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DEDICATION

To those who have fought hard and won, who have held on and succeeded, and

those who are still bravely in their battle, never let your kindness and

understanding be diminished; let it be the unwavering light that guides you.

iv



EPIGRAPH

Nobody ever figures out what life is all about, and it doesn’t matter. Explore the world. Nearly

everything is really interesting if you go into it deeply enough.

— Richard P. Feynman
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Augmented Reality (AR) displays show virtual information spatially in the physical world.

For example, in the surgical domain, AR displays can overlay medical imaging on top of the

patient to help surgeons distinguish healthy tissue from cancerous tissue. This affordance of

adding visual information near the area of action has led to a gamut of AR applications with

one caveat: their design assumes a flawless alignment between the virtual information and its

physical context. If this alignment fails, the system might mislead users by presenting the virtual

information out of context.

Fortunately, technical advancements in tracking, calibration, and optics have helped
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improve and create a more seamless augmented reality experience; however, even in these

improved systems, alignment failure will lead to user-task performance errors. In my dissertation,

I argue that AR interface design needs to account for such misalignments and limitations of AR

technology. First, I investigated the case of a situated checklist for cardiopulmonary resuscitation

(HoloCPR), which helped deliver accurate guidance even in the presence of tracking errors.

Then, I investigated a telementoring system for trauma procedures (ARTEMIS) which helped

remote surgeons communicate with novices despite a constant registration error. Finally, I showed

that slight optical deviation can drastically impact overall user-task performance and cognitive

workload, even in an idealized environment with perfect tracking and calibration.

I sum the findings of this final piece, along with the systems designed and developed in this

dissertation, to point in the direction of a new type of AR interface building block: contextual aids

and how they may have significant implications for AR interface design for surgical procedures,

paving the way for the development and integration of more advanced AR systems in surgical

practice.
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Chapter 1

Introduction

1.1 Making sense of physical task guidance

People often grapple with understanding written or spoken instructions for manual tasks,

particularly when those instructions delineate the precise positioning and orientation of tools and

instruments. Reading, contextualizing, and executing these instructions requires considerable

mental effort. This is mainly because traditional instruction methods struggle to adequately

articulate complex spatial relationships or dynamic processes, leaving room for misinterpretation

and error.

The advent of multimedia instructions, encompassing illustrations, videos, and interactive

content, has somewhat alleviated this difficulty. Visual aids such as diagrams and video tutori-

als can effectively demonstrate concepts that are otherwise challenging to articulate in words.

However, even these methods are not without their shortcomings. Often, the instructions are

presented in a manner that deviates in scale, orientation, or location from the actual application

area. This discrepancy can still lead to confusion and requires some mental effort on the user’s

part to transpose the instructions into their specific context.

Augmented Reality (AR) technology can reduce the cognitive effort required to make
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sense of instructions. As an interactive, real-time technology, AR superimposes virtual objects

onto the physical world, creating an illusion that they coexist [11, 10]. This seamless integration

allows for the presentation of instructions directly within the user’s environment, thereby reducing

the cognitive load involved in abstracting and applying the instructions to a different spatial

context. I.e., AR enables users to comprehend instructions in their exact physical context without

mentally transposing them from a different perspective. Users can probe and investigate the

instructions from multiple angles by moving around the virtual elements. This interactivity,

coupled with the spatial context, reduces ambiguities and makes AR a powerful tool for guiding

physical tasks.

In this ideal vision of Augmented Reality, this direct perception of instructions has the

potential to expedite comprehension and facilitate quicker, more accurate execution. A domain

that can drastically benefit from this ideal AR display is the medical domain, wherein text

descriptions and illustrations describe not the instructions but rather show patient internals,

surgical planning, and live medical imaging [57].

1.2 Imagining the patient body
“Surgery is fundamentally a (...) practice of exploring and modifying a physical
object —the body.” Mentis et al. [72].

In surgery, imaging systems and displays serve as invaluable tools. They equip medical

practitioners with internal visuals of the patient’s body, a blueprint of the surgical plan, and the

locations of essential instruments within the patient’s body. However, the actual image of the

patient’s body is constructed mentally [72], relying on a blend of physical probing, preoperative

scans, real-time imaging, and collaborative conversations within the medical team.

Visualizing the patient’s body is cognitively strenuous and, as such, is susceptible to

errors and oversights [5, 98]. Often, patient visualizations are portrayed from a perspective,

scale, and orientation that differ from the surgeon’s. Surgeons are then compelled to mentally
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transform these images - through interpolation, rotation, translation, or scaling - to align with

their viewpoint [2]. Moreover, in some cases, when surgeons need access to new views of pre-op

imaging during a procedure, they might have to take their surgical gloves off, walk to the closest

computer, assess the 3D scans, and then prepare to go back to the sterile field [86]. With such a

choppy way of accessing imaging that still causes an intensive cognitive burden, it is unsurprising

that medical errors currently rank as the third leading cause of death in the United States [67].

Under the domain of guidance for physical tasks, surgery, and medical procedures can

significantly benefit from Augmented Reality (AR) [11, 40]. With AR, medical imaging, surgical

plans, and real-time instrument positioning can be visualized from the surgeon’s perspective within

the context of the patient’s body. AR provides an opportunity to transition from a constructed

view of the patient’s body to an actual preview of their internals. Then, perusing the patient’s

internals is no longer a cognitively taxing imaginative exercise but rather a straightforward action.

1.3 What is Augmented Reality?

In the examples above, Augmented Reality is hypothesized as a champion for manual-task

guidance. While one might be able to infer specific affordances of this technology through

the examples given, a focused definition is always welcome. To me, one of the most objective

definitions of Augmented Reality is given by Ronald T. Azuma in his seminal work “A Survey of

Augmented Reality” [11]:

Augmented Reality are systems that have the following three characteristics:

• Combines real and virtual

• Interactive in real time

• Registered in 3D

These three characteristics are extremely important affordances of AR for the domain of

manual task guidance. First, integrating virtual instructions and information with their tangible,
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real-world context offers the opportunity. Second, combining both happens dynamically, adjusting

what is seen as the user interacts with the physical world. Finally, the virtual content is anchored

to a specific physical location, and the display adjusts its presentation to the user’s viewpoint.

According to this definition of AR, different systems might fulfill the needs of an Aug-

mented Reality system while affording different levels of interaction, immersion, and realism.

Figure 1.1 illustrates different AR display implementations, adapted from Oliver Bimber and

Ramesh Raskar’s seminal book [18].

Figure 1.1: Possible implementations of augmented reality displays. (Adapted from Oliver
Bimber and Ramesh Raskar [18])

During my Ph.D., the most commonly available AR systems were head-attached, hand-

held, and projective displays. While I experimented with all these three possible designs, head-

attached displays provide the most ergonomic and convenient design for manual task guidance.

These devices allow users to interact with virtual and physical content hands-free and adjust

to the user’s viewpoint automatically as the user moves around. Between retinal displays and

head-mounted displays, retinal displays present perceptual [52] advantages over head-mounted

displays; however, retinal displays are still in early development stages [18]. Off-the-shelf head-

mounted displays such as Microsoft HoloLens are more widely available and enabled me to
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conduct research without focusing too much on developing the enabling technology 1.

1.4 Authoring Augmented Reality interfaces: key challenges

Augmented Reality (AR) systems traditionally required significant engineering effort.

Even when the primary objective might center around studying AR’s effects in a specific context,

significant time was often diverted to establishing the basic building blocks of an AR system.

These components include a suitable display, a tracking mechanism for the display, a rendering

pipeline for virtual content, and an implementation of marker or object tracking to track other

things of interest in the user’s environment [11, 56, 18].

The advent of commercial AR displays, starting with handheld devices [27] and later

evolving to head-mounted versions [19], allowed researchers to pivot their attention towards

unique AR applications [19, 27].

Modern commodity Head-Mounted Displays (HMDs) such as the Microsoft HoloLens [75,

76] encapsulate years of research into a comprehensive standalone device [62]. These devices

empower users to integrate virtual objects into unprepared environments without additional

equipment, such as fiducials or motion capture technology [62, 50]. They also offer integrated

head-eye calibration [77], enhancing the realism of virtual object perception. Thus, with tools

like HoloLens, researchers and general users began to perceive AR less as a technology and more

as a medium.

While the technology has undoubtedly matured beyond the early dreams of researchers,

modern investigators, including myself, still grapple with challenges when maximizing AR’s

potential. These challenges span technical and user experience domains.

On the technical front, while off-the-shelf systems like HoloLens offer a significant step

forward in ease of use, they still present constraints, especially when pushing the boundaries of

1For an in-depth description of the HMDs, I recommend reading “Comparison of optical and video see-through,
head-mounted displays” by Jannick P Rolland, Richard L Holloway and Henry Fuchs [99].
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what is achievable. Moreover, customization for niche applications such as medical applications

is not always straightforward. Finally, certain limitations in tracking accuracy [65, 113] and field

of view can pose significant challenges to users following instructions in AR.

User experience presents the most complex challenge. Creating intuitive interfaces and

optimizing user interactions for AR is an ongoing research area. Striking the right balance

between virtual and real content so users can seamlessly switch between these two layers without

feeling overwhelmed is tricky. The risk of information overload is real, potentially disorienting

users, especially when they aim to follow instructions. Unlike conventional interfaces, AR

inhabits a 3D space, making interactions multidimensional. Gestures, gaze, voice, and physical

movements become plausible interaction modes. Deciding the optimal mode for specific tasks

demands rigorous testing and iteration.

Nevertheless, during my journey, I collaborated with dedicated researchers who assisted

in co-designing with our target users, establishing mock-up scenarios, and refining our proposed

AR systems to address technical constraints, meet user needs, and advance the field.

While not the primary focus of this dissertation, I developed tools that streamlined the

prototyping and testing of AR applications in diverse environments. For more details on these

contributions, please refer to the following publications:

• “What you sketch is what you get: Quick and easy augmented reality prototyping with

pintar.” Danilo Gasques, Janet G. Johnson, Tommy Sharkey, Nadir Weibel. [38]

• “The Virtual-Augmented Reality Simulator: Evaluating OST-HMD AR calibration algo-

rithms in VR.” Danilo Gasques, Weichen Liu, and Nadir Weibel. [39]

Works such “what you sketch is what you get” [38], wherein users bring digital sketches

to the AR world, were vital in helping expedite the mixed-fidelity rapid-prototyping needed for

ARTEMIS and other projects. The tool was also widely used in Ubiquitous Computing classes

for students prototyping various cross-device systems.
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(a) highlighting tool during en-
acted surgical telementoring

(b) overlaying application-
specific content over real
monitors

(c) guiding a user during a cen-
tral line placement

Figure 1.2: Three examples of mixed-fidelity prototypes created with PintAR [38]

Along with designer-centric contributions, I also manually wrote a variety of building

blocks for cross-device augmented-reality systems. These building blocks were a critical enabling

technology in most AR works implemented and studied in our lab. These are available for public

non-commercial use and include:

• A fast jpeg decoder for Unity (https://github.com/WeibelLab/JPEGTurbo-Unity).

Used in [37, 54].

• A lightweight and prototyping-focused networking library co-developed with Tommy

Sharkey (https://github.com/weibellab/Comms) and used by [37, 54, 39, 103]

• A low-latency, multi-camera video streaming and recording backend 2. Used in [37, 54,

103].

• A web-based AR marker generator with support for different AR tracking systems, responsi-

ble for powering ARTEMIS [37] multi-system calibration (https://github.com/danilogr/AR-

Marker-Generator).
2https://github.com/danilogr/CameraStreamer
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1.5 Scope of Dissertation

The primary focus of my Ph.D. work has been on Augmented Reality (AR) interfaces for

guidance. This encompasses spatial checklists (HoloCPR [53]), telementoring (ARTEMIS [37],

and other studies [82]), and procedural medicine (UltraTracker [103]). While my initial ambition

was to delve into the technical and design building blocks that underpin these systems, the vastness

of such an endeavor requires a narrower approach. Consequently, this dissertation concentrates on

deriving key design insights from two select systems and investigating a fundamental source of

registration errors in modern head-mounted displays: the calibration of the eye-display interface.

From my perspective, the three most significant insights from my research are:

• A minor calibration error in an optical see-through head-mounted display—of even 1 mm

significantly impacts one’s ability to follow virtual instructions accurately.

• Despite the limitations of registration, AR interfaces can leverage visual guidance to

enhance user-task performance through design.

• Through AR interfaces that use contextual aids to overcome registration problems, users

can delegate most mental computations to the AR system, allowing them to concentrate on

tasks that the system is yet to solve.

1.6 Thesis Statement and Contributions

AR interfaces, through the implementation of contextual aids, enhance user-task perfor-

mance in collaborative and computer-assisted guidance scenarios, even when perfect alignment is

not possible.

Contributions

• The development of AR interfaces that guide users toward situated instructions
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• Formative research on the current approaches of surgeons to telementoring, along with

unaddressed communication needs.

• Design goals for addressing the present gaps in surgical telementoring and procedural

training.

• Empirical validation that shows that even minor eye-display calibration errors statistically

impact alignment performance.

• The highlighting of significant differences between AR and simulated AR, thereby bridging

the gap between theoretical predictions and real-world applications.

• The creation of software artifacts and system designs to facilitate the rapid prototyping of

AR systems for collaborative and computer-assisted guidance.
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Chapter 2

HoloCPR: Computer-assisted guidance in

emergency scenarios

2.1 Introduction

During an out-of-hospital cardiac arrest, initiating cardiopulmonary resuscitation (C.P.R.)

immediately after the victim collapses is paramount for their survival. Medical personnel often

take 8 minutes or more to arrive on the scene. Given that the survival rate decreases by 7-10% for

every minute without resuscitation, immediate C.P.R. from a bystander can significantly impact

survival outcomes.

Bystanders happen to be around the victim during a sudden cardiac arrest. They are

usually not trained medical professionals and must rely on past training or existing knowledge to

help the victim. Although it has been shown that bystander-initiated C.P.R. can double or triple

survival rates [84], only 30-40% of bystanders administer C.P.R. [85]. Fear of causing further

harm or panic can hinder their willingness to act, even with previous training [44].

To encourage bystander C.P.R., first-aid kits often include manuals that provide step-by-

step instructions. Additionally, mobile phones can be used to access similar guidance. However,
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these approaches demand the bystander’s ability to read and interpret instructions while aiding

the victim, potentially increasing cognitive load amid a stressful situation. It remains unclear

whether the presence of a checklist improves C.P.R. rates. We borrow an example from hospitals

to argue that easier-to-use instructions are needed.

Highly inspired by checklists in aviation [42], hospitals use checklists in scenarios where

the cognitive load is significantly increased due to time-sensitive tasks. However, in medical

settings, and unlike the checklists available for aircraft crew, medical checklists are not integrated

with the operating equipment. Typically found on plastic sheets or separate mobile apps, their use

can add time to the procedure, prompting noncompliance due to concurrent cognitive demands.

Given these challenges, we argue for using Mixed Reality checklists for guidance. We

expect faster response times and fewer errors by presenting real-time, context-sensitive instruc-

tions directly to the user. Here, we use C.P.R. as an example but see the potential for more

complex cases in hospitals. In the future, surgeons could access checklists via their goggles,

instantly accessing information needed for their tasks. These MR checklists blend virtual data

with real-world objects, positioning instructions near their point of application.

In this study, we addressed the following research question: How does situated guidance

affect users’ capability to complete tasks efficiently? We answer this research question by

conducting a between-subjects user study with users using the state-of-the-art checklist from the

RedCross with a Mixed Reality checklist. To design the Mixed Reality checklist, we followed an

iterative prototyping approach to understand better how people make sense of situated virtual

information in a time-constrained environment.

In conclusion, we demonstrate that an interface harnessing the unique capabilities of

an MR device significantly reduces unintended errors and expedites task completion, thereby

enhancing procedural adherence. Our results further reveal that overlaying information on real-

world objects provides context (e.g., overlaying A.E.D. pads exactly where they need to be placed)

and enable users to interact with the checklist more efficiently. Information once confined to
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a screen is now spatially distributed and contextually juxtaposed with physical objects. This

advancement eliminates the need for users to divert their attention to read instructions or grapple

with spatial comprehension, allowing them to focus on acting promptly instead.

By designing and evaluating a Mixed Reality Interface for checklists and comparing it to

a baseline, this paper brings the following contributions:

• empirical results of whether the new interaction affordances of M.R. improve task comple-

tion time and quality, especially in time-sensitive scenarios

• design guidelines that can inform more complex medical crisis checklists

• observations that can inform the creation of a framework for M.R. interfaces.

2.2 Related Work

In the ever-evolving landscape of human-computer interaction, Mixed Reality interfaces

can potentially improve how we guide users through manual tasks. One of the early examples

in this field was Knowledge-based Augmented Reality for Maintenance Assistance (KARMA)

by Steven Feiner, Blair MacIntyre, and Dorée Seligmann [31], which laid the groundwork by

presenting an augmented reality system for automatically spatializing instructions for printer

maintenance. KARMA explored how augmented reality and some artificial intelligence could au-

tomatically generate and display step-by-step assistance for executing complex 3D tasks. Around

the same time, researchers at Boeing envisioned using AR to expedite the efforts of transforming

a digital airplane design into instructions available to workers at the manufacturing facilities [24].

Finally, a few years later, Whitaker and colleagues [116] further pushed the boundaries of Mixed

Reality interfaces by developing a method to track and register information on real-world objects.

Their ingenious approach allowed virtual annotations to be placed accurately on different com-

ponents of complex systems. Effectively, they created an authoring interface for such situated
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instructions.

While these pioneering works bear resemblances to our own application, it is vital to

recognize that they belong to the broader realm of Augmented Reality research, which has

historically lacked formal user studies. To date, a staggering 8% of AR publications have proper

user-based experimentation [105]. Hence, there remains a gap in understanding how well users

can integrate and engage with these Mixed Reality systems.

