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Robot Plan Visualization using Hololens2
Darshan Gad
Department of Signals and Systems
Chalmers University of Technology

Abstract
In recent years, the use of robots as the designated solution for simplifying human
tasks has seen a notable rise. The incorporation of robots is diverse, and has catered
to purely industrial applications like production lines as well as to collaborative en-
vironments where humans and robots work together. Research has shown that to
increase human reliance on robots, human Trust in robots is essential. However,
the integration of robots into human workflows poses a challenge, as it may lead
to potential failures arising from software malfunctions, shifts in operating environ-
ments, or the misinterpretation of human intentions. Therefore, it is desirable to
have a means of conveying both the failures and intentions of robots. One possi-
bility for communication involves the use of Augmented Reality. Recent studies in
the augmented reality domain reveal that providing humans with information about
the robot’s intentions, significantly aids in understanding the robot’s behavior and
plays a crucial role in building trust.
The objective of this thesis is to investigate the advantages of visualizing robot ac-
tions for users and to conduct an assessment of this visualization approach using
augmented reality. In the initial phase, we developed a system to enable the visual-
ization of robot’s actions in augmented reality, providing users with the capability to
replay each action in a robot task. Following this, we conducted a user study to eval-
uate whether visualizing robot intentions contributes to an enhanced understanding
of robot behavior and improves users’ ability to identify robot failures caused by
errors in plans, incorrect execution of plans by the robot or due to changes in the
robot environment .
The results of the user study indicate that users were significantly more success-
ful in understanding the robot’s intentions. When failures occurred, users could
identify them 97% of the times by visualizing the robot’s intentions. Moreover, we
found that the ability to replay the robot’s actions further enhanced users’ ability
in identifying failures in robot actions.

Keywords:
Explainable AI Planning
Augmented Reality
Robot failure visualization
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1
Introduction

In recent years, the use of robots as the designated solution for simplifying human
tasks has seen a notable rise. The incorporation of robots is diverse, and has catered
to purely industrial applications like production lines as well as to collaborative en-
vironments where humans and robots work together [6]. The integration of robots
into human work�ows poses a challenge, as it may lead to potential errors arising
from software malfunctions, shifts in operating environments, or the misinterpreta-
tion of human intentions. [7].

Research has shown that to increase human reliance on robots, humanTrust in
robots is essential [8]. Building this trust requires assurance that tasks assigned to
robots will be executed without errors and without posing any risks, whether under
supervision or in unsupervised scenarios. The provision of tools that enable humans
to detect potential failures in robot performance before execution is crucial. This
proactive approach not only aids in understanding robot behaviors but also plays a
pivotal role in establishing and reinforcing trust [9].

In this thesis we particularly focus on supporting users understanding the high-level
decision making process of the robot. These high-level steps are also referred as
Automated Planning (AP) [10]. Planning is the process of deducing in advance,
the steps needed to achieve a goal [11]. Automated Planning, deals with abstract-
ing several basic or low-level actions, such as picking up an object, to complex or
high-level tasks, such as setting the table. The abstraction of low level actions to
high level tasks is carried out by a tool calledPlanner [12]. The high level tasks
generated by the planners are also referred to as plans. The plans de�ne an op-
timal sequence of actions to achieve a goal. Before plans can be generated, each
action needs to be de�ned using a set of preconditions, and a set of e�ects [13].
AP involves the study of methods of creating, analysing, managing, and executing
plans [14]. But, the plans generated from AI planning and the action speci�cation
are complex to understand and often require domain knowledge in understanding
them [13]. According to research, explaining these plans to the users is an e�ective
way to increase human trust in robots [15]. Since most people are not robot experts,
it has been suggested that visualization of plans is, an e�ective way for the users
to understand robotic behaviors before evaluating them in the real world [16]. This
thesis will investigate visualization of plans as a tool to facilitate the detection of
plan execution failures before execution on the physical robots.

Study has shown thatAugmented Reality (AR) is an e�ective tool to visualize
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1. Introduction

robot plans [17]. AR is a system that enhances the real world by superimposing
computer-generated information on top of it. In the context of the thesis AR su-
perimposes the robot holograms in the real world which makes the visualizations of
robot execution of the plans, more realistic and easier to interpret [18]. There are
other traditional visualization tools such as,
Gazebo : Provides a virtual environment equipped with a 3D physics simulator
and brings realistic simulations for testing and visualization.
RViz : Here we can visualize the movements of the robot in 3D space. It is mainly
used to see the robots' current state and sensor information.

