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Abstract 
Voice-controlled smart speakers with intelligent 
personal assistants (IPAs) are increasingly becoming 
ubiquitous in homes. They play a key role in home 
automation as a hub that interfaces with various 
appliances. Previous work has suggested that 
ubiquitous computing systems should be intelligible and 
controllable, by informing users about the system’s 
underlying behavior and enabling users to intervene 
during breakdowns. In my PhD, I investigate physical 
intelligibility for smart speakers: the use of physical 
motion and interaction to provide intelligibility and 
control, informed by observations of users approaching 
and physically interacting with smart speakers.  
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Introduction 
Systems that use sensors to understand the 
environment in which they are used and act on 
information they infer have long been discussed by 
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Figure 1: Google’s smart 
speaker, Google Home with the 
Google Assistant. 

 

 

Figure 2: Amazon’s smart 
speaker, Amazon Echo with the 
Alexa assistant. 



 

researchers under the name “context-aware systems” 
[5], and smart speakers are a recent rendition of those 
systems. In the early 2000s, researchers voiced 
concerns about context-aware systems’ lack of 
intelligibility and control [4,6]; i.e. informing users of 
what the system infers, how it has inferred this, what it 
is doing with that information, and how users can take 
control over the system if it makes a mistake. Bellotti 
et al. [4] discussed design concerns regarding sensing 
systems and proposed five questions (see Table 1) that 
designers should consider to address key challenges 
with intelligibility and control. With recent advances in 
artificial intelligence (AI) and autonomous systems, 
these issues are again at the forefront of the HCI 
community [1]. Amershi et al. [2] presented 18 
guidelines for human-AI interaction, although they 
observed that voice assistants were the least 
compatible with the guidelines, indicating that voice 
user interfaces (VUIs) might need additional guidelines. 

Meanwhile, smart speakers’ and IPAs’ popularity 
(Figure 1–2) presents an interesting opportunity to 
study how an emerging ubiquitous presence in people’s 
homes exposes challenges with respect to intelligibility 
and control. Porcheron et al. have observed that smart 
speakers at times exhibit ‘black box’ behaviour [14]. In 
their study, participants had difficulties using the smart 
speaker due to a lack of interactional resources, i.e. the 
lack of clear and informative responses by the smart 
speaker did not lead the participants in a fruitful 
direction to recover from breakdowns.  

Researchers have demonstrated ways to make systems 
intelligible [10–12,15], however most designs 
emphasize textual and visual representations, less 
suitable to smart speakers due to their common lack of 

displays. An exception is Ripple Thermostat [13], which 
shows shape change as a promising alternative. 
Researchers have also observed an influence of 
physical movement on people’s perception of 
autonomous artifacts’ performance [7] and objects’ 
intent [9]. Ju et al. demonstrated how a system can 
adapt its digital content on an electronic whiteboard 
depending on people’s physical proximity to it, yet 
allow people to physically override the changes as they 
get within arm’s reach [8]. In my research, I explore 
physical intelligibility, i.e. intelligibility provided through 
the artifact’s physical motion. I will investigate this 
within the context of smart speakers, to explore when 
and how physical intelligibility can be used to convey 
smart speakers’ underlying behaviour, and how it can 
allow users to intervene, recover, and learn from 
breakdowns to remain in control. 

Research to Date 
While Porcheron et al. [14] mention participants 
experiencing ‘black box’ behaviour with smart 
speakers, it is still unclear in which situations users 
encounter unintelligible behaviour and how they 
recover from it. I conducted a study that addresses four 
research questions (see Table 2) to better contextualize 
issues related to intelligibility and control of smart 
speakers. Research question 2 and 3 were directly 
inspired by Bellotti et al.’s questions on address and 
accident (Table 1). The study consisted of an online 
survey and 12 semi-structured interviews with smart 
speaker owners [3].  

The 12 interviewees had four main explanations for 
how their smart speaker functioned: perceiving the 
device as a ‘dumb’ speaker, believing it was action-
triggered, thinking most of the functionality was 

Table 1: Bellotti et al.’s 
Five Questions [2]. 

Address: How do I address 
one (or more) of many 
possible devices? 

Attention: How do I know the 
system is ready and 
attending to my actions? 

Action: How do I effect a 
meaningful action, control its 
extent and possible specify a 
target or targets for my 
action? 

Alignment: How do I know 
the system is doing (has 
done) the right thing? 

Accident: How do I avoid 
mistakes? 

Table 2: Research 
Questions. 

(1): What are users’ mental 
models of smart speakers? 

(2): How do users address 
their smart speakers? 

(3): How do users recover 
from mistakes and system 
breakdowns? 

(4): How do users use their 
smart speaker with others in 
households and/or when 
having visitors? 



 

happening in the cloud, and finally, understanding most 
of the process step-by-step for participants with a 
technical background. While participants generally 
preferred to address the smart speaker using voice 
alone to keep their hands free, some participants 
reported situational physical interactions with the smart 
speakers depending on their proximity to the device. 
Moreover, the majority of participants tended to either 
use their phone, face or walk up to their smart speaker 
to recover from breakdowns, though not always with  
success (see Figure 3). Finally, we noticed a 
commonality among the participants feeling fairly 
comfortable about sharing their device with household 
members and visitors. While some visitors and 
household members were easing into using the smart 
speaker, they noted others (usually visitors), showed a 
reluctance in using the devices.  

Similar to Yang and Newman’s observation of incidental 
intelligibility—a way for the system to explain itself as 
part of a user’s ongoing task [16]—my observations 
also seem to suggest an opportunity with respect to 
situational physical interactions and proximity during 
breakdowns: providing intelligibility in proximity. 

Future Research 
The Design of Physical Intelligibility. I am planning on 
developing physical prototypes based on Google’s AIY 
Voice Kit that allows me to create connections between 
voice input/output, physical actuation, and visual & 
audio feedback. I intend to explore this design space 
through multiple prototypes. I then consider comparing 
one or more of the prototypes to commercially available 
smart speakers in a controlled lab study, to identify 
benefits and limitations of physical intelligibility and 
how much information physical intelligibility can 

convey. I want to explore whether voice and textual 
explanations for an IPA’s underlying behaviour can be 
conveyed through physical motion, to either fully or 
partially explain itself to the user as needed.  Physical 
intelligibility could also expand on people’s existing 
physical interactions with speakers as physical motion 
with input capabilities could open up new directions for 
controlling smart speakers and IoT devices alike. 

Long-Term Deployment. Informed by the findings from 
the controlled lab study above, I plan to deploy one of 
the physical prototypes at smart speaker users’ homes 
for a longer period of time, replacing their original 
smart speakers. My aim is to investigate whether 
physical intelligibility is beneficial in allowing users to 
understand and control the device in their own homes 
over a longer period of time, and to investigate the 
consequences of physical intelligibility on the 
interactions between user and device. 
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Figure 3: Common strategies 
participants in our study used to 
recover from breakdowns. 

(A) Face the smart speaker. 

(B) Walk up to the smart speaker 
(facing it).  

(C) Retry the request ‘X’ amount 
of times. 

(D) Try to find the issue on 
smartphone, use an app to 
complete the task, or give up 
entirely. 

(E) Other approaches. 
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