This work focuses on two novel aspects of employing situated instructions in Mixed and

Augmented Reality. First, we describe our iterative design process and decisions that ultimately

led to a usable medical checklist in a time-constrained environment. Then, we conduct an

experiment to measure how our situated checklist decreases the time it takes users to execute it

and how it impacts their adherence to detailed instructions. We hope that user-centric design,

our approach to rapid prototyping in the iterative design, and the study results will serve as the

foundation for checklists in Mixed Reality.

2.3 Designing a situated checklist for Mixed Reality

When using digital checklists on mobile devices, users typically have some familiarity

and understanding of navigation paradigms. Content is conventionally displayed and read from

top to bottom. Navigating to the next step usually takes a single tap on a digital button.

In Mixed Reality interfaces, the potential for interactions multiplies - encompassing

movement, voice, gaze, and more- all requiring meticulous design consideration. Critically, in

scenarios where time is of the essence, users don’t have the luxury of learning the interface.

Therefore, it’s imperative to tailor the interface to resonate with users’ most instinctive interactions,

ensuring the interface intuitively responds to their immediate, natural commands.
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Figure 2.1: The first interactive prototype with two steps as seen by the HoloLens.

2.3.1 Role-Playing a heart attack

To better understand how users would behave in the stressful scenario of doing CPR on a

person, we prepared an environment with a CPR simulation mannequin. In this environment, we

invited participants to role-play as the caretaker of a sick person that could require immediate

care. They aimed to stay in that room for a few minutes while we stepped out. If the simulation

mannequin needed urgent care, an alarm would soar, and the Mixed Reality device or tablet would

promptly display instructions they should follow.

2.3.2 Pilot Study

Using a simpler checklist, we ran a pilot study (n=5) to understand better how users would

interact with situated instructions. For that, we designed a two-step checklist that covers two steps

of the cardiopulmonary resuscitation checklist: chest compressions and rescue breaths. Fig. 2.1

shows the Mixed Reality prototype as seen by the HoloLens on a mannequin. We also designed a

similar two-step checklist as a single tablet screen.

In this pilot study (n=5), two users were assigned to the Mixed Reality scenario and

three to the baseline scenario. While mostly anecdotal, users on the Mixed Reality device were

slightly faster than the ones using the tablet. However, we also noticed that users in the Mixed
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Reality group struggled to find the content and execute steps in the order they were intended to be

executed.

Building on this experience, we decided to design a more complex checklist and follow

an iterative prototyping approach to improve the overall user experience while making sure that

users adhered to instructions.

2.3.3 Iterative Design Process

After the initial 2-step prototype, we created a six-step checklist that resembled the Red

Cross’ CPR checklist. Although the tablet interface was trivial and mostly copied Red Cross’

instructions and graphics, the Mixed Reality interface required us to understand better the process

of foraging, parsing, and executing situated instructions. It took us a total of four iterations before

users could complete all the tasks without hiccups. This complete CPR guide requires users to

achieve a couple of repeated steps on the patient and locate an Automated Electronic Defibrillator

(A.E.D) in the room and use it correctly on the mannequin (See next section for more information

on the complete checklist).

We structured our iterative prototyping session the following way: First, we recruited

participants (n=16. 7 females, 9 males) with varied backgrounds: Computer Science (4), Cognitive

Science (4), Public Health (1), Biology (1), and Other/Undeclared (6). They all had no or limited

experience with MR or HoloLens, and only 5 had been trained in CPR. With these users, we

engaged in a three-phase iterative design process based on (1) user testing, (2) semi-structured

interviews, and (3) rapid prototyping. After executing steps (1) and (2) with a sufficient number

of participants, we would then engage in step (3) to design and implement a new iteration of our

prototype.

1. User Testing: Using the role-playing scenario described above, participants used the latest

Mixed Reality prototype to resuscitate a simulation mannequin. They were instructed to

wear the HoloLens and follow the steps indicated by the application. Each session lasted
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Figure 2.2: HoloLens 1 with a clicker tapped to the side. Pressing the clicker was faster and
more accurate than hand gestures.

between 10 and 15 minutes. We watched these sessions remotely and took notes of any

unexpected behavior. (i.e., not using the checklist as expected).

2. Semi-structured Interviews: After testing the prototype, we interviewed participants to

understand any difficulties they might have faced in making sense of the instructions. We

employed semi-structured interviews [26] to balance eliciting specific feedback on our

prototype with new questions related to our observations. No

3. Rapid Prototyping: After parsing through interviews and observations, we would use

low-fidelity prototyping techniques such as paper prototyping to quickly envision the next

version of the AR interface. Then, we would implement the prototype using Unity 3D and

deploy it to the HoloLens to be tested with participants in the new iteration. Development

continued until we reached saturation, and no new or missing design element emerged.

Iterative Design results

2.3.4 Design Challenges and Proposed Solutions

We hypothesize that mixed reality interfaces will overcome some of the problems of

providing real-time guidance on traditional media. Through our design phase, we uncovered
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Figure 2.3: The Red Arrow guides the users, indicating to them where the important things are
located and where they should act. From left to right, the prototype shows how to first locate the
AED (a, b) and then grab it and position the AED’s pad correctly on the victim’s chest (c, d).

a number of challenges that we did not anticipate but resulted in key design elements that

we eventually integrated in our application, including particular attention to current technical

limitations of MR systems, as well as users’ unfamiliarity with the medium.

In the remainder of this section, we describe the design elements that resulted from our

iterative prototypes and discuss how they contribute to the more general development of MR

interfaces for time-critical situations.

Figure 2.4: Instructions for rescue breaths, as seen by the wearer. Visible are also the Circle of
Attention and the Vertical Pole in the middle of it.
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Lack of familiar design patterns for information guidance

Over the years, two-dimensional interfaces have benefited from design patterns that

emerged from common usability research –e.g. users expect interfaces to follow a sequential

direction (usually top-down, left-right) to scan for and read instructions [109]. On the other hand,

MR does not inherently offer users a way to intuitively scan the interface for information. Besides

some basic guidelines,1 designers are left with a mostly unknown interaction space. This lack of

familiarity with design patterns was particularly challenging in our scenario where users had to

interact with and consume information rapidly, in a stressful situation, and with information that

did not necessarily appear in the same position all the time. In the case of time-critical emergency

situations, MR instructions are spread in space (rather than on a specific 2D interface), and their

position depends on the user’s relative location with respect to the victim and the environment.

In order to support this situation, we needed to explicitly guide user attention to the task at

hand and help users establish patterns in the interface so that they could easily find the information

they needed without prior training. To guide users in the MR space, we introduced a composite

visual element called the Circle of Attention. The Circle of Attention is composed of a white

circle with an arrow on its perimeter, textual prompts, and any number of additional images.

Figure 2.4 shows its representation applied to rescue breaths.

In addition to the circle of attention, often it was important to guide users away from their

current gaze position (e.g. while focusing and looking at the victim’s chest), in case they needed

to attend to a different instruction. We used a Red Arrow that followed the users’ gaze to direct

them toward the instruction they needed to attend to. Figure 2.3 illustrates how the red arrow

helps users find the AED pads elsewhere in the room and apply them correctly to the victim.

1http://developer.microsoft.com/windows/mixed-reality/design
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Narrow Field of View

A narrow Field of View (FoV) on the HoloLens causes holographic content to frequently

be cut off. [P8] noted how “the frame cut off weirdly at some parts, which made it difficult to

know whether or not there is something supposed to be projected into a certain surface” and

[P4] pointed out how “it was a little hard to see all of the instructions, so I had to look around to

actually see them all.”. Because of the limited FoV, digital content could be invisible even if it is

in the user’s natural FoV (see example in Fig. 2.5).

Although this is mostly a limitation of the current technology, we wanted to mitigate the

limited FoV and compensate for it by encouraging users to use less eye movement and more

head movements when they needed to change their gaze attention. To accomplish this and allow

stationary users to be aware of information outside of their FoV, we integrated a Vertical Pole at

the center of the Circle of Attention (see Fig. 2.4) that stretches upwards vertically. When the area

of instructions is in the user’s natural FoV, but vertically outside the HoloLen’s FoV, the vertical

pole helps users direct their gaze to the center of the circle, towards the needed information.

In addition to the Vertical Pole, we designed the arrow on the perimeter of the Circle of

Attention to move around and always be diagonally opposite to the user. It always points to the

center of the circle, prompting them to look toward the center to find more instructions.

Close Ranges and Erratic Movement

Current technical limitations are inherent to many MR devices cause visual aids to

disappear when users get too close to objects or people in front of them. The extensive movement

also causes those visual aids to shift and makes focusing on instructions more difficult. [P15]

mentioned that “moving around with the HoloLens made it a little harder to read the instructions”.

Since performing CPR means that users would both be very close to the victim and move

erratically, we needed to be able to help users hold their attention and minimize discomfort during

extensive rapid movements.

19



The circle of attention described above also served to help users retain their focus on the

instructions, even when in close range to the digital content and when moving extensively. In

addition, the constant presence of the circle of attention helped mitigate the effect of disappearing

holograms.2 The appearance of the circle of attention and the arrow on its perimeter, as soon as

users move far enough from the objects or people in front of them, helps users to immediately

re-capture context and proceed with their intended interaction.

Finally, interaction during erratic movements (e.g. during chest compressions) proved to

be problematic. While textual information always looks jittery, we found that adding enough

thickness to the border of our circle of attention helped users to keep the focus and their attention

in the correct place and move back to that particular position if their body or gaze moved during

the erratic movements.

Managing High User Expectations for Intelligent Systems

One thing that was extremely clear from our interactions with all the participants was

that they had very high (and often wrong) expectations from the MR experience. Expectations

were especially focused on the smartness of the device, and how it would automatically assess

the situation. In particular, the majority of our participants expected the device to automatically

2E.g., when users lean in to breathe into the victim’s mouth, the head moves very close to the instructions, and
digital content disappears.

Figure 2.5: In this image, we can see how the “Circle-of-attention” points the user to where the
important information is (users move their gaze from what they would see in the left picture to
the right one). The figure also shows how the holograms in the area outside the black rectangle
are not visible to the user, given HoloLens’ narrow field-of-view.
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Figure 2.6: HoloCPR in Action. (a-b) As soon as the simulation manikin heart’s stops beating,
the user looks at it to find spatially localized information of what he needs to do anchored
where it he needs to perform it. (c-d) Wearer is performing chest compressions while seeing the
instructions in place.

recognize their actions and guide them accordingly.

While somewhat natural for an emerging and mostly unknown technology, we were

surprised by how this expectation recurred in many of our design sessions. In order to mitigate

these expectations, we added a clicker taped on the side of the head-mounted display (see Fig. 2.2)

and asked participants to explicitly click to move to the next stage of the CPR. However, their

expectation was so severe that even after explicitly telling participants that their actions were not

recognized and to use the clicker, we received feedback like “I waited for it to move by itself ”

[P3] and “I did expect a little for the headset to tell me what to do, even though I was warned

not to” [P10]. The only way to avoid these misunderstanding, was to add a textual instruction

“Click for next” in green in front of the users to remind/prompt them to do so. We selected green

because while clearly visible, its appearance is less salient than the white texts and images used

for task-related instructions.

2.4 HoloCPR

HoloCPR is a Mixed Reality application developed in Unity3D3 for Microsoft HoloLens.

It has two main parts. The first revolves around physical resuscitation, and the second aids the

3https://unity3d.com
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placement of an Automatic Electronic Defibrillator. The system was designed around the Red

Cross CPR checklist 4 by breaking down instructions into “What”, “How”, and “Where” users

should perform them (Figure 2.7). The “Where” is a crucial piece of information as it defines the

real-world location HoloCPR uses to fix the instructions (Figure 2.6).

HoloCPR uses physical elements associated with the task at hand to display the instruc-

tions that should be performed where they should be performed (Figure 2.6, d). Thus, the

environment gives context to instructions, allowing them to be short and deictic. As an example,

Figure 2.6 (d) shows how HoloCPR communicates chest compressions with only four words

and a picture. Figure 2.7 shows the alternative to the Mixed Reality interface: a paper checklist.

Notice how the text is lengthened by the need to communicate the location of the procedure.

Moreover, notice how the instructional picture shows the task from a third-person perspective,

whereas HoloCPR (Figure 2.6 (d)) shows it from a first-person perspective.

Similar to how mapping services (e.g., Google Maps) turn drivers that are new to a city

into navigation experts, we envision HoloCPR to increase bystanders’ confidence in their ability

to perform CPR during emergency procedures. In case of a cardiac arrest, wearing a HoloCPR

headset in a first-aid kit would immediately take them to the checklist. By looking at the victim,

the system would automatically indicate where to act first (see Fig 2.6, b), enabling users to

address the task at hand. Similar to navigation instructions, steps are revealed as users progress in

the rescue procedure.

We based HoloCPR’s resuscitation guidance on published and recognized guidelines

taken from the Adult First CPR/AED Reference from the American Red Cross.5 For the sake of

our evaluation we chose to prompt participants to perform only 2 rounds of chest compressions

and rescue breaths before they moved on to 1 round of simulated defibrillation. This amounted to

a total of 7 instructions:
4https://www.redcross.org
5http://www.redcross.org/cpr
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Figure 2.7: Dividing instructions into What, How, and Where

1. Give 30 chest compressions

2. Perform two rescue breaths

3. Give 30 chest compressions

4. Perform two rescue breaths

5. Locate the AED

6. Attach the AED pads to the mannequin’s chest

7. Defibrillate the mannequin
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2.5 Evaluation

To evaluate HoloCPR, we conducted a between-subjects experiment in a realistic lab

setting. Participants were tasked with executing CPR on a simulated mannequin, guided by the

step-by-step instructions provided through HoloCPR. We assessed the duration they required

to complete the simulation and the precision of their procedure execution. For comparison, we

introduced a control condition replicating the conventional CPR process, which was guided by 2D

instructions on a separate platform. The only independent variable in this setup was the medium

employed for instruction delivery.

To allow us to measure reaction time and the time it took for participants to transition

between instructions, the interface presented one instruction at a time and was designed to include

a “startup page” that prompted users to click to initiate resuscitation guidance. In addition, to

simulate traditional CPR guidance and measure time-to-task, in our control condition we used

a tablet interface that showed a 2D representation of the CPR/AED guidance on an Apple iPad

Pro. We carefully designed the tablet interface for the control condition to mimic as much as

possible a paper-based checklist. The only difference for participants was the start button to begin

resuscitation guidance and the next button to go to the next page. Instructions consisted of a title,

two lines of text, and a picture, all from the CPR guidelines. At the bottom was the title of the

next step along with the next button.

2.5.1 Participants

We recruited a total of 42 participants (12 female), graduate and undergraduate students

at the University of California San Diego, across multiple departments (i.e.: 23 from Computer

Science and Engineering, 6 from Cognitive Science, 4 from Biology/Medical School, 2 from

Electrical and Computer Engineering, 2 from Mechanical and Structural Engineering, 2 from

Bioinformatics, 1 from Nanoengineering, 1 from Chemistry, 1 from Economics), with ages
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spanning from 18 to 27 years (average 22.7 years). None of the participants had been exposed to

HoloCPR and only 10 had been trained in CPR. All but 6 participants had never used a HoloLens

or any mixed-reality device before. All participants were familiar with the general use of a tablet

and touch screens. Participant assignment to the two conditions balanced gender, background,

and CPR experience. All participants were unaware of the task and the instructional media they

would use.

2.5.2 Experimental Design

Setup — Similar to our iterative prototyping, the experiment was conducted in a room

equipped with a simulation mannequin, a mock heart rate monitor showing on a large screen, a

mock AED device, and a computer where participants would fill out the quick pre and post-task

questionnaires (see below). The mock heart rate monitor was remotely controlled and could be

set to flatline and trigger an alarm to indicate a “crash” (cardiac arrest). We instructed participants

to start resuscitation of the mannequin (either with HoloCPR or with the 2D checklist, depending

on the assigned condition) when the alarm would start. A video camera recorded the activity in

the room for further analysis.

Introduction to the HoloLens — To introduce participants to the HoloLens and acquire

a basic familiarity with its weight, the concept of holograms, and the clicker, we asked them to

play RoboRaid6 (a mixed reality 3D first-person shooting game) for 12-15 minutes. This also

served to familiarize the users with the position of the clicker. Participants were kept unaware

of any HoloCPR-specific interface details. To account for the possible fatigue introduced by

this procedure, and ensure that any variables introduced by playing the game remained constant

across conditions, all participants in both conditions were required to complete it.

Experimental Procedure — Once the participants completed the necessary training, they

were taken into the experiment room where they were asked to fill out a pre-study questionnaire

6https://www.microsoft.com/en-us/hololens/apps/roboraid
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asking for basic demographic information. For both conditions, a researcher took up the role of a

caretaker and introduced the simulation mannequin (henceforth called the victim). Participants

were told the victim was recently moved back home from an ICU and that they would be alone

with him for a short period of time while the researcher stepped out to “run an errand”. They

were alerted of the heart rate monitor and the instructional medium available to them (HoloLens

or iPad) and were instructed to attend to the victim should anything go wrong. No additional

instructions were given.

Participants in both conditions were ready to initiate resuscitation aid before the researcher

left the room. HoloCPR participants kept the HoloLens on and saw the prompt ”Click to start”.

Control participants were given the iPad with the start page already opened and ready to go. They

were, however, instructed to not initiate resuscitation aid unless they needed to (i.e. when the

victim was in need of their help). Once they were left alone in the room the heart rate monitor

was set to indicate a cardiac arrest at a random time within the first two minutes. The alarms from

the heart rate monitor were kept going until participants reached the last step of the resuscitation

to help build and sustain a sense of urgency.

After all steps were accomplished we asked participants from both groups to fill out a

post-study questionnaire about their experience. Participants reported their subjective opinion on

the importance of the aids used with respect to performing CPR (step-by-step guide using a tablet,

or HoloCPR using MR). We also inquired about difficulties or confusion they experienced during

resuscitation and performed a semi-structured interview that elicited more in-depth feedback on

the interface, as well as specific feedback on their performance.

