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ABSTRACT 
We investigate user preferences for controlling IoT devices with 
headset-based Augment Reality (AR), comparing gestural control 
and voice control. An elicitation study is performed with 16 
participants to gather their preferred voice commands and gestures 
for a set of referents. We analyzed 784 inputs (392 gestures and 392 
voice) as well as observations and interviews to develop an 
empirical basis for design recommendations that form a guideline 
for future designers and implementors of such voice commands and 
gestures for interacting with the IoT via headset-based AR.  

CCS CONCEPTS 
• Human-centered computing~User studies • Mixed / augmented 
reality • HCI theory, concepts and models • Interaction techniques 
• Empirical studies in interaction design  

KEYWORDS 
Augmented Reality, Internet of Things, gestural interaction, voice 
commands, user-centered design, human computer interaction, 
elicitation study.  

INTRODUCTION  
Our work investigates user preferences for interacting with the 
Internet of Things (IoT) using Augmented Reality (AR) headsets 
as output devices and gesture or voice input. The Internet of Things 
is a buzzword to describe the connection of everyday objects to the 
Internet, enabling them to send and receive data to each other [17]. 
This includes devices being able to generate data and output it to 
the network or receive control commands from the network. 
Examples of such devices are televisions, lights, and thermostats. 
Usually, if these devices have Internet capabilities, they can be 
controlled by phone apps (such as the Phillips Hue app to control 
smart lights) or voice-controlled home systems (such as the Google  
Home). Our work investigates what it would be like to interact with 
these IoT devices with augmented reality headsets. When we 

understand how users want to interact using gestures and voice 
commands, we can develop design guidelines for future systems. 
Concretely, we investigate what kind of gestures and voice 
commands people want to use and whether they prefer one control 
method over the other. The results of our elicitation study will help 
designers and implementers of such interactions to improve the 
user experience of the applications. We also develop a way to make 
sense of voice command elicitation results to form a conclusion. 

1 Motivation 
Currently, headset AR technology often relies on gesture-based 
interactions. Home-based IoT devices can already be controlled 
using voice commands (Siri, Alexa, Google). Thus, hand gestures 
and voice commands were selected as the main input methods. 
Device-based interaction techniques using controllers & touch 
display have been discussed by other work [4, 7, 11, 18, 23, 32]. 
However, we wanted to focus on hands-free interactions. The 
importance of hands-free interactions is motivated by tasks such as 
cooking and mechanics where the hands of the user are used for 
performing work. In addition, hands can get greasy and this could 
expose any controller used for interacting with the device to the 
same. Additionally, gaze input is a method of hands-free input often 
used in headset-based AR in conjunction with voice or gestures. 
However, we keep our study at 2 variables (gestures and voice) to 
determine how users want to interact with these two major methods 
of input. Furthermore, we wanted to see whether users have a 
preference between voice and gesture input as mainstream headsets 
such as the Microsoft HoloLens provide both options to the user. 
We also assume that interaction with IoT devices via headset-based 
AR in the near future will be using current interaction paradigms at 
least for some parts of the UI. Thus, we decided to develop WIMP 
(windows, icons, menus, pointers) based interfaces for our study. 
By doing this, we are focusing on how users want to interact with 
AR and IoT using a WIMP interface: which is what we assume will 
occur as we make a transition between computers and direct spatial 
interaction. We focus on home usage scenarios of AR interaction 
with IoT devices. Our aim is to understand the needs of the general 
user rather than a specialized user (i.e. factory, industrial). This 
contributes to bringing this technology to the general public. We 
also see that a lot of AR IoT scenarios are based on home tasks.  

2 Research Questions  
Our research aims to answer the following questions: 
1. What gestures and voice commands do users want to use to 

trigger specific IoT control tasks? 

 
Permission to make digital or hard copies of all or part of this work for personal or 
classroom use is granted without fee provided that copies are not made or distributed 
for profit or commercial advantage and that copies bear this notice and the full 
citation on the first page. Copyrights for components of this work owned by others 
than the author(s) must be honored. Abstracting with credit is permitted. To copy 
otherwise, or republish, to post on servers or to redistribute to lists, requires prior 
specific permission and/or a fee. Request permissions from Permissions@acm.org. 
AVI ’20, September 28-October 2, 2020, Salerno, Italy  
© 2020 Copyright is held by the owner/author(s). Publication rights licensed 
to ACM. ACM ISBN 978-1-4503-7535-1/20/09…$15.00 
https://doi.org/10.1145/3399715.3399716 
 

 

Frank Maurer 
Department of Computer Science 

 University of Calgary 
 Calgary Alberta Canada 
 fmaurer@ucalgary.ca 

Shreya Chopra 
Department of Computer Science 

 University of Calgary 
 Calgary Alberta Canada 

 shreya.chopra@ucalgary.ca 

 



AVI ’20, Sept. 28- Oct. 2, 2020, Salerno, Italy S. Chopra et al. 
 

