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  lights here!”

“clean that 
      spot !”
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   music  !”
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Figure 1: Interaction scenario of Minuet: after returning home, the user turns on the lights in the same room through voice
input (a); the user points at the Roomba (b) and then the dirty area to ask Roomba to clean it up (c); the user points at the
music player to listen to a personalized playlist (d); finally the user gestures to lower the volume while picking up a phone
call (e).

Abstract
A large number of Internet-of-Things (IoT) devices will soon popu-
late our physical environments. Yet, IoT devices’ reliance on mobile
applications and voice-only assistants as the primary interface lim-
its their scalability and expressiveness. Building off of the classic
‘Put-That-There’ system, we contribute an exploration of the design
space of voice + gesture interaction with spatially-distributed IoT
devices. Our design space decomposes users’ IoT commands into
two components—selection and interaction. We articulate how the
permutations of voice and freehand gesture for these two com-
ponents can complementarily afford interaction possibilities that
go beyond current approaches. We instantiate this design space
as a proof-of-concept sensing platform and demonstrate a series
of novel IoT interaction scenarios, such as making ‘dumb’ objects
smart, commanding robotic appliances, and resolving ambiguous
pointing at cluttered devices.

CCS Concepts
• Human-centered computing → Human computer interac-
tion (HCI).
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1 INTRODUCTION
Internet-of-Things (IoT) promises a future where homes are popu-
lated by smart and connected objects, from intelligent appliances,
to automated furniture, to service robots. To control these smart
and connected objects, one approach is to develop accompanying
apps on personal devices (e.g., phones and watches). However, as
the number of IoT devices continues to increase, it costs users un-
scalable amount of attention to manage and retrieve device-specific
control apps.

An alternative approach is interacting with IoT devices through
natural language commands via intelligent voice assistants (e.g.,
Amazon Alexa, Google Home). Voice input alone, however, is lim-
ited for issuing commands with spatially-distributed IoT devices.
For example, if a person reading a book wants to dim all the lights
except for the one above him/her: it would be quite cumbersome to
express such intent using natural language commands alone. Fur-
ther, such verbose commands would be challenging for the assistant
to recognize and execute.

To enable spatial expressiveness in interacting with IoT devices,
prior work such as Snap-to-It [13] explores connecting to an ap-
pliance and controlling it by simply taking a picture. However, it
cannot address situations where the IoT device is at a distance or
out of sight from the user. To enable remote interaction from afar,
WristQue [29], SeleCon [1], and Scenariot [20] employ Ultra-Wide
Band (UWB) technology to point at and control IoT devices. While
spatially expressive, such freehand gestures alone can be ambigu-
ous—pointing at close-by devices can be ambiguous, and gestural
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commands can also be ambiguous (e.g., volume up vs. brightness
up).

To resolve ambiguity, one approach is multimodal interaction,
e.g., combining voice and gesture. The classic `Put-That-There' sys-
tem employs voice commands in tandem with pointing gestures
to spatially manipulate elements on a large display [8]. Another
motivation for adding the gestural modality is for social appropri-
ateness: participants in our formative study mentioned preferences
of a quiet input technique in certain situations. Despite the many
prior examples and bene�ts of multimodal interaction, there is still
a lack of systematic exploration into the various possibilities of
combining voice and gestures in an IoT interaction scenario.

Our research contributes a design space of voice + gesture in-
teraction with spatially-distributed IoT devices. We conducted a
formative study to investigate how users would interact with IoT de-
vices using voice and freehand gestures. Findings suggest that users
express their intent of controlling IoT devices as two components�
selectionand interaction. We illustrate how the permutations of
voice and gesture for these two components can complementarily
a�ord interaction possibilities that go beyond existing approaches.
Compared to prior work that discusses the general relationships
between multiple modalities [30], our design space focuses on a
concrete scenario with IoT devices and articulates the interplay
between two speci�c modalities: voice and gesture.