2.5.3 Data Analysis

All the sessions were recorded using an external camera and basic logs were collected on

the HoloLens and the iPad. Videos were coded using the ChronoViz analysis tool [35]. We then

used a Python script to extract and analyze the data from the videos. Of the 42 participants, we
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excluded 9 from quantitative data analysis (4 in the HoloCPR, 3 females, and 5 in the control

condition, 1 female) who did not complete the whole experiment due to technical issues (5) or

because they misunderstood the task (4). In the next section, we report and discuss the results of

our experiment and the answers collected through the post-study interview and questionnaire.

2.6 Results

Data extracted from the videos of the experiment was coded for response time, per-

formance, and procedural adherence, with the goal to compare the control (i.e.: paper-like

step-by-step on tablet) and treatment (i.e.: mixed-reality with HoloCPR). To assess the statistical

significance of our results we used a 2-sample t-test (α = 0.05). In this section we report on the

outcomes of our analysis and discuss results with respect to our original hypotheses. Figure 2.8

summarizes our results.

2.6.1 Response Time

HoloCPR users react faster – We compared the time it took for participants to attend to

the victim, more specifically, the time it took them to start resuscitation once a cardiac arrest on

the mannequin was triggered. HoloCPR was significantly faster than the control condition (p <

0.01). On average, HoloCPR allowed participants to respond to the victim in 7.04 seconds while

tablet users took 11.96 seconds.

To better understand what contributed to this difference, we broke this response time into

two phases.

1. Guidance Initiation Time was defined as the time it took for participants to initiate

resuscitation guidance on their respective devices (“click start”) once a cardiac arrest was

triggered. HoloCPR users clicked start within 2.96 seconds on average while tablet users

used 3.7 seconds on average. While HoloCPR did show a trend towards shorter initiation
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times, our comparisons showed no statistical significance between the two conditions (p =

0.175).

2. Initial Reaction Time was defined as the time it took for participants to start CPR once

they initiated resuscitation guidance. This time the difference was statistically significant

(p < 0.01) with HoloCPR users taking an average of 4.08 seconds vs. control users taking

7.25 seconds.

2.6.2 Performance and Transition Time

HoloCPR users spend more time searching for AED – While the difference is not statisti-

cally significant (p = 0.12), we observed that the control participants generally spent less time

searching for the AED (5.77 seconds on average) compared to HoloCPR users (8.61 seconds on

average).

HoloCPR users are faster while attaching AED pads – On the other side, HoloCPR users

were faster (p < 0.01) in attaching the AED pads on the victim’s chest. On average HoloCPR

resulted two times faster than the control condition (8.98 seconds vs. 19.41 seconds on average).

HoloCPR users transition faster to next steps – Transition time was measured as the time

it took participants from the end of one step to the beginning of another. This generally included

clicking next as well as interpreting the instructions before moving on to the next step. HoloCPR

users were significantly faster (p < 0.01) than the control condition, and took an average of 3.17

seconds to transition to the next step (vs. 4.65 seconds).

2.6.3 Procedural Adherence

HoloCPR helps stay on track with the procedure – While all users were instructed to

follow the 7 steps indicated in our simplified procedure, 3 of the control participants performed

additional rounds of chest compressions or rescue breaths, with a total of 12, 10, and 8 steps
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Figure 2.8: Response time, transition time, time spent searching for the AED, and time taken to
attach AED pads across both conditions.

instead of 7. For HoloCPR only 1 participant deviated, performing 2 additional steps.

Hand position is often correct with HoloCPR – Both the control condition (using a

picture) and HoloCPR (using a representation of digital hands) instructed participants to perform

chest compressions with one hand on top of another and their fingers intertwined. However,

we observed that only 12.5% of the control participant started CPR with the correct form. For

HoloCPR this number tripled with 41% of the HoloCPR users performing the chest compressions

correctly. Out of the participants that started with the wrong form, none of the participants in the

control condition corrected their form whereas 30% of the HoloCPR users did.

HoloCPR does not help with correct AED Pad Placement – We observed that 18.75% of

the control participants and 17.65% of the HoloCPR users placed the AED pads in the wrong

position. A correct position was one where users places one pad on the upper right side of the

victim’s chest and the other pad on the left side of the chest.
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2.6.4 Subjective Feedback

Besides the quantitative measures outlined above, we also report on subjective feedback

from our users. The vast majority of the HoloLens participants (82%) reported that the techno-

logical aid was important (score of ‘5’ or ‘4’ on a 5-point Likert scale), while only half of the

control participants (56%) reported that the technology was important (score of ‘5’ or ‘4’). When

asked about ease of use of the interface (with ‘1’ being easy to use and ‘5’ being hard/confusing),

HoloLens participants were mostly neutral (37.5% selected ‘3’, 25% selected ‘1’, easy, and 25%

selected ‘4’, difficult). The majority of the control participants, in contrast, reported the interface

to be easy to use (54% selected ‘2’).

Participants using the tablet interface commented on its simple and intuitive use – “All

of the buttons were big so it was easy to know what to do on the tablet” [P58], “The directions

were simple and easy to follow, the pictures helped a lot!”[P52]. However, non-CPR trained

tablet users recalled feeling uncertain about how to put in practice the steps indicated: [P20], for

instance, reflected “I felt like I was losing time because I had to keep reading the tablet for the

next step. The instructions were easy to follow though because of the pictures and diagrams but I

wasn’t sure if I was doing it correctly”. A CPR-trained tablet user [P25] also mentioned “I felt I

wanted more instructions regarding how to perform chest compressions or the rescue breaths –

technique is important in these maneuvers”.

On the other hand, users expressed positive feedback for HoloCPR’s interface – [P48]

commented “Showing the positioning of where to press for CPR and where to position the AED

was helpful because I didn’t have to spend extra time figuring that out myself ” – non-CPR trained

users like [P32] and [P41] noted how “the system told me what to do - otherwise, I would have no

idea” and how “the spatial awareness was key. Telling me *where* and *how* I had to hold my

hands and telling me where the CPR device was, made it super intuitive”. HoloCPR Participants

were however also critical, for instance [P38] commented on how “to put on the HoloLens in

such an emergency situation could take some time”, and [P46] noted that “when the arrows would
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try to guide me to do something, it would’ve been nice to know ahead of time what I was being

guided to”.

2.7 Discussion

Overall we have been able to observe a trend toward better response times, accuracy, and

performance when HoloCPR was used for resuscitation guidance. In particular, this is true for all

of our hypotheses (H1: reduced reaction time; H2: reduced interpretation and faster action; H3:

improved accuracy).

Our analysis suggests that mixed reality reduces the reaction time needed to respond

to a cardiac arrest (faster reaction and reduced initiation time), and confirms H1. Performance

and transition time are mostly reduced as well, so in general, hypothesis H2 is also supported.

Although we saw a tendency to spend more time looking for AED, our results suggest that mixed

reality reduces the time it takes to read, interpret, and act upon an instruction. Finally, we can say

that H3 is partially supported as well: HoloCPR helps position hands and improves the accuracy

of the steps to follow, but does not help with AED more than the traditional guidance does. In

general, however, HoloCPR did not decrease accuracy with respect to the control condition.

All in all, the results of our study support our initial intuition that the additional visual

and spatial affordances of mixed reality decrease the time it takes to translate instructions into

action, especially in a time-constrained environment. In overlaying information directly onto the

area of interest, HoloCPR reduces the need to switch focus between the instructional medium and

the victim. Spatially distributing information (especially in a non-textual manner, like showing a

digital representation of hands with interlocked fingers on the victim’s chest) also reduces the

burden of reading and interpreting instructions, instilling a higher sense of confidence in users.

We also observed a higher degree of procedural adherence from participants using

HoloCPR. However, our observations could be the result of attention bias – a phenomenon
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that occurs when users focus on highlighted areas at the cost of other areas [117]. More extensive

studies are needed to understand exactly how much procedural adherence is due to this phe-

nomenon and discuss how the extreme reliability on cues in augmented reality displays influences

its use in emergency time-critical scenarios. In our study we observed interesting episodes of

extreme reliance on the mixed reality interface, especially during our iterative design session. For

example, a participant performed chest compressions when directed, even though the indicated

location was not on the victim, but under a table, due to a calibration issue. Others followed and

waited for the red arrow even when the AED was in their field of view. Our experiences confirm

existing literature [117] which points to a need to design mixed reality interfaces to sustain users’

attentional focus, without encouraging unwarranted reliability on the technology. This, in concert

with a number of new and exciting possibilities, will be the focus of our future work.

2.8 Closing Remarks

In HoloCPR [96], we designed an AR cardiopulmonary resuscitation (CPR) checklist.

This interface showed users what, where, and how to perform the different steps of Red Cross’ 7

CPR checklist. Our evaluation [53] showed that HoloCPR users are faster and adhere better to

instructions than users following a comparable paper checklist.

HoloLens is often accurate enough to align AR instructions with the physical world.

Occasionally, instructions were a few centimeters off, but users could still follow them. Look

at Fig. 2.9 to exemplify a possible reason. It is not hard to perform chest compression on

a mannequin, even if instructions are a few centimeters off the dummy’s chest. There were,

however, two notable user interactions with HoloCPR. One when HoloLens failed to track the

environment and one when it was tracking perfectly. The first one happened during a catastrophic

tracking failure. Virtual imagery skewed meters to the side, causing a user to jump under a

7https://www.redcross.org/
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Figure 2.9: HoloCPR: situated instructions showing the next step of the CPR checklist. Each
instruction details what, where, and how, with where given by the location the instruction is
displayed. In the example, the user has to push hard (what) with their hands (how) on the
patient’s chest (where).

nearby table to continue performing a chest compression even though no patients were there. The

second notable interaction happened when another user deliberately placed the defibrillator pads

in a different position than instructed. When we interviewed the subject and asked about their

behavior, they mentioned that they could not trust the head-mounted display to show them exactly

what to do.

Chapter 2 is, in part, a reprint of the material as it appears in the Proceedings of the 12th

EAI International Conference on Pervasive Computing Technologies for Healthcare. Janet G.

Johnson, Danilo Gasques Rodrigues, Madhuri Gubbala, and Nadir Weibel, from the Proceedings

of the 12th EAI International Conference on Pervasive Computing Technologies for Healthcare.

The dissertation author was a collaborator and contributor to this paper.
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Chapter 3

ARTEMIS: Collaborative guidance in a

trauma telementoring

3.1 Introduction

Whether from a car accident, gunshot wound, or traumatic injury due to natural or man-

made disasters, trauma often requires timely life-saving interventions; however, the expertise

required to perform these actions is not ubiquitous even within first-world medical care systems.

When medical expertise or facilities are unavailable locally, surgeons rush to perform life-saving

interventions that stabilize patient vitals before transferring the patient to a specialized surgical

facility. When local surgeons lack the expertise to perform these life-saving interventions, they

rely on remote guidance from expert surgeons through telementoring. Unfortunately, current tele-

mentoring systems limit how remote experts can guide and collaborate with local, inexperienced

surgeons.

Telementoring uses information systems to provide real-time remote guidance to an

inexperienced surgeon from an expert surgeon [5]. Today, telementoring systems typically require

expert surgeons to instruct novice surgeons by annotating a live video of the surgical environment.
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Figure 3.1: Artistic rendering of ARTEMIS and its features. Left: a Novice Surgeon in
Augmented Reality receiving help from a remote expert. Right: a Remote Expert Surgeon in
VR interacting with a 3D point-cloud of the patient, and engaging with the novice on a surgical
procedure.

Remote experts must map actions they normally express through gestures and actions into limited

video-based articulation. Novices operating on the patient have the extra burden of mapping

instructions from a nearby screen to the operating field, with increased possibilities of making

mistakes in the process [21].

Mixed Reality (MR) technology enables the creation of remote collaboration experiences

where participants can interact with remote collaborators more naturally [17]. The space of

remote collaboration in MR has seen many promising works focusing on training [108, 41] and,

more recently, also on telementoring projects [5, 98].

This work takes a human-centered approach to designing a surgical telementoring system.

Through role-playing sessions with US Navy surgeons and iterative prototyping, we gain insight

into the features of MR that are useful in surgical and collaborative applications. Based on expert

surgeons’ and novice surgeons’ communication needs, we designed ARTEMIS, a collaborative

mixed-reality system for immersive surgical telementoring.

ARTEMIS was the first surgical telementoring system to give experts an immersive VR

operating room where they can use gestures and 3D annotations on a 3D reconstruction of the
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patient’s body to guide novice surgeons in Augmented Reality. ARTEMIS intuitive AR experience

allows local surgeons to focus on the patient and the tasks at hand, rather than having to interact

with complicated AR interfaces.

This chapter introduces three key contributions to the human-computer interaction, surgi-

cal innovation, and user interface software and technology research space:

• ARTEMIS’s design process, including software artifacts that facilitated our technology

exploration

• The development of ARTEMIS: a real-time, mixed reality collaborative system for tele-

mentoring surgical procedures

• An initial qualitative evaluation of ARTEMIS through mannequin and cadaveric subjects

While the COVID pandemic impacted a more thorough evaluation of this work, I link our

initial assessment to the second evaluation led by investigators at the Navy Medical Center of San

Diego.

3.2 Designing a Mixed Reality Telementoring System

To design a collaborative mixed reality platform for surgery, we need to address two

problems. First, we must understand how expert surgeons mentor inexperienced surgeons - their

approach, their goals, and their unaddressed needs. Second, we need to understand how different

MR interfaces can support their activities. Both problems are highly contextual and experiential.

Moreover, the usefulness of an MR collaboration interface for a specific scenario might depend

on various contextual and environmental factors.

To take into consideration the environment and the medical procedure, and to better

understand user needs, we broke down our design process into two phases. (1) A role-playing
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phase in a mock-up surgical environment, and (2) An iterative prototyping phase where experts

performed procedures on mannequins and cadavers.

3.2.1 Role-playing in a mock-up operating room

To better understand how experienced surgeons mentor inexperienced surgeons as well as

to received feedback on the use of MR interactions in a trauma telementoring situation, we invited

seven domain experts (4 surgeons and 3 operating room technology specialists) to participate

in four role-playing [104] sessions. To contextualize the role-playing sessions, we simulated

emergency procedures on a mannequin in a mock-up operating room (Fig. 3.2. left).

Each session was composed of two stages. First, we asked an expert surgeon to walk

through an emergency procedure while they enacted it on the simulation mannequin. This

allowed us to observe how mentors make sense of what they do – how they make decisions, how

they communicate surgical steps to the novice surgeon, as well as what expectations they have

from the novice surgeon. During this first stage, we asked questions to help us understand the

specifics of the procedure as well as the specifics of their mentoring approach for that procedure.

Then, in the second stage of the role-playing session, we invited experts to try existing MR

applications and interfaces. We tested customized prototypes based on our observations as well

as existing tools such as Microsoft Remote Assist [79]. This happened on an isolated part of

the room where experts were unable to see the mannequin in the mock-up OR but were still

able to talk to the designer who acted as a novice surgeon (Fig. 3.2. right). Finally, given our

experts’ backgrounds in battlefield care, we selected three commonly used procedures in military

emergency scenarios [23, 22]: needle decompression, leg fasciotomy and cricothyrotomy. While

we could not actually perform each procedure on our medical mannequin, we were able to walk

through different stages of the procedure through printed images of a surgical video (i.e., each

image showed a different stage of the procedure).

Role-playing is commonly used in the design of interactive system as it can help users,
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Figure 3.2: Our mock-up operating room (left) and office environments (right). In the left
picture, we see a video frame from one of the role-playing sessions. In it, the expert enacts a
cricothyrotomy on a medical mannequin while designers, developers, and other stakeholders
engage in participatory design. In the right picture, we see the expert’s office space with a
number of paper and digital tools that we used to explore how experts would interact with the
novice surgeons.

designers and developers communicate needs and constraints. Hence, we also used these role-

playing sessions as an opportunity to involve other team members as well as operating room

technology specialists from the same hospital where we later deployed ARTEMIS. The most

interesting results, however, were found in the sessions with four surgeons (S1-S4) .

In the remainder of this section, we report on our analysis of these role-playing sessions;

our goal is to answer three key questions related to expert surgeons (tele)mentoring novice

surgeons: 1) How do mentors guide mentees? 2) How much information does the mentor need

from the mentee side? 3) What do mentors want to show to mentees?

3.2.2 How do mentors guide mentees?

In a common, co-located situation, experts stand side-by-side with a novice surgeon as the

novice surgeon operates on the patient (or cadaver). Novices are expected to have basic surgical

skills, but often are unsure about the specifics of the procedure they are performing — “where
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I put the needle, where do I make the incision, how do I put the tube in” [S1]. Thus, experts

chime in to explain to novices how to find the incision location, how to make the incision, and

how to use other tools required by the procedure (e.g., tubes and clamps). To find the location of

an incision, surgeons rely on anatomical landmarks - known body features - as well as touching

and feeling the patient. According to the surgeons we interviewed, for many procedures, the

hardest part of the procedure can be finding out where to make an incision. In a cricothyrotomy,

for example, surgeons hold the patient’s chin with their left hand and probe the neck with their

thumb to find a soft spot where the incision will be made.

After finding the location of the procedure, expert surgeons then proceed by showing

novices the landmarks and marking paths where novices should make incisions with a skin marker.

Finally, if the novice needs to use a specialized tool, the expert surgeon demonstrates how to

use the tool by mimicking the motion and maneuvering of the instrument above the patient.

Mentoring styles vary as experts may stand side-by-side with novices [S4] or across the table

from them [S3]. In the unlikely scenario a novice is unable to replicate instructions, some expert

surgeons move the novice to the side, position themselves in the same location as the novice, and

then enact the procedure from where the mentee should perform it (“I move that person away to

show them how to do it right (and not do it)”[S3]).

3.2.3 How much information does the mentor need from the mentee side?

During role-playing sessions, we approached this question in two ways. First, as experts

walked us through the different steps of a procedure, we asked them what information they used

to make procedural decisions. We also asked them how they would be able to make a decision

without that information. Second, in the technological exploration part of each role-playing

session, we had them interact with existing AR and VR technology to help us understand how

existing applications could support their efforts. In this short subsection, we summarize both

findings.
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First, as highlighted in the previous section, surgeons use a combination of touch and

visual landmarks to locate the part of the body where they will operate. Unfortunately, we still

lack technology that can accurately sense and replicate pressure, temperature, and other haptics

in a sterile environment. Hence, we focused our research on visual tools. This restriction to

the visual field may seem limiting, but it allowed us to further investigate alternative ways of

displaying patient/procedure specific information in MR.