 

 

2. What can be derived from the elicitation study results to make 
recommendations to future designers and implementers of 
headset AR-based IoT controls? 

3. Do users have a preference between voice control versus 
gesture control for headset AR based IoT controls?  

RELATED WORK  
A major goal of user elicitation studies is enabling designers to 
create interactions based on what is intuitive and simple for the end 
user. Current interaction techniques for combining AR and IoT 
applications are based on a designer’s intuition. However, there is 
a lack of empirical data specifically for this combination. Gestural, 
voice commands, and multimodal elicitation studies exist for other 
hardware, and these are useful to us in terms of method and design.  

1 Technology and Input  
Current AR headsets offer multiple means of input. Hand-held 
controllers that can be used to interact with holographic 
components exist [10, 11]. Gaze input is used to control a cursor 
[20, 30]. Some headsets offer a touchpad on the glasses [13]. 
Headpose (the rotation of the head) can also be used as input [1]. 
External forms of input such as a mobile apps and keyboard also 
exist [1]. Currently, the most common forms of headset AR input 
are gaze, hand gestures, and voice commands. Current IoT 
technology also offers various forms of input. IoT devices may fall 
under the category of devices or control points. Control points are 
IoT devices or applications through which users can control other 
IoT devices. Examples of control point IoT devices are the Google 
Home and Amazon Echo which utilize voice command input [26]. 
Oftentimes control points are mobile or web applications such as 
IFTTT or the Philips Hue App which are based on keyboard & 
mouse or touch screen input [16].  

2 User Elicitation Studies  
Elicitation studies are conducted to gain insight into how the end- 
user wants to interact with a system. User-preferred gestural input 
has been extensively studied as compared to voice command input. 
Over 38 gestural elicitation studies are discussed by earlier work 
[5, 6, 9]. An elicitation study usually consists of a list of referents 
(or tasks) such as “insert” or “cut” for which users propose gestures 
[31]. Sometimes users are asked for multiple proposals and 
subsequently their favourite one. This usually avoids legacy bias 
where previous experience influences proposals [3, 5, 6, 22, 29]. 
Wizard-of-oz approaches in which the user believes the system to 
be controlled by them while the researcher controls it [3, 19] are 
often used in elicitation studies. These techniques are employed to 
elicit what interactions users want without the limitations of the 
current hardware/software. Emergent gestural elicitations are 
performed by researchers and we look to these for inspiration 
regarding methodology [5, 6, 14, 21, 22,  23, 28, 31, 32].  

There is a limited amount of work, especially in the same context 
as ours, that acknowledges voice commands outside of multimodal 
elicitation studies. Hüttenrauch et al. elicit voice commands for 
controlling mobile devices and services [15]. Their process 
includes an elicitation study in which participants provide 
commands and a subsequent validation in which commands are 
given to participants who convey their understanding of what the 
command would produce. “Multimodal” refers to the usage of 

multiple modes of user input. One of the few works that explicitly 
study gestural and voice elicitation in combination (separately to 
other multimodal work) is Bolt’s elicitation with earlier technology 
[4]. Previous multimodal studies utilize wizard-of-oz approaches, 
online surveys, and video interviews [25, 27]. We refer to 
multimodal and solely voice based elicitations to develop our voice 
elicitation methodology. Our combo of voice input versus gestural 
input for controlling IoT devices with AR is, to the best of our 
knowledge, novel. We also directly compare voice and gestures.  

3 Analysis Techniques  
Elicitation studies are analyzed using qualitative and quantitative 
methodologies. Agreement rates are used to determine whether 
there is enough consensus amongst participants to lead to a 
conclusive set of interactions that should be provided by a system 
[7, 21, 31, 32]. Other calculations such as number of occurrences, 
user preference count, and percentage are sometimes used [12, 21, 
25, 27]. Qualitative observations for gestures include finger and 
hand usage [5, 6, 12]. Observations for voice commands include 
relevance of words and syntactic structure [12]. Peshkova et al. 
develop mental models regarding how participants choose to 
formulate control [27].  

ELICITATION STUDY  
We conducted an elicitation study to determine user preferences for 
controlling IoT devices through headset AR.  