To instantiate the design space, we then developed Minuet�a
proof-of-concept sensing platform using UWB and motion sensors
to accurately and robustly detect which IoT device a user is point-
ing at (selection), as well as to recognize the control interaction
expressed by voice, gesture, or a combination of both. A technical
evaluation shows that Minuet achieved a localization accuracy of
0:330m and a low false positive rate in detecting the occurrence
of a pointing gesture (one in the entire 45-min study involving 10
participants). Further, to better understand users' performance of
the proposed interaction, we measure and model users' freehand
pointing behavior using an angular o�set: on average participants'
pointing in a 6m � 10m room was o� the target (IoT devices) by
9� . Finally, a qualitative study provides empirical evidence on the
bene�ts of using voice + gesture to interact with IoT devices, and
reveals areas of improvement in future work.

1.1 Scenario Walkthrough
Fig. 1 illustrates several voice + gesture interaction techniques
sampled from our design space and implemented with our proof-
of-concept sensing platform. Larry walks into the kitchen carrying
several boxes. It is too dim to see, so he says�turn on the lights
here.�Only the kitchen lights up but not the other rooms. Larry
notices a plant was knocked over by his dog Bella. Larry points
at the Roomba and says�clean that spot!�while circling the dirty
area on the �oor. The Roomba promptly travels to the crime scene
and starts cleaning. To cover Roomba's noise, Larry points to a
speaker of his whole-home audio system and says�play my music.�
Knowing it is Larry, the system selects a playlist from his favorites.
Larry enjoys the music as the Roomba almost �nishes cleaning.
Suddenly, the phone rings and it is Larry's boss. Hurrying to pick
up the call, Larry points to the speaker and waves his hand down
to lower the volume.

As demonstrated in this scenario, by combining voice and ges-
ture, users can expressively interact with IoT devices, more so than
relying on mobile apps or voice-only assistants.

1.2 Contribution
Our main contribution is a design space that depicts various voice
+ gesture techniques to solve the long-standing problem of ex-
pressively interacting with spatially-distributed IoT devices. Our
proof-of-concept system provides concrete implemented examples
(as shown in the video �gure) from the design space, and further
demonstrates the technical feasibility of our proposed interactions.

2 RELATED WORK
Two streams of prior work is related to our research: multimodal
interaction and interacting with IoT devices.

2.1 Multimodal Interaction
Multimodal interaction exploits the synergic use of di�erent modal-
ities to optimize how users can accomplish interactive tasks [32].
Early systems such as `Put-that-there' let a user simply point at
a virtual object and literally tell the the system to put that object
somewhere else by pointing at a di�erent location on a 2D projected
display [8]. Quickset demonstrated a military planning interface
that allows a user to pen down at a location on a map and utter
the name of a unit (e.g., �red T72 platoon�) to place at that location
[12].

To optimally combine di�erent modalities, it is important to un-
derstand their individual characteristics. In general, pointing and
gestures were found to be more useful when specifying targets that
are �perceptually accessible� to a user while speech is better at spec-
ifying � abstract or discrete actions� [ 39]. Oviatt et al. summarized
that �basic subject, verb, and object constituents almost always are
spoken, whereas those describing locative information invariably are
written or gestured� [ 33]. Our work is inspired by these �ndings:
we introduce pointing gesture to complement existing voice assis-
tants' limited capability in specifying multiple spatially-distributed
IoT devices. Indeed, as Oviatt et al. pointed out, multimodal in-
put �occurred most frequently during spatial location commands�
[34], which suggests the potential of multimodally specifying and
interacting with IoT devices situated across the physical space.

To interpret multimodal input, it is important to understand the
`interaction' between modalities. Oviatt found that users' natural
language input is simpli�ed during multimodal interaction, as the
complexity is o�oaded to more expressive modalities [31]. Cohen
et al. pointed out that direct manipulation can e�ectively resolve
anaphoric ambiguity and enable deixis commonly found in natural
language communication [11]. Building o� of this work, our system
demonstrates how the recognition of freehand pointing catalyzes
voice-only interaction, allowing users to explicitly and concisely
voice-control a speci�c IoT device.