In the technological exploration, part of our role-playing sessions, we presented experts

with various ways of seeing what the novice sees:

1. A first person view from the novice’s augmented reality headset.

2. Multiple wide-angle and close-up views of the operating room, including a top-down view

of the patient (See monitor setup on the left side Figure (3.2).

3. A static 3D model of the mannequin.

For the first-person view, we used a Microsoft HoloLens 1 and its internal live-streaming

application. Due to processing power limitations, the video quality lowers and becomes “blocky” 1

during sudden camera movements. Moreover, the resolution is considerably low (1216x684) if

compared to a modern cellphone video camera (1920x1080). The other cameras consisted of

Intel RealSense cameras and a Microsoft Kinect (v2) for the top-down view. For the static 3D

model, we used a custom model of our mannequin in a Virtual Reality application on an HTC

Vive headset.

First-Person View: “All I want to see is what they’re seeing.” [S3]. Unsurprisingly, all

experts valued seeing exactly what the novice is seeing. S4 elaborates on possible reasons: For

procedures such as leg fasciotomy, for example, after the first incision, novice surgeons get so

close to the leg that any external camera looking from behind or from the top would be occluded

1A visual artifact of the video codec used to compress the video stream
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by them. “As a mentor, I would want a very good view of where they are retracting” [S4] (and

only a video stream from the novices’ perspective can show that).

External cameras looking at the patient body: When away from the mock-up OR,

experts relied mostly on the first-person view. However, S4, after observing the first-person view

feed for a while, said that the video stream was “choppy” and that he would like the “ability to

see what is happening in the room, even around the learner.” As pointed out before, one of the

technical limitations first-person view cameras is that as the novice surgeon moves around, the

video stream both bounces with head movements and can decrease in quality (due to compression

artifacts). When discussing possible locations for cameras, S4 mentioned the possibility of having

a camera on wheels that an assisting nurse would be able to move around and re-position for

per-procedure perspectives.

3D representation of the patient body: Most MR collaboration systems available at the

time represented the novice’s space on a flat screen (e.g., Microsoft Remote Assist [79, 98]).

Before developing a real-time 3D reconstruction system, we wanted to understand whether or

not surgeons would be interested in interacting with a 3D representation of the body in Virtual

Reality. Overwhelming feedback on the reconstruction was positive, provided it was in real time

and clear enough to show more than just gross anatomy (“It would be important for the model

of the patient to show the opened up leg” [S4]). Crucially, the three-dimensional representation

would also allow for three-dimensional annotations.

3.2.4 What do mentors want to show to mentees?

Modern telementoring and remote collaboration systems augment the communication

stream with deictic annotations. STAR [29, 64], for example, allows expert surgeons to annotate

the novice’s video stream or physical space. This allows them to highlight specific objects as

well as describe actions [36]. Recent works, however, have shown that combining two or more

visual cues such as gestures and annotations can have a significant positive impact on remote
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collaboration tasks [59]. In our role playing sessions, we wanted to understand which visual

cues could lead to better surgical collaboration between mentors and mentees. From the expert

surgeons’ perspective, this section answers the following questions: What would help you best

when guiding a novice surgeon? Do you need to bring in external content such as surgical videos

or 3D anatomy? Should novices see virtual surgical tools? Where should novices see guidance

information? This section summarizes this design exploration.

Pointing and sketching. “I want to be able to do two things. I want to be able to point

and say: ’this is your septum’. And then I want to be able to draw a line, like this, and say: ’make

your incision here’. (...) [S3]. Building upon their approach of showing anatomical landmarks

and then marking incision lines, experts wanted the system to afford a similar approach. S4

envisioned pointing with his fingers while S3 suggested the use of virtual pointers, similar to a

thin pencil.

Hands and gestures. Hands and gestures play a key role in how experts communicate

what to do next in a surgical procedure. “now just lift that up and just gently spread like this”

([S3] while gesturing what to do) “I would want them to be able to see this”. Experts not only

use hands to point at a specific location on the patient’s body, but they also use gestures to enact

different steps of the procedures. This behavior was consistently observed even when experts

were not mocking the procedures. S2, for example, was enacting the procedure with his hands

while narrating out loud.

Overall, a virtual representation of hands can provide great versatility to surgeons as they

use their hands to point, to demonstrate hand positioning/angling, to mimick tool behaviors (e.g.

clamps and scissors), and to quickly enact different ways of performing the same procedure (e.g.,

“Being able to show hands would be very helpful with the dissection as well, because for blunt

dissection there are a lot of ways of doing it”, showing with their hands different ways of doing a

blunt dissection).

As we spent more time with the surgeons we realized how critical these gestures were,
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not just because of their ability to show tool approaches and positioning techniques, but because

surgery is fundamentally a physical act that cannot be easily verbalized. Many procedures rely

on experts’ tacit knowledge along side their strong understandings of both spatial layout and

physical properties of anatomy. These understandings are difficult to convey verbally, but can be

more easily communicated through physical gesturing.

Annotations in 3D. In the telementoring scenario, annotations allow experts to commu-

nicate the location and length of incisions. A important aspect of annotations for telementoring is

the ability to communicate depth by drawing them in three-dimensions (“It’s hard to show you on

a non-three-dimensional thing.” [S3, while explaining leg fasciotomy over a paper picture]). This

became clearer when our experts telementored using existing MR collaboration technology such

as Microsoft Remote Assist [79]. Similar to STAR [63], in Microsoft Remote Assist mentors

sketch on a tablet and these annotations are then projected (ray cast) to the closest surface in

the mentee environment. S4 was particularly concerned with that since procedures such as leg

fasciotomy have “a natural curve to it...” and he wasn’t able to sketch that.

Tools are not necessary, but could help in more complicated scenarios. Most emer-

gency procedures we role-played required specialized tools such as clamps, scalpel, metzenbaum

scissors, hooks, tracheostomy tubes, and others. Experts had mixed opinions on whether or not

they should have access to equivalent virtual tools; they thought that these tools could be enacted

with their hands (“The mentee can see the mentor hands right? I think that I can show that with

my hands. I don’t think that the mentee need to physically see the tube) [S4]) but only when the

procedures were not “too complex” (“for something more complex than this, I think that I would

want to have the actual instrument.[S3]).

Egocentric guidance. Easing the amount of cognitive workload on the novice was

reinstated by experts several times during role-playing sessions. This impacts not only where

information is displayed (“(As a mentee) It would be beneficial to see information from my (point

of) view” [S4]) and how it is displayed (“it would be great for the expert to use the same hand I
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Figure 3.3: ARTEMIS VR - Expert surgeon’s interface in Virtual Reality. At the center, the
main view that the expert surgeon sees. (a) Expert’s control panel with colors for 3D annotations
and buttons to control novice’s calibration and visibility of hands. (b) Table control to adjust
orientation, camera exposure and gain. (c) Remote Live Streams with two moveable cameras
(RealSense on wheels), two fixed cameras (RealSense), one patient-focused camera (Kinect) and
a first-person view from the novice’s HMD (HoloLens). (d) Real-time 3D Patient Visualization.
(e) Expert’s Hands as seen in VR. (f) Expert’s Pen. (g) Novice’s Avatar (when visible). (h)
Expanded View of the Procedure Clips (the lower part is only visible when the expert is watching
a procedure clip with the novice).

am using” [S4) but also how much control novices should have over their MR interface (“The

learner is going to be fairly overwhelmed” (because they are doing a new procedure alone) [S4]).

Experts also agreed that it was a good idea to give novices as little control as possible: “the idea

of only getting an ON button is what most people would want” [S4].

Educational content can support very inexperienced surgeons. Mixed Reality tech-

nologies creates an opportunity to bring 3D representations of human anatomy as well as other

multi-media content novice’s environment, something experts mentioned could be useful when

novice has no familiarity with a procedure. While not their main goal while telementoring trauma

surgery, experts expressed an interest in having access to a library of educational video clips that

they could show novices. Interestingly, none of the experts expressed interest in showing 3D

anatomy as — “it varies a lot from person to person, and standard models won’t be helpful”[S4].
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3.2.5 Summary

In summary, our analysis showed that when expert surgeons mentor novice surgeons, they

focused on the following four expert goals (EG):

• EG1: Watch the procedure from the novice’s perspective

• EG2: Show the location of anatomical landmarks

• EG3: Mark the location, length, and depth of incisions

• EG4: Enact the use of tools

They need a system that enables them to fulfill all these four goals while also not over-

burden novice surgeons. Novice surgeons are already overwhelmed by the medical procedure at

hand, and a new communication system shouldn’t distract them from their main goal: keeping

the patient alive.

3.3 ARTEMIS overview

After a 12-month long iterative design and development work that included rapid AR

prototyping [38] and role playing in collaboration with expert surgeons, we created the Augmented

Reality Technology-Enabled reMote Integrated Surgery (ARTEMIS) system. ARTEMIS enables

skilled surgeons and novices to work together in the same virtual space and approaches the

problem of remote collaboration through a hybrid interface: expert surgeons in remote sites use

Virtual Reality to access a 3D reconstruction of a patient’s body and instruct novice surgeons on

complex procedures; novice surgeons in the field focus on saving the patient’s life while being

guided through an intuitive Augmented Reality interface. From now on, we will refer to the expert

interface as ARTEMIS VR and the novice interface as ARTEMIS AR. Also, to contextualize our
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implementation choices, we will refer back to the Expert’s Goals (EG) when describing features

of ARTEMIS AR or VR.

The novice bedside environment is equipped with a Microsoft HoloLens v1 [75] worn by

the novice surgeon, 5x depth-cameras to capture the 3D scene (1x Microsoft Azure Kinect [74]

placed on top of the bed and attached to a surgical lamp, 2x Intel RealSense cameras [49] in

the corners of the room, and 2x Intel RealSense cameras on wheels movable in the OR), and an

OptiTrack optical marker system [89] to track the movements of objects and people in the room

(markers are attached to the HoloLens, the Kinect camera, and the surgical table).

The expert’s remote environment is equipped with a video-see-trough Virtual Reality head-

set (HTC Vive Pro [48]) provided with a wireless adapter that makes it untethered, hand+finger

tracking for the expert surgeon based on an IMU-equipped gloves [114], a wireless mouse-pen

used for annotations and VR-based interactions, and an OptiTrack optical marker system to track

the movements of objects and people in the room (markers attached to the Vive Headset, surgical

table proxy, gloves, and wireless pen).

Figure 3.5 shows ARTEMIS in action during one of our evaluation studies, and outlines

the devices used for both ARTEMIS AR and ARTEMIS VR.

3.3.1 Novice Surgeon’s Interface

The novice surgeon’s main goal is to operate on the patient. To avoid distractions, the

ARTEMIS AR interface components are passive, and by design, the novice surgeon is not able to

directly interact with the interface. All the features described below are controlled remotely by the

expert; for instance, if the novices need to hide annotations or play a procedure clip, then they can

request the expert surgeon to do so. This decision emerged directly from our role-playing sessions

where it became clear that novices were not able to directly interact with an AR application while

operating on a patient. Our hypothesis is that this resulting interface will not overwhelm novice

surgeons nor distract them from their operating tasks.
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Figure 3.4: ARTEMIS AR Interface - Novice surgeon’s interface in Augmented Reality. (a)
The Expert’s avatar shows them holding a virtual pencil. (b) 3D Annotations as seen by the
novice. (c) Procedure clips showing a video clip.

The novice surgeons are able to see three main holographic representations in front of

them (Fig. 3.4): (a) the expert’s avatar and hands, (b) a remote pen and 3D annotations, and (c)

procedural video clips. In addition, the novice surgeon is able to provide direct views of the

patient and the surgery to the remote expert, by manipulating the position of the Kinect camera

and by directly attending to regions of interest with the HoloLens device’s camera.

Expert’s Avatar and Hands – The novice surgeon can see both the expert surgeon’s

location and their hands (Fig. 3.4a). This enables the expert surgeon to communicate through

gestures, for example, by pointing to a location on the patient’s body (EG2) or by showing how to

handle a surgical tool (EG4). The expert surgeon’s avatar automatically disappears if the novice

surgeon walks into their virtual location. This interaction allows the novice surgeon to repeat

what the expert surgeon is gesturing in a more intuitive way as they are both doing it from the

same point of view. In other words, the expert surgeon’s hands can act as a second pair of hands

that originate from the novice surgeon’s body and guide the novice step-by-step.
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3D Pen and Annotations – 3D annotations (Fig. 3.4b) allow the expert surgeons to instruct

the novice by 3D sketching over the patient’s body. Because these annotations are in 3D, they can

directly communicate depth, length, and area (EG3), which are critical for surgical procedures

such as incisions, tracheotomies, thoracotomies, etc. To allow for additional interaction space for

the remote expert, 3D annotations can also happen in mid-air and are not limited to the patient’s

body. To facilitate the novice surgeon’s understanding of where the annotations will show up, if

the remote surgeon is holding a pen, also ARTEMIS AR shows a 3D model of a pen. This is the

same 3D pen that expert surgeons see in their VR interface (see below), and it is shown in the

hands of the expert surgeon’s avatar when in use.

Procedure video clips – Procedure clips are an additional resource used to support guid-

ance during remote telementoring. They are instructional, short video clips of different steps of

specific surgical procedures that are available for the expert to show to the novice when needed

(Fig. 3.4c). These video clips show up as a floating screen on top of the surgical table (Fig. 3.1)

and always face the novice surgeon. They keep repeating until disabled by the expert, and

typically also contain audio instructions, that can be muted by the expert surgeon if needed.

Scanning the patient through the surgical lamp – ARTEMIS shows a 3D reconstruction

of the patient to the expert surgeon in Virtual Reality (Fig. 3.3d), but the Microsoft Kinect depth

camera that scans the patient is in the operating room (OR). To provide an intuitive interface

that allow the novice surgeon to both know what the expert surgeon can see and easily change

that view as needed, we designed the system to take advantage of the OR layout, as well as the

interaction that we observed during our role-playing session; we, therefore, decided to attach

the depth camera to the OR surgical lamp that is illuminating the patient (see Fig. 3.5, left). In

this way, the novice surgeon is always aware of what the expert surgeon can see as the lamp

illuminates that part of the patient.
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Figure 3.5: ARTEMIS in action. Left: ARTEMIS AR, with a novice wearing HoloLens and in
the process of performing a surgical procedure on a mannequin; on the ceiling-mounted rods are
visible the OptiTrack and RealSense cameras (on the left rode), while the Kinect is attached to
the surgical lamp in the middle (the white zoomable cameras on the left and right of the image
are not part of the system). Right: ARTEMIS VR, with an expert surgeon guiding the novice
user, wearing the IMU-equipped gloves, and holding the pen to annotate the 3D point cloud
in front of him; visible are the OptiTrack cameras on the ceiling-mounted rods, and a display
showing the current VR view in the background.

3.3.2 Expert Surgeon’s Interface

The expert surgeon’s Virtual Reality interface provides surgeons with a virtual operating

room. In this operating room, the 3D reconstruction of the patient is at the center of the stage,

surrounded by tools and VR camera views (from the Kinect, RealSense, and HoloLens cameras)

designed to make the expert surgeons’ interaction with ARTEMIS more efficient and enable the

expert to successfully explain procedural and conceptual steps of the surgery being performed.

Figure 3.3 shows the entire VR interface and highlights its key components.

The expert surgeon interacts with the interface via a laser pointer, but unlike most VR

experiences, this laser pointer is implemented through an actual physical pen, and not as a virtual

tool that they “grab” with VR controllers. ARTEMIS VR does not use regular VR controllers

to facilitate the use of gestures and tools by an expert surgeon that is most likely new to VR

experiences. Thus, instead of having users learn how to map controller buttons to gestures and

actions, the expert surgeons wear real gloves as if they were wearing surgical gloves (Fig. 3.6a) .
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Their only surgical tool is a pen that they can hold and feel with their hands and can point, select,

or draw (Fig. 3.6b).

Control Panel – The expert’s control panel (Fig. 3.3a) provides four types of tools: (i)

annotation controls and color palette, (ii) local space controls, (iii) novice surgeon’s interface

controls, and (iv) calibration controls. Through the annotation controls and color palette, the

expert surgeons can change the color of the pen before making a 3D annotation. They can also

erase annotations on both their side and the novice surgeon’s side. The local space controls

(Fig. 3.3a, bottom) allow experts to show and hide the novice’s head or torso. The Novice

surgeon’s interface controls allow experts to change the visibility of their hands and annotations

on the novice surgeon’s space. Finally, the calibration controls allow experts to work with the

novice surgeon to improve the alignment of annotations as seen from the novice surgeon’s side.

We will elaborate on the needs and the approach for alignments later in this and the next sections.

Table Control – This interface serves two purposes (Fig. 3.3b); the Rotate Table flips the

orientation of the patient so that the expert surgeon can look at surgical field from two different

points of view; the Gain and Exposure controls allow the expert surgeon to control settings of the

remote Kinect camera, adjusting the visibility of the patient as needed.

Remote Live Streams – This interface (Fig. 3.3c) shows six different live video streams

to the expert surgeon in the top part. Two displays show cameras attached to rolling wheels that

the novice surgeon can move around the operating room. Two displays show cameras located

at opposite corners of the operating room. One display shows the internal camera of the head-

mounted display, and the last display shows the patient as seen by the depth camera attached to

the surgical lamp. The expert surgeon can use the pen as a laser pointer to select and show any

of these six videos streams in the bigger display at the bottom. The location and layout of these

displays allow for the user to see both the patient reconstruction as well as the video displayed in

the bigger screen without the need to switch focus or move their heads.