1 Participants  
16 volunteers participated in the main study (6 females, 9 males, 1 
preferred not to say). We recruited through email lists, word of 
mouth, and snowball-sampling. The age range of participants was 
from 19 to 52 years (Mean = 27.125, Median = 23.5, SD = 8.085). 
13 participants came from a Computer Science background along 
with one each from Math, Geomatics, and Mechanical Engineering. 
8 out of 16 participants reported having prior experience with some 
form of AR and 13 reported interacting with IoT devices.  

2 Apparatus  
The 1st generation Microsoft HoloLens was used to display the 
holographic components of the experiment to the participants. We 
developed a wizard-of-oz study in which the system was controlled 
by the researcher (albeit in front of the participant), ensuring that 
any interaction the user chose to use would work. The user was 
being prompted at each step of the task so that they knew exactly 
what to accomplish (i.e. “set the hour slider to 4”). Each UI 
component was mapped to our laptop keyboard so that the 
researcher could simultaneously execute the user’s input and show 
it to them via output. Holographic remoting was implemented via a 
laptop so the researcher could see what the participant saw and go 
to the next step when needed. This design provided the user 
freedom to perform any interaction they wanted without technical 
limitations such as gestural, command, accent, and gaze-and- 
commit recognition.   

3 Scenarios  
The difference between general purpose AR and IoT-specific AR 
is that IoT devices are expected to respond as a result of being 
controlled by AR. This is a step further than the sole augmentation 
of holographic objects on physical objects that are non-responsive. 
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However, our scenarios were based on input rather than output as 
we wanted to elicit requirements for user input. Thus, we created 
wizard-of-oz implementations to avoid interaction limitations 
resulting from technology. The goal was to determine how users 
want to control IoT devices in their homes using an AR headset as 
the output device. We initially investigated and developed a list of 
small actions that a user would potentially execute when 
controlling IoT devices with AR in a home. The list consisted of 
actions such as: copy/paste, save, play/pause, drag and drop, video 
capture, connect/link, access information, etc. We grouped the 
actions into 4 scenarios: Interacting with a Menu System, 
Environmental Control, Media Control, and Following a 
Workflow. This became our list of typical usage scenarios for IoT 
controlled by AR. For each of these four scenarios, we chose two 
different tasks to avoid users repeating a task with different 
interaction modes. For each task, the participant was told to 
complete the task using either voice commands or gestures.  

3.1 Interacting with a Menu System  
Menu systems are quite common in current user interfaces and we 
expect that they will also be utilized in headset-based AR 
interfaces. Hence, we consider that interacting with a Menu System 
will be a typical usage scenario for headset-based AR. The two 
tasks (contexts) in this scenario are: Connecting a Computer to a 
Print Queue and Setting up a Lights Schedule as seen in the 
sequential figures below.  

 
Figure 1: Connecting a Computer to a Print Queue Interface. 
[Left] Initially, the holographic link button appears next to the 
physical computer. The user selects the link button: either via 
voice commands or gestures. [Right] The hierarchical menus 
are expanded. The user selects appropriate intermediate steps 
to connect to Printer 3. The system indicates successful 
connection. Lastly, the user is asked to collapse the entire menu. 

 
Figure 2: Setting Up a Lights Schedule Interface (sequential). 
[Top Left] Holographic clock button appears next to a physical 
light when the user looks at it, and the button is selected to 
expand the menu. [Top Right] The expanded menu appears in 
front of the user, and the user selects start time. [Bottom Left] 

The user: sets the hours, minutes, seconds sliders and the 
AM/PM toggle for the start time. Then, done is selected, and the 
same menu appears for the end time. [Bottom Right] The user 
toggles on the days that they want the light to turn on.  

3.2 Environmental Control  
Environmental control is selected as a scenario as to control the 
physical environment is considered a typical IoT home application. 
The two tasks in this scenario are: Blinds Control and Thermostat 
Control as seen in the sequential figures below. 

 
Figure 3: Blinds Control Interface. [Left] A display denotes a 
window where the paper with vertical lines is used to 
communicate the orientation of the blinds to the participants. 
The three buttons on the holographic component denote, 
respectively: rotate left, open/close window, rotate right. [Right] 
The user holds down the rotate right button (and it turns black).  

 
Figure 4: Thermostat Control Interface. [Left] The user selects 
the up button to increase the temperature and down button to 
decrease the temperature. [Right] The user selects the close 
button to close the thermostat control.  

3.3 Media Control  
Media control is selected as a scenario because a lot of home-based 
IoT tasks that emerge from initial ideation are based on some sort 
of media transfer such as capturing/sharing/playing media. The two 
tasks in this scenario are: Speaker Control and Video Control as 
seen in the sequential figures below. 