2.2 Interacting with IoT Devices
Prior work has explored various techniques and technologies to
enable novel interactions with IoT devices, which we categorize
below by the style of interaction.
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By voice Recent development in natural language processing
and cloud computing democratized voice-based interaction with
IoT devices, such as Amazon Alexa [2], Google Home [14], and
Apple HomePod [3].

By a remote control One of the most popular approaches has
been extending the conventional device-speci�c remote control.
Beigl proposed a laser-based universal remote control instrumented
with a transceiver so that speci�c interactions with a given device
can be provided to the user on the remote control [6]. Infopoint
was a device with a uniform user interface for appliances to work
together over a network, such as picking up data from a display
and dropping it onto another [23]. Gesture Connect enabled a user
to �rst scan a device's NFC tag and then use physical gesture on
a mobile phone to control that device [36]. Improv allowed users
to create custom cross-device gestures (e.g., on a smart phone) to
control an IoT device on-the-�y by demonstration [10].

By proximity Schilit et al.'s seminal paper on context-aware
computing discussed how devices' information, commands and
resources can be dynamically made available to a user based on
where a user is at, with whom, and what is nearby [38]. Proxemic in-
teraction [5] leveraged the proximity between a user and devices in
the environment to �uidly transition between implicit and explicit
interaction [22], gradual engagement between personal devices
[28], and the control of appliances [26]. Deus EM Machina enabled
a mobile phone to identify a close-by IoT device, and to provide
custom control for a user to interact with that device [41].

By gaze Zhang et al. augmented an eyewear with an IR emitter
to select objects instrumented with IR receivers [42]. To address the
`Midas touch' problem, Velloso et al. let a user gaze at and follow
the animation overlaid on a device to engage with it [40].

By camera capture or discoveryGoing beyond �ducial mark-
ers in augmented reality [37], iCam augmented a location-aware
handheld device with a camera and a laser range-�nder, thus en-
abling users to annotate surrounding appliances with digital infor-
mation [35]. Snap-to-It [13] and SnapLink [9] are systems that let
a user select and interact with an IoT device by taking a picture of
the unmarked device. Heun et al. explored interaction techniques
that overlay on-screen virtual controls when the camera is facing a
real-world device [19]. Similarly, Scenariot combines SLAM (simul-
taneous localizing and mapping) and UWB technologies to localize
and discover available interactions with surrounding IoT devices
[20]. Although requiring instrumenting each individual device with
an UWB module, Scenariot's system served as an initial inspiration
for our system implementation.

By freehand pointing Perhaps the more related approach to
our work is freehand pointing at an IoT device to select and interact
with it, which was demonstrated in [1]. However, the drawback is
that it requires a dedicated UWB module for each IoT device. To
address this problem, WristQue [29] instruments only the user and
the environment, and employs motion sensors to infer which device
a user is pointing at based on their current location. The problem is
that freehand pointing alone can be ambiguous, especially when the
devices are too close to each other; once a device is selected, there
is gestural ambiguity (e.g., the same swipe-up gesture might refer
to increasing brightness or volume). To solve these problems, our
system provides interaction techniques for disambiguation, while

incorporating the voice modality to increase the expressiveness of
specifying IoT devices' control commands.

3 FORMATIVE STUDY
To inform the creation of the design space, we conducted a formative
study to investigate how users would remotely (i.e., from a distance)
and multimodally interact with IoT devices.

3.1 Participants & Apparatus
We recruited 10 participants (aged 18-28, 6 males, 4 females). Five
were native English speakers; eight had experience interacting with
intelligent home assistants. Fig. 2 shows an arrangement of eight
typical household appliances around a user in a6m � 10m = 60m2

space. We chose these appliances so that there were both single (e.g.,
one Roomba, one oven, one AC) and multiple (e.g., four lamps, two
electronic door locks) devices with various tasks described below.