3D Patient Reconstruction – This is the central interface available to the expert surgeon
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to guide the novice through specific surgical procedures (Fig. 3.3d). Through a point-cloud view,

the expert surgeon can see the patient in a three-dimensional rendering that keeps real-world

proportions. The point cloud view is a real-world live representation of the patient and it is placed

on top of an actual table in the remote expert’s environment. By looking at the point cloud the

expert can see in real-time what is happening to the patient, and can interact with the patient

representation by placing hands on particular parts of the body, and by annotating the body using

3D annotations. Both hand maneuvers and 3D annotations show up in real-time in the AR view

of the novice.

Novice Surgeon’s Avatar – The novice’s avatar (Fig. 3.3f) shows the location of the novice

surgeon with respect to the surgical table at all times. Experts use the avatar as a communication

and interaction anchor when guiding the novice through their procedures.

Procedure Clips Control – This interface provides a video library containing a number

Figure 3.6: ARTEMIS VR Input Interfaces. Expert surgeon’s wear gloves and interact with the
interface through a physical pen. (a) Right-Hand glove showing OptiTrack markers (small silver
spheres) installed on the top side of the glove. (b) Physical pen, implemented using a wireless
mouse, and showing OptiTrack markers; highlighted are its two modes: selection mode and
annotation mode.
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of surgical procedure video clips for different procedures (Fig. 3.3h). By selecting one of the

options, a series of video clips pop up on the right side of the interface (for instance the chest

tube procedure); when the expert surgeon selects one of these video clips, it displays on the larger

screen at the bottom of the interface, and it plays synchronously on both the expert side in VR,

and as holographic representations on the novice surgeon’s side (Fig. 3.4c). The expert surgeon

can show, hide, pause, mute, and remove this interface from both the expert’s and the novice’s

side.

3.3.3 Calibrating 3D annotations

Because novice surgeons may only see the 3D annotations floating in front of them

(Fig. 3.7, right), annotations displayed at the wrong location can lead them to perform an action

(i.e. an incision on the patient’s body) at the wrong place. To avoid this, before starting a

procedure, expert surgeons can use the calibration buttons in the Control Panel (Fig. 3.3a) to

calibrate the novice surgeon’s head-mounted display. To calibrate, the novice surgeon brings

a Calibration Marker (See Fig. 3.9) under the surgical lamp view. The expert surgeon then

selects “Start Calibrating” in the Control Panel (Fig. 3.3a); when the novice surgeon looks at the

calibration marker through the HoloLens camera, the system performs a calibration between the

Figure 3.7: The expert surgeon annotates on the reconstruction of the patient body in VR (left)
while the novice surgeon sees it overlaid onto the real patient in AR (right)

.
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Figure 3.8: ARTEMIS is composed of two separate environments: ARTEMIS AR (left) and
ARTEMIS VR (right). This diagram shows the origin and direction of data flowing from each
environment.

different tracking devices. The expert surgeon can confirm alignment accuracy by annotating

over the calibration marker.

3.4 Implementation

As explained earlier in this paper, ARTEMIS consists of two separate spaces: ARTEMIS

AR and ARTEMIS VR. ARTEMIS AR encompasses the novice surgeon’s AR head-mounted

display and the server connecting to the operating room’s cameras and trackers. ARTEMIS VR

encompasses all the tracking hardware used for the expert surgeon. Each computing device

(HoloLens v1, Server Computer, and VR computer) runs an application developed in Unity

2018.3 [112]. Figure 3.8 summarizes the ARTEMIS’ hardware and streams of data.

ARTEMIS AR uses HoloLens v1 [75] as the AR headset and a standalone computer

(Server Computer). HoloLens sends audio and video directly to ARTEMIS VR through We-

bRTC [78]. It also receives tracking data and commands directly from the VR computer. We use

a separate computer, the Server Computer, to encode and stream data from the many cameras

installed in the operating room. The Azure Kinect depth camera [74] is used to create the patient’s

point cloud at a resolution of 1280x720, 30fps. The Server Computer also encodes and streams
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frames from four Intel RealSense color cameras [49] (2 on rolling wheels, 2 in the corners of

the room) at a resolution of 800x600. Finally, we use five OptiTrack Prime 13 motion capture

cameras [89] to cover the entire surgical space. These cameras track HoloLens, the surgical table,

the surgical lamp, and the calibration marker used to realign annotations. Tracking data from

these cameras flow from OptiTrack’s Motive [87] to the Server Computer and then to both the

HoloLens and the VR Computer through a custom protocol (Fig. 3.8, left).

ARTEMIS VR uses an untethered HTC Vive Pro [48] as the VR headset. Similar to

the AR space, it also uses OptiTrack motion capture cameras to track the VR headset, the pen,

the gloves, and a physical table that serves as a proxy to the surgical table (Fig. 3.6 shows the

spherical passive infrared OptiTrack reflectors attached to the gloves and the pen). The pen and

the gloves [114] are commodity hardware that connects to the VR computer through Bluetooth.

We use OptiTrack’s active Vive tracker [88] to track the VR headset instead of Vive’s default

tracking technology.

In developing ARTEMIS, we faced four key technical challenges: (1) HoloLens limi-

tations, (2) a constant change of input and interaction, (3) rendering the point-cloud without

distortions, and (4) calibrating the different coordinate systems. The remainder of this section

describes the specific software and hardware strategies we used to address these challenges.

3.4.1 Overcoming HoloLens Limitations

Released to the public in 2016, HoloLens v1 was the first commercial, untethered optical

see-through head-mounted display to use inside-out global sensor fusion for head-tracking [62].

However, its capability to track itself in space, makes HoloLens integration with external tracking

systems such as OptiTrack quite challenging, especially when HoloLens’ internal tracking system

drifts over time [113]. To check that devices are properly integrated and therefore ensure smooth

user experience, as part of ARTEMIS we created an interface for the expert surgeon and the

novice surgeon to verify that OptiTrack-HoloLens calibration is accurate.
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As an untethered device, HoloLens v1 runs on a battery that lasts around 2-3 hours during

continuous use [75], but our surgeons were (correctly) worried that some procedures could last

longer than that. To allow surgeons to switch to a new device quickly, each device connects to the

Server Computer that acts as a hub and advertises that a new AR/VR display is available. This

allows a newly connected HoloLens to quickly take over an existing session when a device is

about to run out of battery.

As an embedded computer, HoloLens has also limited processing power. For example, our

procedure clips (Fig. 3.3h) would not play while WebRTC encoded and streamed the front-facing

camera. We disable the first-person view whenever the expert surgeon plays a procedure clip

to resolve this problem. In these situations, we expect the expert surgeon to rely on the other

cameras to gather more visual information about what the novice surgeon is doing.

3.4.2 Rapid Technology integration

ARTEMIS implementation is the result of several iterations over a period of 12 months.

During this time, we tested different commodity technologies to address the interaction needs

we uncovered during our role-playing sessions with experts. AR and VR technologies are still

maturing and off-the-shelf products have limitations that only show up through extensive testing.

For example, we initially integrated Leap Motion [111] on the VR headset to track the expert

hands. Still, our tests showed that Leap Motion fails with different gestures when fingers overlap

each other. As a result, we integrated VR gloves as a replacement for Leap Motion and later

upgraded again to a computer-vision hand-tracking system.

Often, switching from one commercial technology to another means migrating to a new

Software Development Kit (SDK) with different programming languages or environment support.

To facilitate our rapid technology integration, we implemented abstraction layers so that the

expected data from each side were independent of the hardware and software used. For example,

the point cloud is encoded as JPEG and Raw 16 bits depth. We then used a dedicated networking
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library to connect and synchronize data streams across systems.

Networking Library – Unity has poor support for custom, high-throughput networking

protocols. With all relevant data going and coming through the network, we implemented a

networking library for Unity with support for Python, C++, and other platforms such as NodeJS.

The Unity counterpart of the library provides a high-level interface to TCP clients and TCP

servers as well as UDP sockets. It also receives and decodes network packets in an external thread

to avoid impacting rendering performance. With the exception of the WebRTC audio and video

streams, we implemented all the network streams described in Figure 3.8 with this library.

3.4.3 Rendering the Point-cloud

We implemented a custom application to read, encode and stream color and depth frames

from Kinect Azure. Color frames are encoded into JPEGs and depth frames are sent raw through

a C++ interface part of our networking library. On the VR application, we use a custom shader to

render the color and depth frames as a point cloud (Fig. 3.7, left). Our shader uses a pre-computed

look-up table to calculate the point cloud from the depth map similar to Azure Kinect Fast Point

Cloud example [73].

The AR space tracks both the surgical table and the surgical lamp equipped with the

ARTEMIS depth camera. The novice surgeon can move the camera around the patient, and the

expert surgeon will see the different parts of the patient at different locations on their virtual

surgical table. Moving the surgical table and the lamp together will not move the virtual surgical

table or the patient point cloud in VR.

3.4.4 Calibrating Different Coordinate Systems

Showing annotations on the patient’s body requires us to know their location with respect

to the HoloLens coordinate system. Unfortunately, HoloLens is unable to directly track the body
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of the patient. We rely on OptiTrack to track both the patient and HoloLens so that HoloLens can

translate incoming annotations from the patient’s body coordinate system to its internal coordinate

system. We summarize the different coordinate systems and required transformations in Fig. 3.9.

Overall, there are two main transformations needed.

The first step is to establish a coordinate system for the patient’s body. This requires a

single, offline calibration between Azure Kinect and OptiTrack. We perform this calibration

through a variation of Chiodini et al. [25] using one camera instead of using a stereo setup. This

calibration gives us −→KO, the location of Azure Kinect with respect to the OptiTrack coordinate

system (−→O ). Given that Kinect is not directly tracked by OptiTrack, during calibration, we use the

surgical lamp location (−→SO) to find a transformation between itself and Kinect (−→TSK). −→TSK allows

us to know the location of Kinect at all times, even after a surgeon moves the surgical lamp.

Figure 3.9: Diagram representing all tracked objects in the Augmented Reality space. We
represent the three independent coordinate systems HoloLens, OptiTrack, and Kinect by H, O,
and K, respectively. OptiTrack tracks all physical objects of interest: the calibration marker
(−→MO), the surgical table (−→SO), the surgical lamp(−→LO). The goal of the calibration is to find the
transformations −−→THO and −→TSK .
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The second step is to find −→HO–HoloLens’ location with respect to OptiTrack (−→O ). Un-

fortunately, HoloLens’ internal tracking system resets its origin every time ARTEMIS AR is

started. This requires us to find −−→THO every time we start the system. To facilitate calculating −→MH ,

we created a Calibration Marker that can be tracked both by OptiTrack and HoloLens. We use

Vuforia [115] on HoloLens to track the marker through its front-facing camera. With known

equivalent points −→MH and −→MO we can find a transformation between HoloLens and Optitrack

(−−→THO).

3.5 System Evaluation

ARTEMIS is being prospectively evaluated within a cadaveric trauma model. Novices

are randomly assigned to ARTEMIS support or the Control group (audio only consultation), and

evaluation is performed retrospectively by experts blinded to the study participants group (as all

participants wear a headset platform) using standardized graduate medical education methodology.

Key outcome measures are surgical technique (evaluated using the OSATS tool [68]), critical

decision making, and timeliness of life saving interventions.

It is outside of the scope of this paper to further discuss the large cadaver-based randomized

trial or to understand if ARTEMIS could be used for training and for the provision of emergency

care. We, however, performed a qualitative evaluation of the use of ARTEMIS and we report here

on initial results involving 5 experts, 6 novices and 22 procedures on mannequins and cadavers.

3.5.1 Procedure

As part of the initial deployment of ARTEMIS at Naval Medical Center San Diego, we

enrolled 6 novices (N1-N6) and invited 5 experts (E1-E5) to work with the novices. Together

they participated in pilot studies with mannequins, as well as actual studies with cadavers. Our

research team engaged in direct observation, and all participants were video recorded. Direct
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observations from cadaver studies were used in conjunction with videos from mannequin studies.

The study protocol was approved by the Naval Medical Center San Diego Institutional Review

Board in compliance with all applicable federal regulations governing the protection of human

subjects.

Of the five experts, two were Senior Critical Care Intensivists, and three expert were Staff

Surgeons. The six novices were Surgical Technicians, Medics, and Junior Surgical Residents.

One of the experts mentored two different novices.

The five experts engaged in a total of 22 procedures across all of the sessions with

novices, with two novices only performing one procedure (cricothyroidotomy), and the other four

performing five back-to-back procedures each (cricothyroidotomy, dual-incision leg fasciotomy,

femoral artery exposure, axillary artery exposure, and resuscitative thoracotomy). Procedures on

mannequins did not entail any actual incision, while cadaver studies performed the procedure as

if it was on a real patient. All but one experts (E1) and all novices were trained on the system, but

neither experts nor novices knew in advance the procedure to perform. Sessions covering one to

five procedures spanned 15-60min. All experts and novices had the VR/AR headsets (HTC Vive

Pro and HoloLens 1) calibrated for their inter-pupillary distance (IPDs)

The research team was composed by at least three researchers (sometimes four) who

observed all the sessions, took notes, and analyzed the videos of the procedures to uncover

usability issues, usage patterns, communication and coordination processes specific to immersive

remote telementoring. Experts and novices were also informally interviewed at the end of their

session to gather their feedback on the use of the system. We summarize results of this initial

qualitative evaluation in the next section. To structure the results as presented below, we conducted

a qualitative synthesis through a thematic analysis that aggregated observations from videos,

interviews, and researcher notes.
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3.5.2 Results and Discussion

In general ARTEMIS worked well, and we witnessed both novices and experts being able

to communicate with increased precision, accuracy, and clarity. Novices were able to successfully

complete the procedures assigned to their sessions, including those that they had never performed

previously. The overall feedback from experts when asked about the system is nicely summarized

by E2’s comment “To do those 5 procedures in 40 minutes, especially 2 of which he’s never done

before ... is pretty great” [E2].

After reviewing the data collected during our exploratory evaluation, we organized our

findings into seven major themes. The first three themes cover technology limitations and

interaction limitations. The last four show us how ARTEMIS enabled experts to overcome those

limitations, and how the system accommodated for different mentoring styles.

(1) The 3D point cloud doesn’t represent fine details – 3D point clouds are as reliable

as the depth information associated with each pixel. In situations where experts needed a closer

look of the body, novices moved the surgical lamp supporting the depth camera to cover distant

parts of the body (e.g. the legs during a fasciotomy), as well as to have better views (e.g. the side

of the chest during a lateral puncture). Unfortunately, modern depth cameras still have a huge

gap in resolution between the depth camera and the color camera. Overall, we found out that

point-clouds are unable to to represent finer details [107, 90] such as veins and soft tissue such

as the fascia.

(2) Annotations’ depth and alignment are difficult to perceive – One of the most difficult

tasks for both experts and novices was to understand how to make annotations at the right depth

(expert in VR) and at what depth were annotations done (novice in AR). Experts using VR for

the first time had some difficulty making annotations at the right depth. This difficulty with the

interface is partially due to depth perception in VR. VR headsets are still limited in how they

model and create depth perception [91]. In our studies we had to explain to one expert that they

were writing annotations far above the actual 3D body because they were looking at the body
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from the top: “here, bend low / crouch there to annotate the body” - “Oh” [E4] – referring

to stereoscopic understanding of depth. While we tackled this limitation by training our expert

surgeons, a future venue of exploration is the use of visual aids and sketching constraints [7].

(3) Not everything is being shared, but this is not always clear – During our first tests,

E1 tried to guide the novice surgeon by referring to one of the many video clips visible to him

on the procedure clips library interface (Fig. 3.3h). It took him some time to realize that the

novice was only able to see one selected video, and not the entire video library. As mentioned

before, E1 was not trained on ARTEMIS as other experts, and did not realize that the AR and VR

user interfaces are quite different. In addition, given that E1 was already quite experienced in

collaborative VR interfaces, he was expecting similar interfaces as the ones he experienced in the

past. A related problem would happen if the expert surgeon points to the position in space where

the video library is located in VR, to refer to the currently playing video in AR. The location of

the video player on the AR side is not necessarily the same as the location on the VR side, and

therefore the pointing gestures would fail. In situations like these, it is important to not take the

user interface for granted, and train even the most experienced AR/VR users. In addition, to solve

unbalanced interfaces, we could intervene and “warp deixis” [102] by changing pointing gestures

so that they align with what users see in their environments.

Despite these drawbacks, we found that ARTEMIS’ different communication features

served as a way to overcome technical limitations.

(4) Expert and novice surgeons overlap each other – ARTEMIS allows experts to (vir-

tually) move around the operating room, but they mostly stayed at same remote location as the

novice surgeon. This resonates with works that investigated the impact of giving view indepen-

dence to remote mentors. Amores et al. [3], for example, touch upon a similar observation where

experts commented on the ease of guiding someone by offering a first-person perspective with

their own hands. This not only allowed them to benefit from seeing the 3D reconstruction from the

same perspective as the novice [59], but it also facilitated enacting the procedure from the novice’s
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perspective, something that experts can’t do even when working with novices side-by-side.

(5) Expert surgeons alternate between watching the novice’s first-person view and

sketching on 3D reconstruction – Most experts were initially expecting the 3D reconstruc-

tion to be as detailed as a video feed or as a real-patient. Unfortunately, as pointed out before,

point cloud renders are unable to represent small details such as veins inside cadavers. Nonethe-

less, by providing more than a single of view of the body, ARTEMIS allowed experts to overcome

this limitation while still benefiting from the 3D annotation interface. After the initial incision

was made, experts would alternate between watching the first-person view of the novice to gather

context of what they were doing, then looking at the 3D reconstruction whenever they needed to

show a maneuver with their hands or make more markings.