 
Figure 5: Speaker Control Interface. [Left] The speakers can 
be imagined as embedded on the ceiling. The user selects a 
holographic audio thumbnail to play it. [Right] The progress 
bar replaces the audio thumbnail when that is selected. Here, 
the user selects the pause button to pause the song. When the 
song ends, the thumbnail reappears.  
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Figure 6. Video Control Interface. [Top] There are two displays 
identified to the user (one on their left and another on their 
right). They are asked to play the video on Display 1. [Bottom 
Left] The user picks the video thumbnail to play. [Bottom Right] 
The progress bar replaces the video thumbnail when that is 
selected. The user closes the video player to stop playing.  

3.4 Following a Workflow  
Following a workflow is selected as a scenario as accessing info in 
a spatial context is deemed a major advantage of AR. This scenario 
captures examples where users need their hands for executing the 
work. The two tasks in this scenario are: Cooking a Recipe and 
Fixing a Boombox as seen in the sequential figures below.  

 
Figure 7: Cooking a Recipe Interface. [Left] The user reads the 
instruction, adds cooking oil, and selects the next button to go 
to the next step. In the same way, the user proceeds through the 
remaining steps until there are no more steps. [Right] One of 
the steps require the user to go to a different counter to add 
flour (to simulate a kitchen scenario).  

 
Figure 8: Fixing a Boombox Interface. [Left] The user reads the 
holographic instruction, places the antenna on the boombox, 
and selects the next button. In the same way, the user 
progresses through the instructions until the last step. [Right] 
Image of the physical tools that are used by the user in this task.  

4 Task Design Choices 
Interaction for each task was designed to fit the usage scenario. For 
example, connecting a computer to a print queue is designed to test 
user interaction with a menu system: it could have been designed 

to fit in the media control scenario, but was specifically designed 
with a multitiered menu to test the scenario. The same applied to 
all tasks. Some tasks could overlap in two or more scenarios if 
explored in further breadth. However, the point was to explore the 
four scenarios, so tasks were designed as such with focus on 
specific aspects of interaction. Moreover, design choices were 
influenced by current HoloLens interfaces as it supports both voice 
and gesture input. Thus, by explicitly asking the user for both a 
voice and gesture input round and taking inspiration from current 
designs of HoloLens and WIMP interfaces, we aimed to design in 
comparative terms for both voice and gesture input. 

5 Rounds  
There were 16 task/interaction combinations since all 8 tasks could 
be performed with either voice or gestural control.  

 
Table 1: All possible 16 combinations of tasks. Half of the 
participants performed combo 1-5-9-13 for round one and 4-8- 
12-16 for round two. The other half performed combo 2-6-10- 
14 for round one and 3-7-11-15 for round two.  Thus, half of the 
participants performed all scenarios with gestures first and 
with voice second. The other half did it vice versa. 

Each participant was asked to take part in 8 combinations: where 
they performed each task only once with either voice or gestures. 
The study was broken down into 2 rounds. Round 1 sequentially 
consisted of: connecting computer to print queue, blinds control, 
speaker control, and cooking a recipe. Round 2 sequentially 
consisted of: setting a lights schedule, thermostat control, video 
control, and fixing a boombox. Half of the participants performed 
round 1 with voice and round 2 with gestures while the other half 
performed round 1 with gestures and round 2 with voice. This 
method reduced the impact of a learning effect, avoided biases, and 
ensured the testing of both control methods for all tasks. The 
breakdown of combinations and rounds can be observed in table 1. 

6 Procedure  
Participants were asked to fill out a pre-study questionnaire 
regarding their previous experience with controlling devices, AR, 
VR, and IoT. Next, they were fitted with the headset and provided 
instructions for round 1. They were given a prompt for each task 
and were given the freedom to interact in any way they wanted 
(within the specified method of voice or gesture) to accomplish the 
task at hand. After round 1 was completed, there was a semi- 
structured interview regarding their experience and the method of 
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control that they were asked to use for round 1. Next, round 2 was 
completed in the same way, and the same semi-structured interview 
took place for round 2. Lastly, a comparative semi-structured 
interview took place in which the focus was to reflect upon the pros 
and cons of each control method (voice vs. gesture) and to provide 
insight into their preference. The participants’ interaction and 
interviews were videotaped using a phone camera.  

