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ABSTRACT

Smart speakers and conversational interfaces increasingly make
it into consumer’s homes. Listening to users’ commands assigns
them a rather passive role. Proactive speakers, on the other hand,
have the potential to empower a broad range of applications such
as context-aware health interventions and self-tracking systems.
To achieve proactivity, however, requires the speaker to become
context-aware and be able to detect opportune moments to initiate
interactions. In this work, we present a proactive speaker proto-
type based on Google Home to investigate interaction contexts.
We, additionally, built a voice-based Experience Sampling Method
(ESM) application to study contextual factors that are correlated to
opportune moments for device-triggered interactions. Preliminary
results from a three-week field study with 7 participants indicate
the proposed prototype is a robust way to achieve proactivity and
implement voice-based ESM. We present use cases for future re-
search and applications for proactive smart speakers in the context

of digital health.
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« Human-centered computing — Human computer interac-
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1 INTRODUCTION

With improvements in speech recognition, voice user interfaces
(VUI) have become more accessible and ubiquitous. Voice assistants,
such as Siri and Cortana, are installed on smartphones and comput-
ers to assist users in completing tasks with voice input. In recent
years, VUIs have commercially taken off in people’s homes in the
form of smart speakers. They are used to play music, check the
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weather or read the latest news. Popular speakers, such as Google
Home and Amazon Echo, have gradually become the central hub
of smart homes as those speakers provide users VUI controls over
smart appliances. To control smart speakers, users usually issue
voice commands consisting of two parts: an activation keyword
(e.g., Hey Google or Alexa) and the actual command (e.g., play music
on Spotify). Almost all commercial smart speakers can only react to
users’ commands when they are activated. In other words, current
smart speakers are passive and do not have the ability to proactively
initiate conversations with users.

Proactive features for Google Home and Amazon Echo are cur-
rently limited to sending voice reminders or setting off alarms. Such
interactions merely transfer smartphone notifications to speakers
and usually do not require users’ voice inputs. Conversations, how-
ever, are bi-directional, and in certain circumstances, it is beneficial
to have smart speakers initiate the conversation with their users.
The inability to proactively talk to humans currently limits the
design space and range of applications that can be developed for
smart speakers. For example, health-related intervention systems
or self-tracking systems can be deployed on smart speakers. Those
systems usually involve sending users reminders and even recom-
mendations at pre-specified or appropriate times [13] in order to
query information for which proactivity is a prerequisite.

One major factor should be taken into consideration when de-
signing proactive speakers: 1) timing and 2) context. Proactive ser-
vices, such as push notifications, often have an interruptive element
and delivering notifications at opportune moments can minimize
that interruption [14]. Compared with smartphones, smart speakers
are more interruptive: voice is more intrusive as it can hardly be
ignored (unlike a silent alarm or vibration in the user’s pocket). It
is, therefore, important to investigate under which circumstances
smart speakers should initiate a conversation. For example, a proac-
tive speaker should sense the proximity of users.

Another factor is the actual design of proactive dialogues. The
way to design dialogues for proactive VUI applications may dif-
fer from the way to design passive VUI applications. For passive
speaker applications, it is often assumed that the user has an intent
when speaking. For proactive speaker applications, however, the
speaker, rather than its user, has an intent. Such intent can either
be to acquire user data or deliver timely information. Compared
to using questionnaires, using speakers to ask questions to collect
data, the dialogue might need to be shorter as listening is generally
slower than reading [6]. Plus, the proactive speaker might need to
ask questions to get confirmation from users after announcing a
message.
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There is great potential in the developing applications for proac-
tive smart speakers, especially with regard to health apps. Medi-
cation adherence, for example, needs to be proactively managed.
With passive speakers, users must remember to activate the speaker
and then report their medication intake. Proactive speakers, on the
other hand, can trigger just-in-time voice reminders based on con-
textual factors, such as time, user presence, and noise levels, to
improve patients’ medication adherence. Such applications can
also collect information from their users by delivering a series of
questions. Henceforth, we aim to find when and how proactive
speakers should talk to their users. Current commercial speakers
do not deliver proactive messages. We, therefore, introduce our
"workaround” method, in which we externally activate Google
Home and turn it into a proactive speaker. A Google action is being
developed to employ the Experience-Sampling-Method (ESM) [4] to
request contextual information from users. Through the "workaround"
method, Google Home can be activated to deliver the voice ESM
prompts with an 88.6% activation rate. We present initial data in-
sights from our on-going user study, which contribute to the design
of proactive speakers and their application for experience sampling
and triggering interactions more generally.