(6) Verbalization and context can help overcome visual alignment issues in AR –

Similar to other AR systems such as STAR [97, 64], annotations as seen by the novices were often

not perfectly aligned with the cadaver, sometimes being off by up to 1-2cm. Interestingly the

expert and novice were often able to smoothly account for this — using verbal communication,

hand gestures and body landmarks to resolve alignment problems. For instance, in one of of the

sessions where annotations were not perfectly aligned, E2 directly asked N3 for her feedback:

“Does the 3D writing help spatially?” (despite its inaccuracies) [E2], “Yeah, definitely. It’s pretty

neat actually” [N3]. Another expert-novice dyad [E5-N6] learned that by standing over the body

from a similar point-of-view, they could align annotations better. This helped them deal with the

lack of depth cues in virtual spaces such as the lack of occlusion of the annotation by the patient

body. Despite these difficulties, as mentioned above, users were always able to resolve possible

annotation positioning problems, by talking through them and using hands movements to better

explain.

(7) A Digital Whiteboard is needed ... but not really – In most telementoring systems,

experts annotate a video interface to contextualize the instructions they want to convey - for

example, by marking the location of an incision. In fact, during our role-playing sessions,
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experts annotated the body to show the location of anatomical landmarks (EG2) as well as

mark the location, length, and depth of incisions (EG3). Naturally, in addressing these two

goals, ARTEMIS’ interface is centered around 3D annotations on the patient body. In previous

telementoring systems, however, experts could use the video interface to make annotations that

are unrelated to the patient body. For example, they might want to explain a technical concept or

describe future steps of the procedure [101]. During the exploratory study, a couple of experts

asked for additional shared writing supports; E1, for instance, mentioned how he “would like to

have a whiteboard so that I can make pauses and explain steps” [E1]. While this could inspire a

new feature for ARTEMIS, we noticed how most experts relied on annotations over the virtual

body (in accordance to EG1 and EG3). We also noticed that the lack of a digital whiteboard did

not constrain experts in any way. E3, for example, used the space above the patient to create 3D

mid-air handwritten notes that the novices were able to read and act upon.

3.6 Conclusion

In this paper we introduced ARTEMIS, a Mixed-Reality system for immersive surgical

telementoring. Through a participatory design process with expert surgeons, we explored the

use of Mixed Reality technology in a collaborative surgical task and defined four design goals

that systems should address to better support expert surgeons’ needs. Our system, ARTEMIS,

addresses these goals to create a high-fidelity remote collaboration environment for time-critical

environments. Through a qualitative evaluation, we showed that ARTEMIS allows untrained

medical personnel to respond to an emergency, and to perform complex surgeries on critical

patients under direct guidance from remote experts. The qualitative evaluation of ARTEMIS in

a real-world surgery scenario outlined a number of important aspects that will be key for the

further development of immersive collaborative environments for time-critical applications.

While telementoring for trauma care was the lead use of ARTEMIS, concepts explored
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here can be generalized to remote physical collaboration that requires a high-degree of fidelity

and accuracy (down to the centimeter scale). Unlike previous systems that support physical task

mentoring through a single, complex interface for both mentors and mentees (e.g., LOKI [108]),

ARTEMIS provides specialized interfaces that allow mentors in VR to control what mentees

immersed in AR can see so that mentees can focus on the task at hand.

While much can be achieved in the future with a system like ARTEMIS, we believe

that a critical role of this work will be to allow researchers to understand the unique needs of

surgical collaboration in trauma settings as well as the impact of new mixed-reality technology

for collaborative environments, specifically investigating the development of common ground,

collaboration, and communication.

In the near future, along with conducting a formal evaluation comparing ARTEMIS with

other telementoring systems, we plan on refining this novel technology for mobile immersive AR

and VR to enable 3D real-time telementoring in two ways. First, to scale and support time-critical

tasks that require co-presence of experts alongside novices. Second, by studying ARTEMIS

from the perspective of the novice surgeon. Currently, a limitation of this work is that it was

designed through expert surgeons’ perspective. We expect our clinical evaluation to help us

uncover unknown mentees’ needs that would further improve our understanding of how a system

such as ARTEMIS can provide remote guidance to novice surgeons.

3.7 Closing Remarks

In ARTEMIS [37], we designed a telementoring system where expert surgeons in Virtual

Reality see and annotate a 3D reconstruction of a patient. They do so to guide novice medics

by showing, for example, the location, length, and depth of an incision. Novice medics, in

Augmented Reality, see these virtual annotations on the patient’s body and use them as a guide

for their procedure (Fig. 3.7).
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The alignment requirement between instructions and patients is more critical in ARTEMIS

than in HoloCPR. Here, novice surgeons follow virtual lines (Fig. 3.7 (B) ) to, for example, make

an incision. Theoretically, if these lines are off by a couple of centimeters, they can lead novices

to cut the patient at the wrong location. However, this is not what we observed.

Despite our best technical efforts, the AR interface was often off by one centimeter.

Nonetheless, users collaborating through the system could still follow AR annotations correctly,

as mentors would often draw more lines to contextualize their annotations or verbalize instructions

to guide novices around the misaligned interface.

After carefully tackling all possible tracking problems, what could possibly cause a

registration error of that much? In the next chapter, we delve into the innerworkings of head-

mounted displays to better understand other factors that can cause registration errors even when

perfect tracking is available.

Chapter 3, in full, is a reprint the material as it appears in the the Proceedings of the 2021

CHI Conference on Human Factors in Computing Systems. I was the lead author of this material.

Danilo Gasques, Janet G. Johnson, Tommy Sharkey, Yuanyuan Feng, Ru Wang, Zhuoqun Robin

Xu, Enrique Zavala, Konrad Davis, Michael Yip, and Nadir Weibel. The dissertation author was

the primary investigator and author of this material.
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Chapter 4

Measuring the limits of perception-based

guidance

Users following physical task guidance in Augmented Reality (AR) align physical objects

with virtual objects (and vice-versa). For example, in an assembly task, workers follow 3D virtual

models to place physical objects in the correct location and orientation. While placement accuracy

depends on users’ dexterity, it is bound by where the display shows the virtual object to the user.

In stereoscopic displays such as optical see-through head-mounted displays (OST-HMD), users

can discern virtual objects presented at different depths; however, when comparing virtual and

real objects, depth perception is warped by how well calibrated the OST-HMD is for that user.

Because OST-HMDs display images on small screens between the user and the real world, they

must accurately calibrate to the user’s eye; otherwise, users will see virtual objects at the wrong

location. This paper measures how eye-display calibration errors affect users’ ability to align

virtual and physical objects. We conducted a user study (n=12) where users either align a physical

object with a virtual one or a virtual object with a physical one using three different displays: a

perfect AR system simulated in Virtual Reality (VR), a simulated AR with optical error, and a

modern AR headset (HoloLens2). Our results show user performance is directly related to the
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display used. Eye-display calibration errors, when present, negatively impact user performance,

effort, and frustration.

4.1 Introduction

Augmented Reality displays create the illusion that virtual objects co-exist with physical

objects in the real world. This affordance of AR displays is commonly used to show situated

information near an area of interest so that users more easily follow instructions. In domains where

users follow instructions describing how to move and orient objects, situated Augmented Reality

guidance has been shown to improve precision [53] and reduce errors [97], all while requiring less

cognitive effort from users [20]. These benefits of AR displays for manual task guidance become

even more critical in high-stakes domains where a mistake can lead to unbearable personal or

financial losses, such as trauma medicine and emergency procedures.

In manual task guidance, alignment accuracy is a crucial metric as it measures how

far virtual and physical objects are from one another. For years, researchers have worked on

improving alignment accuracy through a myriad of approaches, including user interaction [106],

visual design [32], alignment interface [4], and comparing different AR displays. The current

consensus is that wearable head-mounted displays (HMD) are the most appropriate format for

manual task guidance [94] as they render virtual graphics from an egocentric perspective while

allowing users to operate hands-free.

Presenting virtual information from the user’s perspective is a complex problem impacting

alignment accuracy. To date, there are two distinctive implementations of HMDs [11, 16]:

video see-trough (VST) and optical see-through (OST). VST-HMDs use one or more cameras

to combine virtual objects with a live video stream of the physical world, constraining users

from seeing from the camera perspective. OST-HMDs, on the other hand, use semi-transparent

displays between the user’s eyes and the physical world. One of their most significant advantages
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is that the real world is seen unaltered, in full resolution, and from the user’s perspective. Modern

commercial HMDs such as Microsoft HoloLens 2, Magic Leap, and Snapchat’s Spectacle 3 - are

optical see-through HMDs.

Despite their advantages and widespread use, OST-HMDs have a critical limitation:

perfect registration - or alignment - between virtual and real objects is unattainable with current

technology [45]. Despite improvements to display technology, the underlying working mechanism

is the same: virtual objects are rendered and presented to the user as 2D images on a screen

positioned at a fixed distance from their eyes.

Recent works have investigated these perceptual issues’ impact on user performance and

task workload, with promising results, as no difference was found when compared against a

baseline task. Nonetheless, no work has investigated the impact of specific calibration parameters

on users and user performance. This work investigates the impact of eye-display calibration errors

on user perception and performance. After all, manual alignment accuracy is bound to how well

the augmented reality display can render virtual information at the right location as perceived by

the end user.

Unfortunately, there is a unique difficulty in experimenting with user perception in AR as

we cannot confirm what users see [45] nor control essential parameters of eye-display calibration,

such as where the system perceives the eye location. We create an optically-accurate simulation

of Augmented Reality in Virtual Reality to overcome these difficulties. A significant advantage

of using virtual reality to simulate Augmented Reality is that both the virtual and real worlds are

simulated, and the simulation knows the exact location of the user’s eyes.

Using this controlled environment, we measured the impact of eye-display calibration on

alignment accuracy and user task load (NASA TLX [46]). In this experiment, twelve (n=12) users

either align a physical object with a virtual one or a virtual object with a physical one using three

different displays: a perfect AR system simulated in Virtual Reality (VR calibrated), a simulated

AR with a standard eye-display calibration error (VR 1mm error), and a modern AR headset
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(HoloLens 2). Our results show alignment accuracy is directly related to the display used. A

small (1 mm) eye-display calibration error, when present, negatively impacts the user’s perception

of performance, effort, and frustration.

We further investigate how users cope with optical errors through interviews and obser-

vations. Despite struggling with alignment tasks in the presence of optical errors, users cannot

always detect or understand what is happening. Optical errors are perceived as a “swing and sway”

error, a change of brightness, and a mismatch of object sizes. This latter point directly affects

how we design interfaces for manual alignment - especially in the presence of optical calibration

errors.

In this paper, we make the following contributions:

1. A Virtual Reality OST-HMD simulator

2. A user study comparing user alignment performance and task workload on both an ideal

headset and a headset with a 1mm optical error.

3. An in-depth comparison between the results in a simulated environment to those of a

modern OST-HMD (HoloLens 2)

In short, this paper answers the following research question: How do perceptual dif-

ferences impact one’s ability to align a physical with a virtual object? In the next section,

we briefly review OST-HMDs, covering concepts from virtual image registration, eye-display

calibration, and depth perception. Then, we situate our work in the current research landscape of

alignment interfaces. We then describe our experiment, and its results and discuss them.

4.2 Background and Related Work

A key feature of Augmented Reality displays is that they “register real and virtual objects

with each other” [10]. To the user, registration creates the illusion that virtual objects exist in
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the physical world. To create this illusion, the AR display has to “see” the world from the same

perspective as the user. More specifically, the AR system needs to track the pose of a real-world

target object – its 3D position (x, y, z) and orientation (yaw, pitch, roll) – with respect to the

display. Once the system can determine the target object’s pose, it can then determine the position

of a virtual camera able to render [33] 2D pixels on the physical display so that users see a virtual

3D object aligned with the physical one.

The complexity of registration lies in the many errors that can be introduced during

tracking, rendering as well as by the virtual camera being used. In a VST-HMD setup, the

user sees the real world mediated by a video stream from a physical, world-facing camera. The

physical camera “sees” the world for the user, and the AR system uses its video stream to combine

virtual and real. Thus, as long as the virtual camera is analogous to the physical one, virtual and

physical objects will be aligned (Fig. 4.1, top).

Figure 4.1: Two common Augmented Reality setups. The top image shows a tablet AR example
and the bottom image shows an OST-HMD example. (Top) In the tablet setup, users see the
augmented world through a world-facing camera. (Bottom) in the OST-HMD setup, the user
wearing an OST-HMD sees the target object through transparent displays. Because of a small
error on display-eye calibration, the virtual cube (shaded) can appear poorly aligned with the
real one.
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The user sees the real world directly in a more complex setup, such as OST-HMDs. The

AR system then displays virtual objects on a transparent screen placed between the real world

and the user. Thus, to render virtual objects aligned with the real world, the AR system must rely

on accurate tracking technology and use virtual cameras that are analogous to a more complex

real-world camera: the user’s eyes.

To find the transformation between the display and the user’s eyes, a calibration procedure

between the user and the headset is always necessary [45]. This calibration estimates the intrinsic

and extrinsic parameters of the virtual rendering camera representing the eyes. These parameters

account for the eye position with respect to the OST display as well as the projection properties

of the eye-display pinhole model [51, 110, 8].

Another advantage of modern OST-HMDs is the use of two displays, one per eye to rely

almost on stereopsis [61] to create the perceptive illusion of depth. Stereopsis occurs due to the

slightly different viewpoints each eye captures due to their horizontal separation on the head. The

human brain calculates the depth of an object given its positional disparity between each eye.

Thus, even though the optical display is at a fixed focal plane, it can interpret different virtual

objects at different depths. This depth perception allows us to judge distances accurately, navigate

our environment, and perform tasks that require hand-eye coordination. Stereopsis is essential for

catching a ball, driving, and avoiding obstacles in our path.

4.2.1 Simulating Augmented Reality in Virtual Reality

Evaluating alignment workflows in any OST-HMD is particularly challenging because

only the headset user can access it. A common approach is to employ a confirmation study that

helps validate user perception of alignment [45]. For example, showing minor virtual points

on a tracked surface and measuring how accurately users can touch them [71]. However, these

validation studies are often constrained and introduce biases and errors in the evaluation [66].

Seeing exactly what the user sees is an impossible task, and even approximations, such as
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Figure 4.2: How it works: to simulate AR in VR, our simulator uses two scenes. Like any VR
application, the “Real World” is a VR scene. In it, the simulator adds a virtual OST-HMD with
two displays. The Augmented Reality scene is a separate scene containing only the AR part of
the simulation. The OST-HMD pose is sent to the Augmented Reality scene for every frame
rendered. Based on the user’s inter-pupillary distance, two cameras - one per eye - follow the
pose of the virtual OST-HMD to render one AR view per display. The poses of other objects
can also be sent and used in the Augmented Reality scene. Left: Simulated real world scene
– (a) Virtual OST-HMD with two displays. (b) Target object to be augmented in AR. Middle:
Augmented Reality scene – This scene is designed to be completely isolated from the real-world
environment and can be re-used with different environments. (c) Example of an AR visualization
to be aligned with the target object in a real-world scene. (d) left and eye cameras responsible
for rendering the AR overlay scene. Right: Virtual Reality user view showing a preview of both
eyes – (e) rendering on both displays.

replacing the human eye with a physical camera [80], do not make alignment assessments

objective because of mismatches between camera and eye intrinsics [43, 9].

With so many possible sources of error, such as variable eye-display calibration errors,

and inside-out tracking drift, it is impossible to measure alignment errors that isolate one specific

controlled error objectively.

4.3 The Virtual-Augmented Reality simulator

In the past, researchers have successfully used Virtual Reality to simulate Augmented

Reality for studies that measure different forms of calibration [69, 83, 30, 95]. For example, Martin

et al. [70] studied aligning a 3D object over another 3D object in Virtual Reality. Simulations in

Virtual Reality are an overly optimistic simplification of a real head-mounted display. Moreover,
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the alignment error is a combination of errors arising from different sources; many are ignored in

a Virtual Reality study.

That said, conducting alignment or calibration studies using an actual Optical See-Through

Head-Mounted Display (OST-HMD) presents substantial challenges. Implementing and exper-

imenting with various calibration methods requires comprehensive environmental and user

instrumentation. Still, even when these are available, we lack tools that can help us understand

trade-offs between different calibration algorithms. Moreover, the alignment error is a combi-

nation of errors arising from other sources, so it is hard to pinpoint what calibration or aspect

should be improved next: optical distortions from the display technology. Poor user-display setup

(e.g., wrong IPD, poorly worn head-mounted display)? Drift or occlusion introduced by tracking

system? Numerical instability from mathematical models?

To address the current complexity of running more realistic alignment studies while

providing the constraints required for a type study, we introduce an AR simulator in Virtual

Reality. Our simulator provides an interface to implement and test calibration setups without

needing to deploy to the real AR HMD or to instrument the environment with expensive tracking

technology. Moreover, unlike in real life, we can always obtain ground-truth measurements in the

simulator.

Our VR OST-HMD simulator creates a virtual, augmented reality headset in a virtual

environment. Similar to real life, the head-mounted display in this virtual environment is a pair of

goggles that users can wear to experience AR. The virtual OST-HMD renders a different picture

per eye so the user can see and interact with them in three dimensions (Fig. 4.2).

One of the main benefits of simulating both real and augmented environments is that we

have control over both environments and how and when information traverses from one to the

other. For example, the simulator guarantees that all tracking data from the simulated real world

is used by the virtual OST-HMD simultaneously within the same frame.
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4.3.1 Simulator’s Features

Many factors influence alignment. To simulate a variety of alignment workflows, our

virtual AR simulator provides researchers and developers with the following features:

(1) Virtual Trackers - A core building block of our system is a virtual tracking system that

broadcasts the pose of objects of interest in the real simulated scene to the augmented reality

scene. This includes the OST-HMD position and the location of its displays. Trackers can either

share a global coordinate system center or belong to a shared coordinate system centered at a

specific tracker. Virtual trackers can be customized in many ways: tracker drift (e.g., constant, per

acceleration, per time-step, based on a curve), jitter (e.g., Gaussian), and latency (e.g., constant,

distance-based, Gaussian). Moreover, they can also be customized through user-defined callbacks.

Finally, virtual trackers can be referenced by the AR scene by name.