3.2 Tasks & Stimuli
Participants were asked to remotely control the appliances while
standing at the center of the room. For task design, we considered
the distinction between commands (e.g., turn on/o�, change volume,
clean an area) and information (e.g., when will the co�ee be ready,
what is the AC's set temperature) based on Schilit et al.'s dichotomy
[38]. We also intentionally placed several appliances close to each
other, e.g., the lamps were 30cm apart from each other (Fig. 2).
To avoid priming the participants, we described each command-
task [38] by showing the participants a pre-recorded video of an
appliance's state change (e.g., a lamp going from o� to on), similar
to that in PixelTone [25]. Speci�cally, participants were given the
following instructions:

�Assuming all appliances can understand any of your hand or arm
gestures and/or natural language, how would you remotely cause the
appliance(s) into the e�ect shown in the video?�

Participants were asked to come up with and perform gesture
and/or voice input. The studies were video recorded, and partici-
pants' comments and responses during the tasks were also gathered.

3.3 Analysis & Results
We found that the way participants expressed their intent of con-
trolling IoT devices almost always consisted of two components:(i)

Figure 2: Room and appliances layout in the formative
study.
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Figure 3: A design space of voice + gesture with spatially-distributed IoT devices. Note that we further subdivide a few cells
where we extend voice + gesture with design considerations such as contextual awareness, user identi�cation and disambigua-
tion, as a way to demonstrate the richness and extensibility of our design space.

Selection�specifying a target device, and(ii) Interaction�specifying
the command or requesting for information. However, participants'
preferences varied in using gestures and/or voice as their desired
interaction modality.

For selection, eight of the ten participants moved their arm to-
wards the target appliance, although their speci�c hand gestures
di�ered (pointing, circling, tapping, waving). For interaction (spec-
ifying commands or requesting information), six participants in-
teracted with appliances multimodally (i.e., using both gestural
and verbal commands) while one participant chose to use gestures
only and three others used voice only. Despite their preferences,
participants mentioned reasons for using multiple modalities. The
most common consideration was social appropriateness,e.g., when
in a quiet environment or when having a conversation with others,
gestures can complement voice input.

One speci�c question we were interested in is how participants
handled ambiguous situations (i.e., appliances close to each other).
Some participants suggested left/right-swipe gesture to switch
amongst close-by appliances until the correct one was selected.
Some others preferred using relative spatial references in voice
input to disambiguate, such as�turn on thele� light� , �the one in
themiddle � .

3.4 Implications for Design
� Voice + gesture interaction with IoT devices consists of two

components: selection and interaction;

� Freehand pointing (moving arm/hand towards the target) is
an intuitive way for selecting a device;

� Verbal and gestural commands should be able to work both in-
terchangeably (to cater to various contexts) and collaboratively
(to increase expressiveness);

� The system should clearly indicate ambiguous device selec-
tions and allow for follow-up disambiguation either verbally
or gesturally.

4 DESIGN SPACE & EXAMPLES
Based on the �ndings from our formative study, we constructed
a design space to lay out various multimodal interaction possibil-
ities with spatially-distributed IoT devices, as well as comparing
our work with prior or existing systems. As shown in Fig. 3, the
two design dimensions correspond to the two components com-
monly found in participants' expression of commands to control
IoT devices:selectionof a device and speci�cinteractionwith the
device. We further subdivide a few cells where we extend voice +
gesture with design considerations such as contextual awareness,
user identi�cation and disambiguation, as a way to demonstrate
the richness and extensibility of our design space.

Below we illustrate this design space by walking through each
of its `cells', using examples we later implemented in a proof-of-
concept sensing platform (detailed later in Ÿ5).

Voice Selects, Voice InteractsThis part of the design space is
most commonly found in commercial voice-only assistants without
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Figure 4: Using voice to turn on a light (a); later when it is
night time and quiet, a gesture is more contextually appro-
priate for turning the light o� (b).

any contextual information about the user. However, as localiza-
tion technology (e.g., using sound or radio) becomes increasingly
available, we can expect to add contextual awareness to voice input
that allows for an `unspoken' selection of appliances. For example,
as shown in Fig. 3a and implemented in Fig. 1a, a user walking into
a dark kitchen asks to turn the lights on; knowing where the user
is, the system turns on only the lights in the kitchen but not those
in other rooms.