ANALYSIS AND RESULTS  

1 Analysis  
The 16 participants were prompted for input 49 times (as each task 
included multiple sub-tasks) resulting in a total of 784 inputs. Of 
these, 392 were gestures and 392 were voice commands. We used 
open coding from grounded theory to analyze the data [24]. Initially, 
each of the 784 inputs were recorded on video and a short 
description was written for each of them in a table. Data was used 
for agreement rate calculations, defining a consensus set for voice 
commands and gestures, and forming design recommendations.  

Tasks were designed organically, and this led to some referents 
having multiple proposals from the same user. For example, 
rotating blinds to the left and then to the right were considered as 
two proposals for the same referent. However, users were not 
explicitly asked for two diverging proposals, but some users did 
this i.e.) rotating a hand versus tapping a button. They were not 
asked to pick a favourite. For this reason, Chen et al.’s agreement 
rate was used [7]. This agreement rate accounts for multiple 
proposals by some or all participants (also for cases where a user 
does not pick their favourite proposal). It calculates the agreement 
rate for the proposal that is proposed by the highest number of 
people. It also accounts for the possibility of 0 in the case where no 
one agrees with each other. The formula: 

                                               (1) 
where |𝑃| is the number of participants, 𝑃𝑖 is a set of participants 
who made proposal 𝑖, so max

!"⊆!
|𝑃𝑖|	is the number of participants who 

made the most popular proposal.  

1.1 Gestures  
12 unique gestures from 392 gesture inputs were initially identified. 
The most commonly used gesture for each referent was determined 
and the agreement rate was derived to see if participants agree with 
each other. Depending on whether agreement rates were high 
enough, a gesture set would be derived out of the initial 12 gestures.  

 

Figure 9: 12 unique gestures identified out of 392 gesture inputs. 
A combination of gestures was also used sometimes. A gesture 
set was narrowed down from these gestures.  

1.2 Voice Commands  
Voice commands are very flexible. We want to determine if there 
is a pattern that people use when they try to use a voice command 
for IoT interactions. We are inspired by grammars and attempt to 
develop a grammar for voice commands. Grammars that we want 
are simple and IGNORE sequence. Some components can be 
skipped. We heuristically state that a user is following the grammar 
when they use more than 50% of the components. Our method 
utilizes looking for commonalities in the voice commands that each 
participant used to accomplish the same result. We introduce a 
voice command pattern template for analyzing proposed 
commands. This should result in a pattern for the command. This 
was done for each time a voice command was required. An example 
of this is the “pick directional button/ specify direction” referent for 
the environmental control scenario.  

 
Table 2: [Table A] Raw data from 8 participants that were 
tasked with changing the orientation of the blinds in the left 
direction. [Table B] Initially, the most common factor that was 
seen is the usage of “[to the] left”.  

 
Table 3: [Table A] Next, it was noted that the word “blinds” is 
used quite often. [Table B] Lastly, it was noted that verbs like 
“rotate” and “spin” or “move” were used various times.  

Since 7 people used at least 2 of 3 criteria (≥ 1⁄2 of the criteria) as 
highlighted in the 3 colours, they were counted as using the same 
general formula of:  

“rotate”/other verb (“spin”/ “move”) + “blinds” + “[to the] left”  
(7 of 8 users)  
where “rotate” was the most commonly used verb. It should be 
noted that sequence of components does not matter i.e.) P7 said 
“blinds” first.  

Next, the voice commands from proposal 2 (orienting blinds to the 
right direction) were also analyzed in the same way. The formula 
derived from that was the following (where the same 7 people used 
the formula):  
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“rotate”/ other verb (“spin”/ “move”) + “blinds” + “[to the] right”  
(7 of 8 users)  

It was noted that “to the” are filler words only used by some users, 
and thus were dropped. From here, looking at both proposals (and 
removing any uncommon factors), a formula for the user-preferred 
command was derived. It was inferred that if a system accepts a 
command that takes in:  

“rotate”/other verb (“spin”/ “move”) + “blinds” + “left”/ “right” 
(in non-specific order) there is a high chance that it will coincide 
with what words the users would intuitively use. The total number 
of unique individuals who used this formula was 7 out of 8.  