These traditional solutions require modeling of the environment around the robot
and lacks the real-world sense o�ered by AR.

The following are the contributions of this thesis,
ˆ We developed a system that will enable visualization of high-level robot plans

in AR aiming to improve the detection of intentions and failures by the users,
ˆ An user interface is developed that allows the users to switch between robots

and visualize the execution of tasks by the selected robot,
ˆ The user is able to replay the robot action using the user interface which helps

in identifying the robot failures,
ˆ We conducted a user study to analyze the ability of the user to detect robot

failures given the robot plans are visualized.

1.1 Research questions

In this thesis we address the following research questions.
1. Does AR visualization of the high-level plan allow users to detect potential

failures before the execution on the real robot?
2. How e�ective is the action visualization in AR, in detecting action mis-speci�cation?

3. Does providing tools to the user to playback the actions aid in robot failure
identi�cation?
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2
Related Work

The applications involving human interaction and collaboration with robots, where
speci�c tasks are performed jointly, are commonly referred to as Human-Robot Inter-
action (HRI) and Human-Robot Collaboration (HRC). The success of human-robot
collaboration or interaction relies signi�cantly on the establishment of trust among
the users toward the robot's operations. Here, we study researches performed within
the areas of HRI/HRC, focusing speci�cally on the recognition ofIntent and fail-
ure , both aspects being crucial for building trust. These studies explore techniques
and advantages related to recognizing the intentions of robots, where the plans and
actions of the robot play a pivotal role.

In a particular study [1], participants were equipped with augmented reality (AR)
devices designed to convey the intended �ying direction of a drone. This research fo-
cuses on assessing how the visualization of robot intentions in�uences the e�ciency
of collaboration between humans and robots. The AR hardware utilized in this
study includes Hololens and Meta2. The user interface includes spatial mini-maps
o�ering information about the position or planned route of the robots in relation
to the user, indicators re�ecting robot status (such as battery level, task progress,
task queue, etc.), and live video streams from the camera(s) mounted on the robot.
Figure 2.1 illustrates various potential AR visualizations depicting the intent of the
robot.

Figure 2.1: Ways of conveying info using AR in HRI by visualizing robot motion
intent. Left to Right 4 reference prototypes for cuing aerial robot �ight motion: (A)
NavPoints, (B) Arrows, (C) Gaze, (D) Utilities [1].

Another research study proposes a system designed to assess the intentions of hu-
mans, thereby reducing the workload in a co-located environment [2]. Utilizing
the Microsoft HoloLens as the AR hardware, this system is tailored for facilitat-
ing collaboration between humans and industrial robots through a head-mounted
device (HMD). The system presents the intended goal of the robots, speci�cally
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2. Related Work

the end-e�ector position, through a hologram that incorporates a 3D sound source
and a virtual display of intent, as depicted in Figure 2.2. Notably, the system is
robot-agnostic and entirely portable, requiring minimal setup at the initiation of
interaction. It ensures that a single human worker can seamlessly interface with
multiple robots consecutively, eliminating the need for specialized robot cells or sen-
sors around each robot. .

Figure 2.2: Visualisation of the intentions of the robot to the human coworker -
virtual execution with a holographic robot and plan visualisation [2].

A study conducted at Örebro University in Sweden [19] presents various solutions
aimed at enhancing safety for humans working in areas shared with robots. The
robot setup for this study is illustrated in Figure 2.3. Autonomous guided vehicles
(AGVs) are increasingly utilized in industries, with one notable application being
forklifting. In shared workspaces, these forklifts operate continuously. The project's
objective is to project the robot's intent onto the shared workspace using arrows
or similar signs easily observable by humans. To achieve this goal, the robots are
equipped with cameras to track the eye movements of nearby humans. This eye-
tracking data is utilized to understand the direction of human movement, enabling
the robots to avoid collisions. The study employs augmented reality (AR) modeling
of the robot, tested in a real environment before conducting trials with actual robots.