Voice Selects, Gesture InteractsSuch a combination works
for scenarios where the user cancontinuouslygesture their intent
with an IoT device, rather than having to repeat a voice command.
For example, as shown in Fig. 3b, a user�feeling too cold�can call
out �AC� and then keep gesturing the temperature up until s/he
feels comfortable. In this case continuous gesturing is more natural
and e�cient than otherwise having to repetitively say �warmer� or
�increase temperature.�

Voice Selects, Voice + Gesture InteractsCompared to Fig. 3a,
adding gestures to voice interaction further provides spatial refer-
ences. For example, as shown in Fig. 3c and implemented in Fig. 1b, a
user can call out �Roomba�, speak out the task (�clean�) and gesture
to specify spatial references (�here� while gesturing to circle a dirty
area on the �oor). This part of the design space bridges IoT inter-
action with related research in robotics, where similar multimodal
commands have been developed to control robots [17, 18].

Gesture Selects, Voice InteractsThis is the most common way
in our formative study to remotely control an IoT device. Impor-
tantly, in this cell we illustrate the distinction between single- and
multi-user interaction�as shown in Fig. 3e, in a meeting with mul-
tiple presentations, each presenter can start their slides by simply
pointing at the projector and saying �start presentation�, which will
be interpreted in conjunction with the user's identity to retrieve
the corresponding slides. As shown in Fig. 6, during the presenta-
tion, the presenter can point to an audience member, which grants
his/her personal device temporary access to navigate to speci�c
slides for questions.

Gesture Selects, Gesture InteractsThis combination provides
useful options during situational impairment or when voice input
might be socially inappropriate (e.g., in a quiet place). For exam-
ple, when on the phone, a user can point to the music player and
swipe down to decrease the volume (Fig. 1e). While prior work
has explored similar point-and-gesture interactions [1, 20, 29], the
problem of disambiguating close-by devices was never addressed in
a real-world setting. In contrast, we propose both a gesture (Fig. 3f)
and a voice (discussed in Ÿ5) mechanisms for disambiguation: in

Figure 5: A user can point and select multiple IoT devices in a
single sequence of action (a); a built-in alarm clock function
can be assigned to a static object, such as a night stand (b).

Fig. 3f, a follow-up gesture `swipes' through ambiguous candidates
until the correct device is selected.

Gesture Selects, Voice + Gesture InteractsAs a user points
at an IoT device (e.g., TV), voice is utilized to issue a one-shot com-
mand (e.g., lower volume) and a gesture to continuously perform
that command (e.g., waving down to keep lowering the volume).
Unlike an AC (Fig. 3b), a TV has more control options than a simple
up/down gesture can specify (Figure 3g); adding voice here dis-
ambiguates the user's intent (e.g., volume up/down vs. brightness
up/down).

4.1 More Exemplar Interactions Inspired by
the Design Space

Below we showcase more exemplar interactions inspired by, and
extended from, the aforementioned design space and implemented
using our proof-of-concept sensing platform.

Contextually-appropriate interaction As mentioned in Fig. 3a,
the combination of voice and gesture allows for contextually appro-
priate interaction with IoT devices. As shown in Fig. 4, normally
a user can point to a �oor lamp and say �turn it on�; however, at
night time with family members asleep, a silent gesture is more
contextually appropriate when turning the lamp o�.

Multi-device selection & disambiguationAs shown in Fig. 5a,
a user returning home late can say �turn on this, this and this� while
pointing to two �oor lamps and the table lamp. The system groups
these consecutively selected devices in the same input frame, and
applies the same action.

Figure 6: After starting the slides, the presenter points to
an audience member who raised his/her hand, granting
him/her with temporary access to navigate to speci�c slides
for questions.
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