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Abstract

XR Development with the Relay and Responder Pattern

Carmine Elvezio

Augmented Reality (AR) and Virtual Reality (VR) provide powerful, natural, and robust

ways to interact with digital content, across a number of different domains. AR and VR,

collectively known as Extended Reality (XR), can facilitate the execution of surgical procedures,

aid in maintenance and repair of mechanical equipment, provide novel visualization paradigms for

data analysis, and even empower new ways to experience video games. These experiences are built

on rich, complex real-time interactive systems (RISs) that require the integration of numerous

components supporting everything from rendering of virtual content to tracking of objects and

people in the real world. There are decades of research on the development of robust RISs, utilizing

different software engineering modalities, which facilitate the creation of these systems. While in

the past, developers would frequently write all of the components and the “logical glue” themselves

(often built with graphics suites such as OpenGL and DirectX), with the the rise of popular 3D game

creation engines, such as Unity and Unreal, new development modalities have begun to emerge.

While the underlying game engines provide a significantly easier pipeline to integrate different

sub-systems of AR/VR applications, there are a number of development questions that arise when

considering how interaction, visualization, rendering, and application logic should interact, as

developers are often left to create the “logical glue” on their own, leading to software components

with low reusability. As the needs of users of these systems increase and become more complex,

and as the software and hardware technology improves and becomes more sophisticated, the



underlying subsystems must also evolve to help meet these needs.

In this work, I present a new software design pattern, the Relay & Responder (R&R) pattern, that

attempts to address the concerns found with many traditional object-oriented approaches in XR

systems. The R&R pattern simplifies the design of these systems by separating logical components

from the communication infrastructure that connects them, while minimizing coupling and

facilitating the creation of logical hierarchies that can improve XR application design and module

reuse.

Additionally, I explore how this pattern can, across a number of different research development

efforts, aid in the creation of powerful and rich XR RISs. I first present related work in XR system

design and introduce the R&R pattern. Then I discuss how XR development can be eased by

utilizing modular building blocks and present the Mercury Messaging framework, which

implements the R&R pattern. Next I delve into three new XR systems that explore complex XR

RIS designs (including user study management modules) using the pattern and framework. I then

address the creation of multi-user, networked XR RISs using R&R and Mercury. Finally I end with

a discussion on additional considerations, advantages, and limitations of the pattern and framework,

in addition to prospective future work that will help improve both.



Table of Contents

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Dedication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Chapter 1: Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.1.1 The Relay & Responder (R&R) software pattern . . . . . . . . . . . . . . 5

1.1.2 Modular Widget Construction . . . . . . . . . . . . . . . . . . . . . . . . 7

1.1.3 The Mercury Messaging Framework . . . . . . . . . . . . . . . . . . . . . 8

1.1.4 User Study creation with R&R . . . . . . . . . . . . . . . . . . . . . . . . 11

1.1.5 Networking through R&R . . . . . . . . . . . . . . . . . . . . . . . . . . 13

Chapter 2: Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.1 Developing RISs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2 User Study Control Frameworks for Immersive Systems . . . . . . . . . . . . . . . 18

2.3 Our Prior Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3.1 GoblinXNA, ParaFrustum, and Remote Guidance . . . . . . . . . . . . . . 20

2.3.2 Abstracting the interoperation of widgets . . . . . . . . . . . . . . . . . . 22

i



2.4 Traditional RIS Software Patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

Chapter 3: The Relay & Responder (R&R) Pattern . . . . . . . . . . . . . . . . . . . . . . 29

3.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2 The Relay & Responder (R&R) pattern . . . . . . . . . . . . . . . . . . . . . . . . 33

Chapter 4: WF Toolkit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.2 Previous Work on Widgets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.3 WF Toolkit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.4 Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.5 Widget Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.5.1 WFNode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.5.2 WFManager . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.5.3 WUSM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.6 Use Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

Chapter 5: Mercury: A Messaging Framework for Modular UI Components . . . . . . . . 57

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.2 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.2.1 Component-based Architectures . . . . . . . . . . . . . . . . . . . . . . . 60