In the research study conducted in Japan [20], the focus is on a mixed reality inter-
face system designed to allow users to visualize the current state of robot perception
in a retail environment. This addresses the challenge where users lack awareness of
the robot's perception, leading to a de�cit in trust during the adoption of robots in
home or retail settings. The study concludes that employing a mixed reality system
facilitates the understanding of human-robot interaction by non-expert users. The
mixed reality interface employs a Head-Mounted Display (HMD) worn by users, pro-
viding a visual representation of the robot's internal perception of the environment.
Figure 2.4 illustrates the visualization of perception presented to users. In a retail
context, the study utilizes robots to guide customers with product descriptions and
as a store map. Employees in the retail setting, equipped with HMDs, can monitor
the robot's status in real-time as it performs its tasks.
In a related project [21], the impact of Industry 4.0 on increasing robot usage in
various industries is discussed, emphasizing the importance of enhancing the safety
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2. Related Work

Figure 2.3: A standard short throw projector (1) is mounted on a retro�tted Linde
CitiTruck AGV (3). The projector is used to project the intention of the vehicle
on the ground plane in front of the truck. Two scanners are mounted in front (2)
and back to ensure safety for participants and for tracking the participant motion
during the experiment. Label (4) represents the markers placed on the robot for
eye-tracking data analysis.

of humans working alongside robots. This project introduces an Augmented Reality
(AR) system designed to display robot faults, with Microsoft HoloLens serving as the
AR hardware. Virtual symbols are employed to simulate faults in robots, including
scenarios such as collisions, software errors, braking system malfunctions, or sensor
errors. These symbols are strategically positioned in the AR domain, providing a
visual representation close to the location of the identi�ed fault. The results from
this approach indicate that users can recognize faults more accurately and with
fewer movements. Figure 2.5 illustrates an example of such a symbol, in this case,
an arrow, utilized to guide technicians to the point of failure. This adaptive AR
system contributes to improving the e�ciency of fault recognition in human-robot
collaborative environments.
While the presented research examples focus on visualizing the intent of robots
in motion, this thesis focuses on visualization of step-wise execution of plans. This
thesis will also study the e�ectiveness of robot plan visualization as a tool to identify
the failures of the robot tasks before their execution in real world.
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Figure 2.4: Illustration of the service robotics solution. Top left: An employee
teaches the robot about a new product using natural language. Top right: The
robot serves a customer who asked for the newest product in store. Bottom left: An
employee monitors the robot status in MR while it guides a customer to the toilet.
Bottom right: A customer interacts with the robot through an MR-enabled device
to download a new digital point card.
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Figure 2.5: A virtual red arrow marked in the blue circle is used to capture
technician's attention by pointing to the direction of the fault
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Figure 3.1: Niryo one [3] Figure 3.2: Niryo one model

3
Background

3.1 Hardware and software tools

In this thesis we use two robot platforms, the Niryo one and the UR3. Following is
the speci�cations of the robots.

3.1.1 Niryo Robot

The Niryo one robot [22] is a 6 axis desktop robot by Niryo. The robot serves edu-
cational purposes and for testing in small assembly lines. Figure 3.1 and 3.2 shows
the images of the real and model of Niryo one robot. The manufacturer of the Niryo
one robot also provides the Uni�ed Robot Description Format (URDF) model of
the robot containing XML speci�cations for robot models, sensors, etc, which can
be imported into 3D tools like Unity.

ˆ The robot weighs about 3Kgs and carry payload upto 0.3Kgs.
ˆ Its robot arms can reach a circle of radius 44cm.
ˆ The robot can connect to 2.4Ghz WiFi in the range 802.11n
ˆ Power consumption is about 60W at 12V.
ˆ The gripper weights 70g and is 8cm long.
ˆ Max opening width of the gripper is 27mm.

In this user study the Niryo one robot model is used in simulations and in user
study.

9



3. Background

Figure 3.3: UR3 robot [4] Figure 3.4: UR3 Gripper

3.1.2 UR3 Robot

The Universal Robot 3 seen in �gure 3.3 is a more powerful robot used for light
assembly and automation. It is developed by Universal robots. UR3 weighs about
11 Kgs and it can carry payload up to 3 Kgs and has a slightly larger reach of
50cm. Due to reasons described in 4.3.1, the user study did not include UR3 robot
to maintain the time plan. However UR3 robot model was incorporated in the
simulations where the user were able to switch between the robots using a UI. The
UR3 robot does not include a built in gripper. However, URDF models of UR3
robot with Robotiq 2-Finger 140 mm gripper[23], shown in �gure 3.4, is available as
open source, which was used in this thesis work.