If there was another task with the same referent, that was used for 
analysis as well. In this case, thermostat control also required a user 
to pick a directional button/specify direction when changing 
temperature. This was done with the other 8 people. The same 
analysis procedure was repeated, and 7 out of 8 people proposed:  

“change”/ other verb (“set”/ “select”) + words on UI for 
temperature value ("hold at") + numeric value 

Next, these formulas were examined for the removal of uncommon 
factors (none exist here), and a super-formula was developed:  

"rotate"/"change"/ other verb ("spin"/"move"/"set"/"select") + 
object ("blinds"/ UI words for temperature) + 

value ("left"/"right"/numeric value) 
Next, Chen et al.’s agreement rate was used to determine consensus 
amongst participants [7]. The calculation was:  

 
(𝑻𝒂𝒔𝒌	𝟏 + 𝑻𝒂𝒔𝒌	𝟐	𝒖𝒔𝒆𝒓𝒔	𝒘𝒉𝒐	𝒂𝒍𝒊𝒈𝒏	𝒘𝒊𝒕𝒉	𝒑𝒂𝒕𝒕𝒆𝒓𝒏) − 𝟏

𝑻𝒐𝒕𝒂𝒍	𝒏𝒖𝒎𝒃𝒆𝒓	𝒐𝒇	𝒖𝒔𝒆𝒓𝒔 − 𝟏
= 	
(𝟕 + 𝟕) − 𝟏
𝟏𝟔 − 𝟏

= 	
𝟏𝟑
𝟏𝟓

= 𝟎. 𝟖𝟕 

2 Results  
The analysis resulted in agreement rates that were high enough for 
us to specify a gesture and voice commands set. We created a table 
of appropriate commands and gestures for each referent as seen in 
table 4.  

 

 

There was also a count of control method preferences (Table 5). At 
the end of the study, users were asked which method of control they 
prefer. This was done to determine whether there was one method 
that was overwhelmingly preferred. Users were also interviewed on 
their motivation of picking the preferred method. There was not 
enough difference between the 2 methods to be able to declare one 
as preferable. After users cited their reasons for their preferences, 
they were asked whether they would always use their preferred 
method or if it depends on what is to be done. Everyone said 
technology that offers a combination of both voice control and 
gesture control would be best.  

 
 
Table 5: Users’ method of preference and reasons given. Table  

 

Referent Most Popular Gesture   
agreement rate 

Voice Command Template (Order of Components Does Not Matter) 
agreement rate 

Interacting with Menu System 
Expand Menu tap 0.53 "click"/"set"/ other verb ("hit"/"open"/"select"/"program") + object ("button"/"timer") 0.67 

Pick Button tap 0.67 exact words on button 1 
Set Slider drag 1 slider name + value 1 

Set Toggle tap 0.71 toggle value 1 
Collapse Menu tap 0.29 *low rate "collapse"/ other verb ("erase"/"click") + "menu" 0.86 

Environmental Control 
Pick Directional Button/ 

Specify Direction tap 0.53 
"rotate"/"change"/ other verb ("spin"/"move"/"set"/"select") 

+ object ("blinds"/ UI words for temperature) 
+ value ("left"/"right"/numeric value) 0.87 

Open Blinds Entirely swipe 0.71 "open" + "blinds" 1 
Close the Control Panel tap 0.86 "close" + "menu"/"it" 0.57 

Media Control 
Select Media to Play tap 0.6 "play" + media file name 0.93 

Select Button/Modify Playing Status tap 0.67 "play"/"pause" / "stop" 0.80 
Select Physical Display for Media drag 0.57 "play" + media file name + "on" + display name 0.86 

Following a Workflow 
Go to Next/ Previous Step  

(not enough previous users) tap 0.6 "next" 1 

Table 4: Referent table with the resulting voice command set and gesture set. Chen’s agreement rates are included. 
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INTERPRETATION  
The proposed gesture set and voice commands set is a partially 
subjective derivation from the data. For example, gestures that do 
not have high agreement scores are ignored. This is a partially 
subjective perspective via which we try to make sense of the data. 
In terms of voice commands, users generally opted to use the 
minimal amount of words needed to get the point across. Moreover, 
when words were available on the interface, users utilized them as 
a part of the command. There was also extensive use of verbs and 
names of physical and holographic objects.  

The final gesture set consisted of 3 gestures: tap, drag, and swipe. 
Tap was the most common and was seen across all 4 scenarios. 
Users opted for this when there was some graphical component on 
the field of view that they could “select” such as holographic 
buttons, etc. The Drag was used when there was some physical 
movement implied: one being “moving” a graphical media 
thumbnail to a physical TV/Computer to play it. Swipe was used 
when there was some physical movement that was like the 
movement of an actual physical object: opening “blinds” like one 
would “draw curtains” with both arms. The user interface was 
designed via the WIMP paradigm standard (windows, icons, 
menus, pointer) [18]. This takes inspiration from current 
technology, and it is something that a future AR environment could 
look like. This design standard could have steered interaction such 
that users mostly tapped. However, this design provides an easy 
and consistent way for the users to interact. A relatively consistent 
user environment is provided where both implementation and 
interaction can be simple.  