(2) Locatable Cameras - Locatable cameras are cameras that, for each frame captured, attach a

transformation matrix that maps points from the camera coordinate system to the head-mounted

display coordinate system. They are commonly available in modern HMDs such as Microsoft

HoloLens.Researchers have used this camera, for example, to track and augment target objects

visible to the user. We provide a locatable camera with our virtual OST-HMD that developers can

use to test and implement computer-vision tracking methods. They can also control the camera’s

resolution, field-of-view, and its location on the OST-HMD.

(3) Linear Equation Solver - Generally, the goal of calibration algorithms is to find a perspective,

affine or orthogonal transformation between two coordinate systems. This transformation is

organized as a system of linear equations and solved through point correspondences between

the coordinates systems [45]. Our simulator includes a basic generic solver that can produce

perspective, affine or orthogonal transformations given a list of point correspondences.

(4) Customizable OST-HMD - All aspects of the OST-HMD are customizable: display position,

rotation, size, resolution, and its projection matrix. This customization flexibility allows us to
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create simulations for modern OST-HMDs (e.g., HoloLens and Magic Leap) and experiment with

new displays. Through post-processing shaders, we can also simulate color bleeding, optical

distortion, etc.

(5) Template scenarios - To help other researchers get started with our simulator, we provide

three templates scenarios: (a) 3D-3D scenario in which a user maps points from the OST-HMD

3D coordinate system to another 3D coordinate system (e.g., a tracked object [92]); (b) locatable

camera scenario a template that shows how to use the virtual camera to track fiducial markers

such as ArUco Markers [81]); (c) 3D-2D calibration: a variation of the Single Point Active

Alignment Method (SPAAM) [110].

4.4 Materials and methods

To better understand the impact that displays technologies have on users’ ability to align

virtual and physical objects, our study compares users’ ability to align objects using three different

display technologies: two simulated AR headsets and a modern AR headset (HoloLens 2). Both

simulated AR headsets use an optical see-through simulation in Virtual Reality. The modern AR

headset serves as a way to compare and contrasts findings in a controlled, simulated environment

with findings in less controlled device.

The two simulated AR headsets represent two different OST-HMDs. One is a perfectly

calibrated OST-HMD, and the other has a static eye-display calibration error. This calibration

error creates visual effects that misrepresent the location of virtual objects in the physical world.

To better understand their impact on user performance and task workload, we focus on a common

type of eye-display calibration error: the focal point (i.e., eye) location. Hence, one of the

simulated AR headsets offsets the eye location by 1 mm at a random axis (X,Y,Z).

User performance on manual tasks can be directly related to the task. In this study, we

compare the two most common types of alignment interfaces in use: aligning a physical object
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Figure 4.3: Study design: a 2x3 factorial study design with two independent variables: display
modality and alignment interface. The display modality variable has three levels: Augmented
Reality (AR), Virtual Reality (calibrated), or Virtual Reality (1mm error). Both Virtual Reality
modalities simulate an optical see-through head-mounted display. VR (1mm error) simulates a
display with 1 mm of error on the focal point location. The alignment interface can assume two
levels: Point or Hologram. We explain the rationale for these interfaces in the section Alignment
Interfaces.

with a virtual object and aligning a virtual object with a physical object. These two types of

alignment interfaces are generalizations of the two most common ways users follow guidance

through Augmented Reality. For example, a surgeon sees the location of a cancer tumor as a

virtual sphere to manually align a physical medical instrument to it. In a different setup, the same

surgeon manually aligns a virtual MRI image over the patient to plan for the procedure.

In the rest of this section, we delve deeper on our study design, the alignment interfaces,

the task performed by the participants, the metrics collected, the number of participants, and our

hypotheses. We present results and discuss results in the next two sections.

4.4.1 Study Design

Our study follows a 2x3 factorial design with two independent variables: display modality

and alignment interface (see summary in Fig. 4.3). The display modality variable has three

levels: AUGMENTED REALITY (AR), a perfectly simulated Augmented Reality in Virtual Reality:
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VR (CALIBRATED), and Augmented Reality with a static 1mm focal point error: VR (1MM

ERROR). The two VR modalities simulate an optical see-through Augmented Reality display. The

alignment interface can assume two levels: POINT and HOLOGRAM. We explain the rationale for

these interfaces in the next section.

We chose a within-subjects design for both variables because it gives us an opportunity to

observe and interview each participant to learn how their experience in the simulated AR interfaces

compares with the experience using and interacting with a modern optical see-through head-

mounted display. Previous studies with similar alignment interfaces have shown that participants

perform faster in a second trial than in a first trial, but not more accurately [106]; hence, we don’t

expect any order effect. Nonetheless, to avoid possible order effects, we counter-balance both

variables. Moreover, we required participants to repeat each calibration interface 4 times in a

randomized order.

4.4.2 Alignment interfaces

When following guidance from an Augmented Reality interface, the end goal of aligning

a physical object with a virtual object is to follow a plan as accurately as possible. Aligning a

virtual object with a physical object also creates a common frame of reference between the virtual

environment and the real world. This frame of reference is essential in several tasks, such as

situating surgical plans onto a patient.

This study focuses on two standard interfaces for aligning virtual and real objects. These

interfaces are well-studied, and we can rely on existing research to explain our results. The two

interfaces are dubbed Point and Hologram (Fig. 4.3). The first modality requires users to place a

physical, hand-held object into a specified mid-air position (Fig. 4.3 Point). The second modality

- Hologram - requires the opposite: users dock a virtual target over a physical target (Fig. 4.3

Hologram). More specifically:

• Point: Users see a small sphere in their headsets in this interface. Using their dominant
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hand, they move a physical, tracked sphere to align with the virtual one. We require a total

of 25 alignments.

• Hologram: Instead of moving a physical target, users align a virtual target by moving it over

a stationary physical target. They either use a controller (in VR) or hand gestures (in AR)

to move the target. This interface requires users to perform 8 alignments, thereby collecting

36 points. This interface is also known as 6 degrees-of-freedom (DoF) docking [4], and it

is one of the most commonly employed manual alignment interfaces today [32, 34, 4].

4.4.3 Metrics and Participant Feedback

We are measuring the following metrics to understand better how each display interface

influences one’s ability to align virtual and physical objects.

• Alignment error. We measure and collect the cartesian distance between virtual and

physical objects. This is a key metric as it is correlated to alignment accuracy.

• Alignment time. There is a trade-off between accuracy and time, with users who align fast

not necessarily being as accurate as users that take longer to align. Also, longer alignment

times might be correlated to a more complex procedure. We measure the time participants

take per alignment to discard participants behaving hastily and detect possible discrepancies

between the time taken across display and interface modalities.

• Task Load Index. A general guideline for alignment interfaces is that they should not

burden users [4, 6]. To better understand the effect that the display modality has on

alignment interfaces, we measure the participant’s perceived workload, frustration, and

mental and physical demand by asking participants to fill out a standard (NASA TLX [46])

questionnaire after their last time completing an alignment task for each alignment interface

in each display modality.
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A crucial part of this study is the qualitative component of the data collected because

it helps us explain differences observed on the metrics collected above. To that extent, we

asked users to speak out loud while they were performing alignments (but before confirming

an alignment). At the end of each study, we also conducted a semi-structured interview, asking

participants to elaborate on their notes during the study as well as asking them to describe

differences and similarities between the displays and the alignment interface. We clustered these

statements to answer the following question:

• Perceptual differences. Do users notice differences between displays? If so, what are

those? How do they perceive and explain the optical error present?

4.4.4 Task

Participants, either wearing an AR HMD or a VR HMD, performed a total of 24 alignment

tasks. Each alignment task consisted of repeatedly aligning physical and virtual objects. Each

alignment can be either physical-virtual or virtual-physical. The first requires participants to

move the physical object to meet a virtual, mid-air target. The latter requires participants to move

a virtual object (“hologram”) to meet a physical object.

The 24 alignment tasks are split across 3 display modalities for 8 alignment tasks for each

display. For each display modality, the 8 calibrations are further divided into 4 alignments per

alignment interface (POINT and HOLOGRAM) in random order. Each alignment interface requires

different alignment operations, with POINT requiring 25 alignment operations and HOLOGRAM

requiring only 8 alignment operations.

To confirm an alignment, participants wearing a VR headset pressed a button on any

VR controller. On the other hand, participants wearing an AR headset pressed a key on a small

portable keypad. After pressing the button to confirm an alignment, participants hear audio

feedback, and then either a new virtual target was presented (POINT), or the physical target was

moved to a new location (HOLOGRAM) by a study facilitator. The location of the targets was
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randomized in front of the user but always within arm’s reach. Finally, after completing all the

required alignments for a task, the interface would average them to present participants with a

visual summary of how well they did.

Participants were asked to perform alignments as accurately as possible. However, they

were also told that the entire task was timed and that they shouldn’t spend more than a few

minutes on a whole alignment task.

4.4.5 Participants

We recruited 12 unpaid participants from our university (7 male, 5 female with an average

age of 30.42±5.42). All participants had some prior experience wearing Augmented Reality

and Virtual Reality headsets. Three participants had performed a similar alignment task to the

Hologram interface in Augmented Reality as they were used to moving virtual holograms on top

of physical objects. Two participants were short-sighted but used corrective lenses during the

study.

4.4.6 Experimental Procedure

First, we explained the study goal and design to each participant. They were also told

they could drop out of the study anytime for any reason. They were also allowed to rest

between calibrations if needed. Participants then signed a consent approved by our University’s

Independent Review Board.

Then, we assigned participants to a display modality. As a counter-balanced within-subject

study design, a third of the participants were first assigned to AR, the other third to VR (1mm

error), and the final third to VR (calibrated). For each display modality, participants performed a

total of 8 alignment tasks. To avoid order effects, each participant used each alignment interface

(2) four times (4) in a counter-balanced order.
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After completing each alignment task, if this were the last trial of an alignment interface

for a display modality, participants would then remove their headset to fill a Nasa TLX survey

form [46]. Each participant filled a total of 6 NASA TLX forms: one per alignment interface per

display modality.

After completing all 8 alignment tasks for a display, participants were interviewed for

5-10 minutes to describe their experience. Then, they were given another headset, and, once

again, they had to perform 8 alignment tasks, 4 per alignment interface as described above.

After completing all 24 alignments, 8 per display, we then interviewed participants to

understand how each interface compared between display modalities. The experiment time varied

as participants decided to spend more or less time aligning an object. The study took an average

time of 2 hours with a max of 3h.

4.4.7 Implementation

We use an optically accurate simulation of OST-HMD in Virtual Reality based on an

open-source OST-HMD simulator [39]. The experiment was implemented using Unity 2019 for

each display modality.

For the VR modality, we created two scenes. The first scene (the “Real World” environ-

ment) had all assets required for a regular OpenVR/OpenXR application. We also added walls,

text instructions, an External Tracking system, and a virtual target under it (Fig. ??). We used

Unity assets from Virtual-Augmented Reality [39] to create a simulated OST-HMD in the VR

scene. The second scene was the simulated Augmented Reality. All the logic for the user study

and the calibration procedure was implemented on the AR scene. We deploy the VR modality of

the study to an Oculus Quest 2.

For the AR part of the study (Fig. 4.4), most of the software was copied from the VR

application’s Augmented Reality scene. Moreover, we had a physical setup with a motion

capture tracking system. Real-time tracking data of the physical target object was collected
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Figure 4.4: User study in AR using OptiTrack Motion Capture cameras for tracking the Target
Object. One Vuforia marker with OptiTrack markers was used to create a common coordinate
system for the OST-HMD (HoloLens 2) and OptiTrack.

from OptiTrack’s Motive software, encoded in a binary format, and sent over UDP to the AR

application through a custom networking protocol. We created a custom Vuforia marker with

OptiTrack Markers to obtain ground-truth measurements. For each trial of the user study, users

would look at the marker to calibrate OptiTrack with the OST-HMD.

4.5 Results

This section lists this study’s results and their respective statistical analysis.

4.5.1 Quantitative Metrics

Because the POINT interface and the HOLOGRAM interface collect a different number

of data points (25 and 32 respectively) and require a different number of alignment operations

(25 and 8 respectively), analysis of alignment error and alignment time was standardized using

the following procedure. For alignment error, we randomly sampled 24 points from the 25 and

32 points collected. For alignment time, we calculate and compare the mean alignment time per

alignment operation.

Moreover, for each metric, we tested for normality using the Shapiro-Wilk test, and where

normality was violated, we used a Box-Cox transform to normalize the data. With the normalized
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data, we tested for within-subjects effects with a two-way repeated measures ANOVA, where

the two factors were Display Modality (3 levels) and Alignment Interfaces (2 levels). For each

factor, we also performed post hoc tests. We report the results for each metric in the following

three sub-sections.

4.5.2 Alignment error

A total of 96 alignment points (24×4 repetitions) was collected per participant (n = 12)

for each Display Modality (3) × Alignment Interface (2). Figure 4.5 summarizes the results in a

box-plot chart. We report all alignment errors in centimeters.

For the POINT alignment interface, the display modality AR was statistically significantly

worse (p < 0.001) than all other modalities with an average error of 2.339 cm (min = 0.479,

max = 5.723, σ = 0.861). Moreover, VR (1MM ERROR) was statistically significantly worse

(p < 0.001) than VR (CALIBRATED) with an average error of 0.751 cm (min = 0.076, max =

3.507, σ = 0.311). VR (CALIBRATED) yielded the lowest error with an average of 0.383 cm

(min = 0.013, max = 1.991, σ = 0.260).

For the HOLOGRAM alignment interface, the display modality AR was statistically

significantly worse (p< 0.001) than all other modalities with an average error of 2.774 cm (min=

0.460, max = 5.978, σ = 1.889). Moreover, VR (1MM ERROR) was statistically significantly

worse (p < 0.001) than VR (CALIBRATED) with an average error of 0.777 cm (min = 0.065,

max = 2.02, σ = 0.332). VR (CALIBRATED) yielded the lowest error with an average of 0.272

cm (min = 0.011, max = 1.740, σ = 0.180).

VR (CALIBRATED) was the only display modality with a statistically significant inter-

action (p < 0.01) across alignment interfaces, with HOLOGRAM being 0.111 cm more accurate

than POINT on average.
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Figure 4.5: Boxplot of alignment error, or the Euclidean distance between the virtual and
physical objects in centimeters.

Alignment time

Overall, across Alignment Interfaces, POINT alignment was roughly ten times faster than

each HOLOGRAM alignment (Fig. 4.6). Each POINT alignment took in average 2.803 seconds

(min = 1.15, max = 9.85, σ = 1.47) and each HOLOGRAM alignment took 30.721 seconds

(min = 5.67, max = 121.145, σ = 18.75). For the POINT interface, no statistically significant

differences were found across display modalities. For the HOLOGRAM interface, alignment times

for AR were statistically significantly higher (p < 0.001) when compared to both VR (1MM

ERROR) and VR (CALIBRATED).
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Figure 4.6: Barplots of the mean alignment time per Display modality. Left: POINT. Right:
HOLOGRAM

Task Load Index (NASA TLX)

The NASA task load index measures the subject mental workload of a task under six

dimensions: Mental demand, Physical demand, Temporal demand, Effort, Performance, and

Frustration. We don’t include Temporal demand because it lacks significant differences across

variables. For a visual summary of these results, check the bar plots in Figure 4.7.

4.5.3 Perceptual differences

For this qualitative metric, we used affinity diagramming to combine statements partici-

pants said out loud during the experiment or the semi-structured interview. The overall goal of

this analysis was to describe what differences participants notice across displays, if any. There

are three main reports:
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Figure 4.7: The five relevant dimensions from NASA TLX for this study. Frustration, Perfor-
mance, Physical Demand, Effort, and Mental Demands. Temporal demand didn’t present any
statistically significant differences across variables.

86



Apparent virtual object drift or sway

The false perception that the virtual object was moving around was the most common

perceptual issue described by participants on both the AR (6 out of 12) and VR (1MM ERROR)

(11 out of 12); however, only for the HOLOGRAM interface because it was the only alignment

interface that allowed users to confirm alignment between virtual and physical objects by walking

around the two.

Users described this issue in two ways: (1) Hologram moving or drifting: “It feels that

when I turn around, the hologram is moving” [P1, P3, P5, P9]. (2) Viewpoint-dependent error: “I

look from one side, and it is in front of the virtual one. I look from the other side; it looks like it

is behind” [P2, P6, P7, P8, P10, P11, P12]. The movement was so apparent that one participant

wasn’t sure if it was part of the experiment: “is the goal to do on multiple sides or just this one?”

[P10].

Only one participant (P4) who didn’t notice any apparent drift or sway commented

that VR (CALIBRATED) “feels easier, but I am not sure why” [P4]. Along with P4, another 4

participants (5 out of 12) commented on how virtual objects under VR (CALIBRATED) was more

stable: “(when I am) moving around, it doesn’t move with me.” [P6]

Finally, this apparent virtual object drift caused some participants to put more effort

into aligning objects for both AR and VR (1MM ERROR), with many participants expressing

frustration in the process (“I could do this indefinitely”[P6], “work is frustrating but because

I can’t do what I want” [P5]). Whereas for VR (CALIBRATED), some participants (5 out 12)

described it as easier, and that “it incentivizes me to put more effort because I know it will stay

better” [P3].

Skewed object perception in AR

Two participants [P1, P7] complained that virtual objects seen through the HoloLens

weren’t the same size as their physical counterparts.

87



Two participants [P2, P6] mentioned that, depending on how they focused, they could see

in “double” on the HoloLens.

Interaction interfaces: differences between VR and AR

While not a goal of this study, many participants preferred the VR controller during the

HOLOGRAM modality and the plastic physical object during the POINT modality. The next

section discusses these preferences and their possible influence on the study results.

4.6 Discussion

In this work, we used a simulated OST-HMD in VR to measure the influence of eye-

display calibration on two types of alignment tasks. This section discusses these findings in more

detail according to the current literature. For each subsection, we first discuss results between

VR (CALIBRATED) and VR (1MM ERROR). Then, we discuss how these results in a simulated

environment compare with the real-world deployment of the same experiment on a modern

OST-HMD: AR.