3.1.3 Unity

Unity is a 3D game engine from Unity Technologies and is popular for game develop-
ment, augmented reality (AR) and virtual reality(VR) applications. A majority of
AR/VR applications are developed using Unity. Unity ecosystem supports several
extended plugins that enable functionalities like, TCP connection, ROS interactions
etc,. In this thesis we use Unity to develop AR applications to enable visualization
of robot plans.

Unity supports importing of robot models in URDF format provided by the devel-
opers of the robot. The URDF �les are represents a robot model in XML format.
These robot models enable movement of robotic arms in x,y and x axis and emulate
physical properties like, gravity, damping, friction etc.

3.1.4 Mixed Reality Toolkit

Mixed Reality Toolkit (MRTK) is used in this thesis to enable deployment of the
app in Microsoft Hololens 2. MRTK enables user interaction using spatial buttons

10



3. Background

that can be interacted by the users while in AR mode.

Mixed Reality Toolkit is a tool developed by Microsoft that enables development
of AR apps in Unity. It provides the building blocks for spatial interactions and
user interface. MRTK provides in-editor simulation that enables rapid prototyping.
MRTK supports wide range of platforms including, Windows XR, Occulus XR, iOS
etc.

3.1.5 Vuforia

Vuforia Engine is a software development kit (SDK) used in AR apps. The SDK
provides advanced computer vision functionality enabling images and recognition
and providing intuitive options to interact with the real world.

A specifc example of Vuforia engine is to activate a robot in AR mode on detection
of a speci�c pre-con�gured image. This features enables positioning of the AR robot
in a pre-de�ned position irrespective of the orientation of the AR hardware.

We are using Vuforia to setup activation of a speci�c robot when the AR headset
detects a prede�ned image using the built in camera.

3.1.6 Robot Operating System

The Robot Operating System (ROS) is an open source collection of robot com-
ponents, tools and libraries that enables development of robot applications. ROS
enables development of a robot using a "Digital Twin" version of the robot instead of
using the real robot. This increases the development speed providing a shorter time
to market. Using this approach, a robot functionality can be tested in advanced
before actually deploying the software to the real robot.

In this thesis we use ROS to communicate with the Unity project and calculate the
trajectory of the robot arms to perform a task.

3.1.7 MoveIT library

MoveIt is a robot manipulation platform for ROS, and supports the features like
motion planning, manipulation, 3D perception, kinematics, control, and navigation.
MoveIT can be used to calculate a robotic joint trajectory to move the robot from an
initial position to the goal position. The symbolic AI planning solution generated
from solving a PDDL problem can be used to invoke the moveIT library and to
feed it with the initial and goal positions of the robot arms to generate a trajectory
required to achieve this.

This trajectory is key in executing the planning solution in simulations in Unity or
in AR.

11




	List of Acronyms
	List of Figures
	Introduction
	Research questions

	Related Work
	Background
	Hardware and software tools
	Niryo Robot
	UR3 Robot
	Unity
	Mixed Reality Toolkit
	Vuforia
	Robot Operating System
	MoveIT library
	Hololens2

	Automated Planning 
	Planning Domain specification
	Planning Problem specification
	Planners


	Methods
	System overview
	Method to visualize of high-level plans in AR
	Unity setup
	Pick and Place Task
	Environment description

	Trajectory Execution methods
	Joint position based trajectory execution
	Physical articulation based trajectory execution
	Issues with position based control of robot joints

	Robot trajectory calculation method : ROS Setup
	ROS service
	Setup connection to Hololens2
	Docker vs Virtualbox for ROS


	Deployment and test execution

	User Study
	User study procedure
	Use case 3,4 and 7 : Successful case

	Plan-Execution mismatch 
	Use case 1 : Blue cube stacked on red cube
	Use case 2 : Blue cube stacked on red cubes original position

	Execution failures
	Use case 5 : Early release of blue cube
	Use case 6 : Gripper does not close while grasping cubes

	Incorrect data in service request
	Use case 8 : Incorrect goal position for blue cube
	Use case 9: Incorrect pick position for red cube

	Incorrect plan
	Use case 10 : Missing grasp action for blue cube
	Questionnaire


	Results
	User study outcome
	Real cube vs virtual cube

	Conclusion and future outlook
	Ethical and sustainability aspects