DESIGN RECOMMENDATIONS  
Apart from the gesture and voice commands set, there were things 
like recurring or interesting behaviour that offer insights to 
implementers of AR-controlled IoT technology. Users also 
provided comments on the entire study experience. Some of the 
insights are intuitive or serve as confirmation for what we already 
know from other UI design contexts. As stated in the related works, 
there are other gestural elicitations that provide similar results for 
other technologies [5, 6, 14, 21, 22, 23, 28, 31, 32]. Similarly, there 
are also voice command and multimodal ones [4, 15, 25, 27]. We 
present insights for the context of both voice and gestures as related 
to using headset AR to control IoT devices.  

Most recommendations were based on repetitive behaviour of at 
least half of the participants. Some observational recommendations 
were included even when a few individuals did them purely 
because they seemed to be insightful (as indicated).  

Gesture round insights include the following. Technology should 
accommodate all 6 hand orientations with palm facing: up, down, 
left, right, in, and out. Furthermore, hand-switching and equal 
capabilities for both hands should be incorporated. The use of the 
pointer and thumb fingers should be prioritized, but the occasional 
use of the other three fingers can also be considered. Various 
degrees of freedom should be accommodated for considering 
gestural motion: left-to-right, right-to-left, forward, down, and up. 
It should also be considered that an entire arm may be used for 
input. Gestures should be designed as a means to bridging physical 
gaps if they exist i.e.) “sending” a holographic video thumbnail to 
a physical TV. Lastly, gestures may be influenced by physical 

world influences. i.e.) Swiping both arms apart to open blinds as if 
drawing physical curtains.  

Voice round insights include the following. Technology should 
consider minimalistic commands. i.e.) A single word was used 
most often followed by phrases and then sentences. Furthermore, 
commands are influenced by words on the interface, by user 
interface components (i.e. “button”) and by the physical 
environment/objects i.e. “blinds”. Voice technology should also 
consider both natural conversation structure and previously learned 
command styles. i.e. “Hey Google”, “Hey Tim” were both used. 
Moreover, commands should be designed with the consideration of 
natural behaviour and intuition. This could be even more important 
than voice commands that users propose. For example, users often 
said “ok next” or “done next” to go to the next step while following 
a workflow. Users perhaps expected the system to react just to the 
words “ok” or “done”. Thus, natural language emerged in this 
example. Lastly, it could be inferred that “back” is a command that 
could align well with user intuition to go to the previous step. Only 
3 users used the previous step and they all used “back”.  

Overall observations provided the following insight. Technology 
should be receptive to multimodal input. Users were often 
supplementing their gestures with commands and commands with 
gestures. It should also be noted that interaction with technology 
may change based on affordances. i.e. while kneading dough, users 
sometimes cleaned their hand to proceed using the system with the 
same hand or started using the other hand. Some voice command 
users cleaned hands before proceeding as well.  

User comments provided the following insight regarding 
interaction and strategy. Users commented that current standard 
technology influences how they choose to interact with new 
technology. Additionally, when consecutive components are at a 
distance from one another (i.e. outside the same field of view), 
users wanted some visual cues like arrows, animations, or a glow 
should indicate where to look next. Lastly, most users see 
themselves as interacting consistently; however, some want to 
change their interactions (i.e. saying “pause the video” one day 
while saying “shut it off” the next day).  

User comments provided the following insight regarding control 
method preferences. Everyone agreed that there are some cases 
where they would use their non-preferred method. Users who 
preferred gestures would use commands for: being more natural, 
efficiency (when hands are busy), being lazy, driving, shorter tasks, 
and multitasking. Users who preferred voice commands would use 
gestures for: gaming, tasks with multiple choices (like calling 
someone from a list of people), following a workflow with visual 
cues (like at work), when one must be quiet, not having to 
memorize object names (but rather just pointing at the object). 
Multi-modal interaction (being able to use both commands and 
gestures at the same time) is an option proposed by users. 
Favouring gestures or voice based on the scenario or situation (i.e. 
preferring voice when holding groceries) was also proposed by 
users. Based on user comments, no one control method is all- 
encompassing, and thus, a combination/choices are the best option.  

Based on the study scope, design recommendations and result 
conclusions can be applied to relevant home-based IoT scenarios in 
which control would be administered with headset AR. Given the 
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participant demographic, our conclusions would likely be most 
applicable to users who engage with technology on a regular basis.  

LIMITATIONS  
There are some factors that may be limitations to the study.  

