apparent obstacles. These queries primarily targeted the mission awareness dimension, with correct response rates of 82.76% or
higher.

Queries Q4 and Q5 examined users’ awareness of the planned trajectory and the presence of obstacles along or near the robot’s path.
Two types of scenarios were presented: one in which obstacles appeared directly on or very close to the path, and another in which
an obstacle was positioned near the trajectory but did not obstruct it. A virtual robot with a buffer zone was shown to help users
interpret potential collision areas. Participants correctly identified obstacles located on or near the path in 86.2% of cases (Q4).
Accuracy decreased to 81% for Q5 when obstacles were positioned just outside the buffer region.

Query Q6 assessed users’ understanding of safe zones, defined as areas in which humans could be present without interfering with
the robot’s operation. The combined visualization of the goal, planned trajectory, and buffer zone enabled 82.76% of users to correctly
identify unobstructed or safe regions in the environment. Overall, participants achieved an average cumulative SAGAT score of 86.5%
across all queries.

4.2 Post-assessment survey

Following the SAGAT assessment, a post-assessment survey was administered to gather participants’ self-ratings of SA and their
perceptions of the AR visualization interface. The survey consisted of 10 items on a 5-point Likert scale, including seven positively
directed statements and three negatively directed statements. Figure 4 summarizes the distribution of participant responses.

Post Assessment Survey

o (o—
@ L — |
o3 r R
o4 L ——
: o a9
O 6 [ oae— ]
o DE—
o8 ]
o B e — |
Q10 B
60 40 20 0 20 40 60

Participants Count

= Strongly disgree Disgree Neutral - Agree = Strongly agree

Figure 4. Post assessment survey response. The user survey is available at this link.

Across the seven positively directed statements, more than 87.9% of respondents selected agree or strongly agree for each item.
Conversely, for each of the three negatively directed statements, over 77.6% of participants selected disagree or strongly disagree.
Responses indicated consistent agreement regarding understanding of robot motion, awareness of the environment, and perceived
safety when robot intentions were visible in advance.

5. Discussion

The results demonstrate that the proposed mobile AR interface effectively supports users’ SA of a mobile robot’s navigation intentions
across perception, comprehension, and projection levels. The average SAGAT accuracy of 86.5% indicates that participants were
generally able to interpret the robot’s goal, planned trajectory, and spatial constraints using the AR visualizations. High accuracy on
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Level 1 queries confirms that goal and obstacle information presented through AR was readily perceivable, while strong performance
on Level 2 and Level 3 queries suggests that users could meaningfully interpret and reason about future robot behavior.

The slightly lower accuracy observed when obstacles were positioned near, but not directly within, the robot’s buffer region
highlights an important design insight. While the buffer visualization aided users in understanding potential collision zones,
interpreting marginal cases requires more nuanced spatial reasoning. This finding aligns with prior work showing that explicit
visualization of robot intent improves human comprehensionl®3%, however, our results indicate that interpreting intent may become
more challenging when environmental constraints are subtle or near boundary conditions. Future designs may benefit from adaptive
or graded visual cues that emphasize proximity and risk more clearly.

The post-assessment survey results further reinforce the objective findings. More than 96.6% of participants (based on Q10) reported
increased confidence and improved understanding of robot motion intentions, indicating that AR visualizations not only enhance
measurable SA but also positively influence subjective perceptions of safety and trust. These outcomes are consistent with recent
studies demonstrating that AR-based intention communication improves trust calibration and coordination in human-robot
collaboration!”"..

A key contribution of this work lies in demonstrating that these benefits can be achieved using a lightweight, smartphone-based AR
interface rather than specialized projection systems or head-mounted displays. Prior studies often rely on such hardware, which can
limit scalability and real-world deployment?*3°l. In contrast, the proposed approach lowers the barrier to adoption while still
providing meaningful improvements in mission and spatial awareness.

While the results are promising, some limitations of this study should be acknowledged. The evaluation was conducted online using
screenshots of the AR setting rather than live interaction with a physical robot, which may affect ecological validity. Additionally, the
study focused primarily on navigation-related intent and did not incorporate dynamic obstacles or richer robot-state information
such as velocity or uncertainty. Despite these limitations, the consistency between objective SAGAT scores and subjective user
feedback suggests that the findings provide a strong foundation for further in-situ evaluation.

6. Conclusion and Future Work

We developed a mobile AR interface designed to enhance users’ SA of a robot’s navigation intentions by making its goals, planned
paths, and motion previews more transparent and intuitive to interpret. Evaluation through a SAGAT-based user study demonstrated
strong performance across all levels of SA, with participants achieving an average accuracy of 86.5%. Users were particularly
successful in distinguishing safe versus obstructed areas, suggesting that the AR visualizations effectively supported interpretation of
spatial relationships and potential collision risks. The post-assessment survey further confirmed these results, with 96.6% of
participants reporting increased confidence and a clearer understanding of the robot’s intentions after interacting with the interface.

These findings highlight the promise of lightweight, smartphone-based AR systems for improving robot transparency and supporting
more intuitive human-robot collaboration, without relying on specialized or costly hardware. Although the study was conducted
online and did not include live interaction with a physical robot, the consistently high accuracy rates and positive user feedback
provide a strong foundation for transitioning the system to real-world deployment.

Future work will include in-situ evaluations with physical robots, integration of richer robot-state information such as velocity and
sensor data, and exploration of additional visualization strategies that further strengthen safety, predictability, and trust in
human-robot collaborative environments.
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