5.2.2 The Observer Pattern . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.3 Mercury Messaging Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.3.1 Mercury Messages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

ii



5.3.2 Relay Nodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.3.3 Responders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.4 Application Areas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.4.1 UI Widgets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.4.2 Tasks: Requirement Checking & Objective Completion . . . . . . . . . . . 73

5.4.3 Application State Management . . . . . . . . . . . . . . . . . . . . . . . . 74

5.5 Example Use Cases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.5.1 Nonspatial Relationships: VR Teleportation . . . . . . . . . . . . . . . . . 75

5.5.2 Component Reuse: Rotation Guidance . . . . . . . . . . . . . . . . . . . . 77

5.5.3 Networking: Remote Guidance . . . . . . . . . . . . . . . . . . . . . . . . 80

5.5.4 Message Reuse: A Hybrid RTK GNSS and SLAM Outdoor Augmented
Reality System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.6.1 Design Evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.6.2 Unity Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.6.3 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

Chapter 6: Building User Studies with Mercury. . . . . . . . . . . . . . . . . . . . . . . 90

6.1 Visualization interchangeability: Precueing . . . . . . . . . . . . . . . . . . . . . 92

6.1.1 A Note on the Study Subtask System Implementation . . . . . . . . . . . . 93

6.1.2 Observations on Precue Visualisations and their Variations . . . . . . . . . 94

6.1.3 Tasks within the Mercury Messaging Framework . . . . . . . . . . . . . . 95

6.1.4 Subtasks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

iii



6.1.5 R&R for Management of Visualizations . . . . . . . . . . . . . . . . . . . 97

6.2 Large-scale Interaction Control: CURVE . . . . . . . . . . . . . . . . . . . . . . . 101

6.2.1 CURVE UI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6.2.2 CURVE and Mercury Messaging . . . . . . . . . . . . . . . . . . . . . . . 103

6.2.3 Using Mercury to streamline CURVE Interaction Flow . . . . . . . . . . . 106

6.2.4 CURVE SelectionManager . . . . . . . . . . . . . . . . . . . . . . . . . . 106

6.2.5 The MmMessageSerializable Message Type . . . . . . . . . . . . . . . . . 107

6.2.6 MmMessageSerializable in CURVE . . . . . . . . . . . . . . . . . . . . . 108

6.2.7 A note on CURVE and Networking Serialization/Deserialization . . . . . . 109

6.3 Modular User Studies and Noti�AR . . . . . . . . . . . . . . . . . . . . . . . . . 110

6.3.1 Noti�AR: Noti�cations in AR . . . . . . . . . . . . . . . . . . . . . . . . 111

6.3.2 Creating XR Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

6.3.3 Tasks and Trials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

6.3.4 Application Manager . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6.3.5 Widget Manager . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

6.3.6 Data Collectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

6.3.7 Noti�AR and R&R . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

Chapter 7: R&R and Networking. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .124

7.1 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

7.2 Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

7.2.1 Non-Spatial Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

7.3 The MmNetworkResponder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

iv



7.3.1 Considerations for MmMessageSerializable Messages . . . . . . . . . . . 132

7.4 Use Cases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

7.4.1 Bounce! Collaborative Virtual Reality for Low-Latency Interaction . . . . . 133

7.4.2 Multi-User VR and AR Urban Data Exploration . . . . . . . . . . . . . . . 139

7.4.3 Hybrid UIs for Music Exploration in AR and VR . . . . . . . . . . . . . . 142

7.4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

Chapter 8: Discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .146

8.1 R&R Advantages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

8.1.1 R&R Decoupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

8.1.2 R&R Relationship Speci�cation . . . . . . . . . . . . . . . . . . . . . . . 150

8.1.3 R&R Structured Relationships . . . . . . . . . . . . . . . . . . . . . . . . 153

8.1.4 Code Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

8.1.5 Code Complexity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

8.2 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

8.2.1 R&R—The Mental Model . . . . . . . . . . . . . . . . . . . . . . . . . . 161

8.2.2 Mercury—Loops . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

8.2.3 Mercury—Concurrency . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

8.2.4 R&R—Adapting to Asynchronous Programming . . . . . . . . . . . . . . 165

8.3 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

8.3.1 Mercury: Rapid Prototyping and Param Arrays . . . . . . . . . . . . . . . 167

8.3.2 Language Primitives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

8.3.3 Visual Programming . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

v



8.3.4 General Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

8.4 Applications outside of XR RISs . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

8.4.1 Security . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

8.4.2 Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

8.4.3 Robotics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

8.4.4 Distributed Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

8.4.5 OS-level Inter-Process Communication . . . . . . . . . . . . . . . . . . . 176

Epilogue. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .178

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .181

Appendix A: Mercury: Implementation Details. . . . . . . . . . . . . . . . . . . . . . . .192