1 Priming  
As noted by Chan et al. [5, 6], priming may influence users’ 
proposals in elicitation studies. Thus, traditional priming was 
avoided. We did not provide example interactions for the user in 
order to avoid biased elicitation. However, there may be some way 
by which users can be better prepared without providing proposal 
examples. For example, performing a different task on AR headset 
technology may better prepare them for the study.  

Additionally, the interface design is likely resulting in priming 
effects. We make a few assumptions. We assume that head- 
mounted displays will be more widely used in the future. We 
assume that user interfaces in the foreseeable future will be similar 
to what we currently use and have been using (WIMP (windows, 
icons, menus, pointers)) due to familiarity and (presumed) 
learnability. We design our interface based on WIMP and aim to 
understand how users would want to interact in AR using WIMP. 
We realize that for certain tasks, WIMP interfaces are suboptimal 
in AR applications but also realize that they are a good UI design 
choice for other system features. We stated that using WIMP could 
have influenced users to tap. This also applies to other gestures and 
voice commands. However, using WIMP or some variation of it is 
beneficial in that it provides guidance into system functionality. 
The user does not have to know what the system can provide before 
starting to use it. WIMP provides cues and increases 
detectability/findability of functionality. Although such menus may 
be “old-style”, they come with benefits. The choice of words 
written on the buttons or other user interface components seem to 
have influenced participants in the words that they propose in their 
voice commands. This may have been reduced by using more 
images instead of words on the UI.  

2 Time & Rounds  
Due to a time limitation, each user performed each task with either 
gesture or voice only once. Ideally, if each task was performed 
twice by each participant, they may be able to make an even better 
comparison between the two methods/ rounds.  

3 Inter-Rater Reliability  
Some other elicitations determine the inter-rater reliability. 
However, since we had a WIMP design, users were mostly pointing 
at things, and there was not much room for misinterpretation. 
Hence, only one researcher coded the results.  

4 Recommendations/ Results Generalizability  
A main limitation of the recommendations is that they can only be 
generalized to a certain extent as we do not have a random sample 
of the population of interest. Other limitations are 
situational/environmental in that they may apply more explicitly to 
a certain context based on a task.  Also, participants were recruited 
via snowball sampling (non-random) and were predominantly from 
a computer science background. They were mostly in their early 
20’s. Consequently, generalizations at best would be limited to 

users with similar backgrounds and age group. The number of 
participants was also limited to 16. The non- random sampling and 
limited number of participants do not allow for generalizations to 
all possible users.  

5 Presence of Others  
Participants may or may not interact with technology differently if 
someone is watching them. Some participants discussed using 
gestures or voice commands based on if they were by themselves. 
There was also discussion on how it feels to talk to a machine. Thus, 
factors such as being video-captured or performing in a research 
environment may influence user interaction.  

FUTURE WORK  
The summary and limitations highlight gaps that can be filled 
through future work. A study with a group of people from a 
different professional or cultural background may show different 
results in terms of interaction and preferences. Additionally, 
situational and environmental dependencies could be explored. For 
example, how do people interact when it is dark or when they are 
in a room full of people versus by themselves. Perhaps there would 
be one method that would stand out from the other if certain 
circumstances are tested. Furthermore, alternative elicitation 
methods could be explored to see if alternative insights arise. 
Examples being asking users to select gestures or voice commands 
based on a predetermined set of possible proposals or letting users 
make three proposals and asking them for their favourite. 
Moreover, the backend could also be fully implemented to see 
whether that makes a difference in interaction preferences (based 
on system delays, etc.) Additionally, the experiment could be 
carried out in a real home environment along with devices that are 
actually IoT-embedded rather than wizard-of-oz. Perhaps a more 
realistic environment and devices would allow for environmental 
affordances to also become highlighted. Other variables and 
capabilities could also be tested. For example, gaze input or 
controlling devices from another room could be probed on.  

CONCLUSION  
We identified a need for user involvement in the design of gestures 
and voice commands for AR-based IoT controls. We further 
established that a compare and contrast approach between voice 
commands and gestures would provide clarity on whether users 
prefer one method over another. We conducted an elicitation study 
based on home scenarios with the end users where 784 voice 
commands and gestural inputs were recorded. We contributed a 
novel way of analyzing voice commands called voice command 
pattern template that can further understanding regarding the types 
of voice commands users want to use. We presented the core 
findings including the agreement rates, gesture set, voice 
commands set, and a count of user preferences. Furthermore, we 
presented design recommendations based on observations and user 
comments. An extensive version of our work can be studied in the 
corresponding thesis [8]. Overall, our research can inform 
researchers and designers of AR and IoT controls regarding end 
user preferences and elicitation methodology.  
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