4.6.1 Eye-display calibration errors highly impact manual alignment ac-

curacy

From the results presented in the previous section, it is clear that a small eye-display

calibration error (VR (1MM ERROR)) statistically impacts alignment performance on both types

of alignment interfaces studied (POINTS and HOLOGRAM) when compared to an ideal OST-

HMD (VR (CALIBRATED)) (Figure 4.8). Under the experimental condition with calibration

errors, participants were, on average, 0.398 cm and 0.505 cm worse than the ideal condition (VR

(CALIBRATED)) for POINT and HOLOGRAM. This is an almost two-fold increase in the average

error for each interaction interface.
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Figure 4.8: Boxplot of alignment error focusing on VR (1MM ERROR) and VR (CALIBRATED).

4.6.2 Eye-display calibration errors nullify alignment interface improve-

ments

The two alignment interfaces in our study - POINT and HOLOGRAM - were expected

to yield different alignment errors, with HOLOGRAM being more precise for two reasons. First,

POINT requires participants to move a physical object mid-air to align it with a virtual object.

The lack of physical support would naturally introduce inaccuracies to the manual alignment task.

Second, the HOLOGRAM interface mitigated this inaccuracy and allowed participants to refine

their alignment after an initial, crude virtual-physical alignment.

For the ideal display VR (CALIBRATED), the mean alignment error for HOLOGRAM was

statistically significantly lower than POINT, improving alignment accuracy by 28.98% (0.111cm,

see Section 4.5.2). Surprisingly, there were no statistically significant differences between POINT

and HOLOGRAM under VR (1MM ERROR) (Fig. 4.8). While not statistically significant, the mean
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Figure 4.9: In eye-display calibration errors such as those studied in this work, objects aligned
to physical objects from one point of view are consistently not aligned from a different point of
view. In this figure, we show an example of what eye-display calibration looked like for users
manually aligning a virtual target (Hologram) to a physical target they could see while walking
around the two.

alignment error for HOLOGRAM is slightly higher than POINT. We attribute that to participants

being able to recognize that their display was “misbehaving” while being unable to take any

corrective actions. As P10 put it, “When I was choosing where to place the object, I was more

comfortable with placing it imperfectly on one side because it wouldn’t be so bad on the other

side.”

4.6.3 Eye-display calibration errors are eventually perceived as virtual ob-

ject drift

In the absence of tracking, optical, or other calibration errors, eye-display calibration

errors can be visually recognized because virtual objects aligned to physical objects from one

point of view are consistently not aligned from a different point of view (See Figure. 4.9). This,

however, is not immediately clear because it requires users to walk around virtual and physical

objects a couple of times before they notice that the virtual and physical objects only appear to

be drifting apart; however, they always meet back and look appropriately aligned when seen

again from the same point of view. While 91.6% (11/12) of the participants noticed what was
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described as a virtual object “drift and sway”, not a single participant realized that the virtual

object would align with the physical if they tried to look at it from the same point of view they

first used to align it. Some participants even associated this apparent virtual object sway with

tracking problems commonly seen in modern OST-HMD, such as HoloLens 2.

4.6.4 Eye-display calibration errors increase user effort, frustration, and

sense of failure

Because participants didn’t immediately notice the apparent object “drift” reported in the

previous section, all of them initially assumed they were responsible for not being able to align

virtual and physical objects accurately (“I am messing up on axis but I am not understanding how

to fix it” [P8]) with some participants eventually figuring out that it was out of their control (“By

changing perspective it always changes a bit. I am aware that it is not a 100% precise. I am not

confident it will be 100% aligned” [P5]). As seen before, while their awareness of these problems

didn’t help them increase their alignment accuracy, it did, however, impact their perceived Task

Load. More specifically: frustration, performance, physical demand, effort, and mental demand

(Figure 4.7).

4.6.5 Similarities and discrepancies between VR and AR modalities

In subsections 4.6.1, 4.6.2, 4.6.3, and 4.6.4, we discussed and compared results between

the two simulated OST-HMDs: VR (CALIBRATED) with VR (1MM ERROR). Because both of

these displays are idealized OST-HMDs, in this study, we also included a modern OST-HMD

(HoloLens 2). While the previous sections comparing results between VR (CALIBRATED) and

VR (1MM ERROR) also applies to AR, there are a couple of significant distinctions between AR

and simulated AR in general.
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Alignment error discrepancy between AR and VR

The AR display modality had significantly worse alignment errors for both alignment

interfaces (Fig. 4.5). POINT and HOLOGRAM had mean errors of 2.339 cm and 2.774 cm for AR

compared to 0.751 cm and 0.777 cm for VR (1MM ERROR). While these values are considerably

higher, they are still within the bounds of similar measurements in other experiments conducted

in AR [106] and have also been reported before in comparative studies in VR [70] and AR [32].

Moreover, two participants reported seeing “in double” while wearing the AR headset,

most likely due to the vergence-accommodation conflict. When the human visual system perceives

the real target and its virtual representation at the same depth but at different focal planes, it can

struggle to tell the difference or similarity in depth. This conflict impairs users’ ability to perform

manual tasks [47] and reduces their performance in AR [13].

The impact of different interaction interfaces

One of the most notable differences between display modalities was the user interface used

to manipulate objects. In Virtual Augmented Reality (VR (1MM ERROR) and VR (CALIBRATED)),

participants always used a VR controller. In AR, participants used a light, plastic object (see

Fig. 4.4) for the POINT, and a gesture interface for the HOLOGRAM interface. While these

differences are not a focus of this study, we report them here because they help us explain some

differences in the subjective data collected (NASA TLX).

For the POINT alignment interface, where matching an object mid-air was required, users

complained that the VR controller was heavier to move around than the plastic object: “the

controller requires a bit more effort than using the hand.” [P10]. While the weight of the

controller didn’t impact either the Alignment Error or mean Alignment Time, it had a statistically

significant (p < 0.001) impact on the Physical Demand measurement (See Fig. 4.7) for both VR

modalities when compared to the AR.

During the study, participants also commented on the differences between the hand-
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tracking interface used by HoloLens 2 compared to the Oculus Quest 2 controllers. Hand tracking

was seen as unstable (textit“hand detection is shaking” [P9, P11]), not precise [P5, P7], frustrating

[P8], and hard to use [P10, P3]. This difficulty in using hand-tracking is directly reflected in the

statistically significant (p < 0.001) higher amount of time participants took on the HOLOGRAM

modality for the AR interface when compared to both VR (1MM ERROR) and VR (CALIBRATED)

(Fig. 4.6).

4.6.6 Limitations

In the simulated environment, the headset’s location and any coordinate system is always

known, so it is easy to obtain ground truth values that we can compare with the results obtained

in the calibration. Getting ground-truth values in the real world is difficult as it may require a

combination of eye trackers, motion capture trackers, and validation studies. Unfortunately, as

pointed out before, validation studies are time-consuming calibration per user. In this study, for

the AR modality, we obtained ground-truth values by calibrating the OST-HMD (HoloLens) with

an external motion capture system through a visual fiducial marker (based on [37]). Unfortu-

nately, due to limitations of the OST-HMD [62], tracking drift could have affected some of our

measurements, contributing to the alignment errors measured in this study.

4.7 Closing Remarks

In perception-based manual guidance, users wearing an AR headset follow virtual in-

structions by, for example, aligning a physical tool to match that of a virtual tool. For example,

surgeons use AR plans to decide where to make an incision on the patient [37] by aligning a

scalpel with the virtual line. If users perceive virtual objects at a different location than the

system’s intended, they are more likely to make a mistake while unaware of it. From the many

reasons that could alter users’ perception of virtual objects, we isolate and measure the impact
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of eye-display calibration. Eye-display calibration is a critical calibration step [9] required for

OST-HMD as it finds the physical location of users’ eyes. In this study, we used a simulated

OST-HMD in virtual reality [39] to control important variables (e.g., calibration, tracking, optical

distortion) we can’t control in real life. We also compared our findings from a controlled environ-

ment with deployment on a modern, off-the-shelf OST-HMD. Our study results show that even a

relatively small eye-display calibration error (1mm) is enough to have a statistically significant

impact on alignment accuracy and subjective task-load.

Chapter 4 is, in part, a reprint of the material as it appears in 2022 IEEE Conference

on Virtual Reality and 3D User Interfaces Abstracts and Workshops (VRW) and, in part, being

prepared for publication. Danilo Gasques, Weichen Liu, and Nadir Weibel. The dissertation

author was the primary investigator and author of both materials.
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Chapter 5

Towards Contextual Cues

In the course of my Ph.D., I created AR interfaces for automated, collaborative, and

medical imaging guidance [103]. From the beginning, my aspirations extended beyond the

more designing, developing, and evaluating of systems and interfaces. I aimed to retrospectively

examine these systems to extract their technical and design foundations. However, this task

of retrospective analysis is of such scale that it could warrant an entirely separate Ph.D. and

might have been impossible to tackle alone. Nonetheless, this summary should delineate the path

I would have followed in my subsequent research, emphasizing the cognitive implications of

situated guidance. I hope that this chapter will serve as a guide for future researchers in this field.

5.1 The constraints of perception-based Guidance

In perception-based guidance, the cognitive burden of interpreting instructions is trans-

ferred to the media itself (Figure 5.1). As previously discussed, Augmented Reality (AR) systems

offer significant benefits over alternative media forms.

Instructions are presented in the direct context of the user’s physical environment. This

contextualization means that users don’t have to visualize the final placement of objects; they can

physically see it. This feature proves invaluable in tasks requiring the assembly or positioning of
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Figure 5.1: From cognitive load to offload: the journey of media technology from interpreted to
perception-based guidance.

multiple objects. Moreover, these instructions automatically adapt to the user’s viewpoint, negat-

ing the need for users to mentally project how something would appear from their perspective;

they can see it directly.

These virtual instructions respond in real-time to even the smallest movements from

the user. Consequently, inspecting virtual objects requires no additional effort or action. This

real-time response makes navigating through virtual instructions an intuitive and immersive

experience. Nonetheless, as we saw in our journey with ARTEMIS and HoloCPR, accurate and

reliable guidance through Augmented Reality was only possible after the development of a set of

virtual visual aids that helped users in locating and interpreting these instructions.

Some of these visuals were indispensable in overcoming technological constraints, such

as the restricted field of view presented by HoloLens. In HoloCPR, for instance, users needed

to locate and understand the CPR checklist presented as spatial instructions around the area

of action (e.g., near the patient’s chest or mouth). Initial versions of HoloCPR often left users

struggling to find any information due to the headset’s limited field of view. To mitigate this, we

introduced interactive visual cues that would appear in the user’s visual field and guide them to
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move their heads toward the correct location, making the desired information visible within the

limited display.

In situations where the visual guidance needed to align accurately with its physical

counterpart, the limitations of the headset technology presented a considerable challenge. Despite

our rigorous efforts to navigate tracking and registration limitations in ARTEMIS, we observed

perceptual errors—even when tracking errors were minimal. These errors forced communication

and agreement among novices and experts regarding the placement of the annotations, somehow

undermining the use of AR in that domain.

Even in the absence of tracking errors, the fundamental limitations of display technology

affect the final registration results. In the previous chapter, this led us down the path of measuring

the absolute limits of head-mounted displays. We discovered that certain constraints of these

devices would require a fundamental technological leap to overcome these limitations. As

demonstrated in the preceding chapter, even minor deviations in eye-HMD calibration can

profoundly affect user-task metrics related to manual guidance.

I argue that these fundamental technological improvements need not happen for us to reap

the benefits of situated guidance. We found that users could effectively overcome these visual

limitations throughout these systems if we introduced specific virtual contextual cues. To better

develop this argument, I’ll provide an example related to medical imaging.

5.2 Easing the cognitive burden of imagining the patient’s

body

As suggested in the introduction, one of the primary challenges of contemporary medical

imaging lies in its representation. Visualizing a patient’s body is a cognitively taxing process,

susceptible to errors and oversights [5, 98]. Typically, patient visualizations are portrayed

from a perspective, scale, and orientation that significantly differ from the surgeon’s viewpoint.
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Consequently, surgeons are often tasked with mentally manipulating these images—through

interpolation, rotation, translation, or scaling—to align them with their perspective [2].

With the advent of augmented reality displays, this cognitive burden can be substantially

offloaded onto the AR system. Even when the registration isn’t perfect, situated visualization

is beneficial as long as a frame of reference - or contextual cues - is available by design. With

that, users have an increased capacity to manage the missing parts if a portion of this mental

computation is offloaded to the system. This cognitive offloading can potentially lead to a

reduction in user errors.

5.3 The case of situated ultrasound

In an era where precision is paramount, using ultrasound in invasive procedures has

become increasingly critical. Required by the FDA in many procedures, ranging from the 5

million central line placements [60] and 1 million breast biopsies [55] conducted annually, this

technology is truly a thin yet pivotal cut into the patient.

However, with it comes a unique challenge: “Keeping the needle tip in view as the needle

is advanced toward the target is much more difficult” - a difficulty which, unfortunately, is not

exclusive to new residents but also extends to seasoned practitioners [100]. The errors stemming

from this difficulty can lead to severe complications, including nerve injury, prolonged weakness,

infections, and thrombosis.

Ultrasound, while allowing us to peer within the patient, projects this information onto a

monitor that is often separate from the patient, requiring clinicians to perform complex mental

transformations to accurately map what they see on the screen to the patient’s anatomy. Figure 5.2

shows an example.

As argued so many times in this dissertation, an augmented reality display can simplify

and streamline this procedure, making it more intuitive and reducing room for error. A situated
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Figure 5.2: Student (S) performing a central line placement in a phantom. Notice that the
student alternates between the site of the procedure (A) and the ultrasound screen (B). S1 and
S2 are instructors assessing the student’s procedural skills

view of ultrasound has the potential to mitigate the mental transformations required to make

sense of the ultrasound image in the patient’s body. Figure 5.3 shows a prototype of this idea.

Unfortunately, the precision in this domain has little to no leeway for registration problems,

allowing less than one or two millimeters for the overall image registration.

In our pilot studies with this prototype, medical students and practitioners championed the

situated display because it made ultrasound imaging more intuitive to them; however, whenever

they tried to guide a needle under the situated ultrasound image, they would very quickly realize

that the overall registration of the Augmented Reality display was off, rendering it unusable.

5.4 A taxonomy of Augmented Reality cues

Before delving into the answer to the situated ultrasound problem, I must define perceptual,

interaction, and contextual cues. While I borrow the definition of perception and interaction cues

from the existing literature, I propose a first definition for Contextual Cues here.

Perceptual cues [1] are virtual cues that can help users perceive virtual information more
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Figure 5.3: Situated Ultrasound Prototype (A) View from the headset. (B) Overview of the task
- guiding a needle into the patient’s neck vein. (C) Student looking at the situated ultrasound

Figure 5.4: (a) In most Augmented Reality interfaces, AR visualizations are designed to
depict only objects of interest [58, 14, 93]. (b) Over the years, researchers noticed that, by
complementing AR visualizations with perceptual cues, users were more likely to understand
what they were seeing [12, 15, 1]. (c) In my research, I pose that contextual cues can aid users
following misaligned AR visualizations.
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readily by reinforcing depth cues such as shadow, occlusion, motion parallax, and stereopsis.

These cues are designed based on our understanding of the human visual system, so they mimic

visual cues in the physical world.

Interaction cues are virtual cues that help, for example, guide a user to a location in

the room, cue the user to look in a specific direction or outline a particular physical object. In

HoloCPR, for example, we created a compass that pops in front of the user and reacts to their

most minor head movement. The arrow always points in a specific direction, so users understand

quickly that they should follow it. I recommend that readers check Dillman et al. [28]’s work for

an extensive list of interaction cues for AR.

Here, I define Contextual cues as cues that function to situate or contextualize virtual

information within its surrounding physical environment. They could reinforce the expected

boundaries of the physical environment. For example, in Fig. 5.4 (c), the figure on the right

shows a “glass” breast model in Augmented Reality on top of the physical breast phantom. This

“glass” visualization contextualizes any other visualization meant to be seen registered to the

breast. The case outlined in Fig. 5.4 (c), also shows that the AR interface is slightly misaligned

with its physical surroundings. The most crucial aspect of contextual cues is that they hint at the

different coordinate systems available and how they relate. These coordinate systems might be

the real and the virtual worlds or other tracking systems within the virtual world. The following

section discusses a specific example in the domain of ultrasound.

5.5 Contextual cues: integrating different coordinate systems

With the right use of contextual cues, misalignment between different coordinate systems

(e.g., real and virtual) is not a limiting factor anymore. In the ultrasound problem, after a thorough

prototyping process, we realized that a simple contextual cue was sufficient to help users leverage

the benefits of situated visualization even when registration wasn’t perfect. In this case, the most
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Figure 5.5: An example of contextual cue in the situated ultrasound project. (a) The situated
ultrasound prototype shows a live view of ultrasound. It is impossible to tell if the ultrasound
and the physical target under it are accurately aligned. (b) and (c) the needle visualization as
a contextual aid. (c) zooms in on (b) to show that both the ultrasound and needle display are
skewed.

reliable contextual aid was another instrument in the same coordinate system as the ultrasound

probe: the syringe. Figure 5.5 shows how a user can very quickly guide a needle into the center

of a vessel even when the situated ultrasound is not aligned correctly.

To reiterate, by leveraging the contextual cue of the needle line and using it as a proxy

to the actual needle, users can quickly guide the needle to the expected target inside the patient.

Moreover, they can still leverage essential aspects of the situated ultrasound, such as its real-world

scale and rough position over the patient’s anatomy.

5.6 Contextual cues: future work

To me, this crude yet powerful example is a leading way in which contextual cues can be

designed. However, the current “line” design for the needle might not necessarily be the most

intuitive design for alignment or biopsy tasks. An exciting line of future research is parameterizing

different types of contextual cues, their designs, and, more importantly, measuring their impact

on task performance and cognitive workload.

Finally, in image-guided surgery, surgeons use a combination of images registered to
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different coordinate systems. Researching the role of contextual cues in these domains wherein

more than two coordinate systems are being integrated with different levels of accuracy is critical

to, one day, building the perfect x-ray vision we envisioned for Augmented Reality.
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