A.1 Additional considerations for the Relay Node . . . . . . . . . . . . . . . . . . . . 192

A.1.1 Routing Table . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

A.1.2 Notes on Network Relay Nodes . . . . . . . . . . . . . . . . . . . . . . . 193

Appendix B: Using Mercury . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .196

vi




	Acknowledgments
	Dedication
	Preface
	Introduction
	Contributions
	The Relay & Responder (R&R) software pattern
	Modular Widget Construction
	The Mercury Messaging Framework
	User Study creation with R&R
	Networking through R&R


	Related Work
	Developing RISs
	User Study Control Frameworks for Immersive Systems
	Our Prior Work
	GoblinXNA, ParaFrustum, and Remote Guidance
	Abstracting the interoperation of widgets

	Traditional RIS Software Patterns

	The Relay & Responder (R&R) Pattern
	Motivation
	The Relay & Responder (R&R) pattern

	WF Toolkit
	Introduction
	Previous Work on Widgets
	WF Toolkit
	Design
	Widget Framework
	WFNode
	WFManager
	WUSM

	Use Case

	Mercury: A Messaging Framework for Modular UI Components
	Introduction
	Related Work
	Component-based Architectures
	The Observer Pattern

	Mercury Messaging Framework
	Mercury Messages
	Relay Nodes
	Responders

	Application Areas
	UI Widgets
	Tasks: Requirement Checking & Objective Completion
	Application State Management

	Example Use Cases
	Nonspatial Relationships: VR Teleportation
	Component Reuse: Rotation Guidance
	Networking: Remote Guidance
	Message Reuse: A Hybrid RTK GNSS and SLAM Outdoor Augmented Reality System

	Discussion
	Design Evolution
	Unity Implementation
	Limitations

	Conclusion

	Building User Studies with Mercury
	Visualization interchangeability: Precueing
	A Note on the Study Subtask System Implementation
	Observations on Precue Visualisations and their Variations
	Tasks within the Mercury Messaging Framework
	Subtasks
	R&R for Management of Visualizations

	Large-scale Interaction Control: CURVE
	CURVE UI
	CURVE and Mercury Messaging
	Using Mercury to streamline CURVE Interaction Flow
	CURVE SelectionManager
	The MmMessageSerializable Message Type
	MmMessageSerializable in CURVE
	A note on CURVE and Networking Serialization/Deserialization

	Modular User Studies and NotifiAR
	NotifiAR: Notifications in AR
	Creating XR Experiments
	Tasks and Trials
	Application Manager
	Widget Manager
	Data Collectors
	NotifiAR and R&R


	R&R and Networking
	Related Work
	Design
	Non-Spatial Networks

	The MmNetworkResponder
	Considerations for MmMessageSerializable Messages

	Use Cases
	Bounce! Collaborative Virtual Reality for Low-Latency Interaction
	Multi-User VR and AR Urban Data Exploration
	Hybrid UIs for Music Exploration in AR and VR
	Discussion


	Discussion
	R&R Advantages
	R&R Decoupling
	R&R Relationship Specification
	R&R Structured Relationships
	Code Reduction
	Code Complexity

	Limitations
	R&R—The Mental Model
	Mercury—Loops
	Mercury—Concurrency
	R&R—Adapting to Asynchronous Programming

	Future Work
	Mercury: Rapid Prototyping and Param Arrays
	Language Primitives
	Visual Programming
	General Performance

	Applications outside of XR RISs
	Security
	Simulation
	Robotics
	Distributed Systems
	OS-level Inter-Process Communication


	Epilogue
	References
	Mercury: Implementation Details
	Additional considerations for the Relay Node
	Routing Table
	Notes on Network Relay Nodes


	Using Mercury