2 BACKGROUND

Smart speakers provide VUI and have many advantages for interac-
tion. For example, having conversations is a natural way for people
to communicate, and non-tech-savvy people can easily learn to use
VUL Bentley et al. studied the long-term usage of smart speakers
and found that people tended to use specific types of commands at
particular times of day [1]. People’s patterns of using certain voice
commands provide insights for designing the prompting schedules
for proactive speakers. For instance, a proactive speaker can tell
users about the weather in the morning.

As aforementioned, Google Home and Amazon Echo provide
limited proactive features. Google Home has a setting that allows
users to turn on notifications on the speaker so that it can deliver
proactive reminders for upcoming meetings based on the user’s
calendar. Amazon Echo will display different light patterns for
incoming notifications or messages [17]. LifePod !, a smart speaker
dedicated to older adults, can send proactive reminders to users
of medications and doctor appointments. While it is unknown the
exact functionality of LifePod, the proactive reminders seem to be
pre-scheduled routines and are not prompted based on context and
users’ interruptibility.

Experience Sampling Method is a method that involves asking
participants to report their behaviours or thoughts multiple times
throughout the day [4]. ESM is used by many studies to learn
about user interruptibility to smartphone notifications. Usually,
participants receive notifications for filling out a questionnaire at
a scheduled time from smartphones [12, 18]. Fogarty et al. imple-
mented an ESM study that used an audio prompt to ask subjects to
report interruptibility in the office [5]. Compared to smartphone
notifications, proactive speakers interrupt users through a different
modality - voice. It is suggested that people have different prefer-
ences for the level of proactivity for voice assistants under different
situations [10]. Two recent studies [3, 9] investigated participants’
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interruptibility towards proactive speakers using the ESM approach.
Specifically, Komori et al. used a depth camera to detect the activity
transition of users and a laptop as the VUI interface. Intermittently,
the laptop asked participants, "Do you have a minute?" and partici-
pants replied with their availability at that moment. Cha et al. [3]
developed a proactive speaker prototype based on a smartphone and
a commercial Bluetooth speaker. The application was installed on
the smartphone to schedule a voice-based ESM. An audio question,
"Is now a good time to talk?" is prompted through the Bluetooth
speaker approximately every 20-min to ask about participants’ avail-
ability. The smartphone application simply recorded participants’
responses and provided no feedback. The major drawback of those
proactive speaker systems is that such "conversation" is not actually
interactive and bi-directional in nature. While their findings can
contribute to finding the opportune moments for speakers to talk,
they have not fully explored the interaction between users and
proactive speakers.

3 PROTOTYPE DEVELOPMENT

Proactive speakers can be quite useful in implementing various
applications ranging from ESM study tools to health management
systems, yet programmable proactive speakers do not exist so far.
Since proactive speakers should initiate conversations or deliver
voice prompts, they need to know about the usage context to deter-
mine the right moment to initiate a conversation. To make a passive
speaker proactive and collect data using voice ESM prompts to study
contextual factors, we propose a proactive speaker prototype based
on Google Home.

3.1 Hardware

Google Home requires an activation command to start a conversa-
tion. To make Google Home proactive, we created a workaround
where the speaker is activated to a "hidden" activation command
that is inaudible to users. We built a system where the conversation
is initiated by a voice command outputted from earphones. Google
Home, in return, responds to the initiation and seemingly triggers a
conversation with its users. We use pre-recorded voice invocation
commands to replace users’ speech and activate the speaker in a
silent way that nearby users cannot hear.

Figure 1 shows our prototype with two microphone ports on
top of Google Home. To enable the silent activation, we designed
a 3D-printed earphone holder and attached the earphones to the
microphone ports with Blu tack. The earphones can be supported by
any device with a 3.5mm jack. This system uses a Raspberry Pi as the
controller. Pre-recorded voice invocation commands can be issued
using a Python script we created. Additionally, our goal is to explore
useful environmental contextual information that is correlated with
people’s interruptibility. While existing literature has suggested
that light and noise can indicate people’s interruptibility towards
push notifications [11, 12], it is unknown whether those factors can
indicate people’s interruptibility towards voice prompts. Therefore,
we further augmented the system with a light sensor to measure
the ambient light levels and a USB microphone to detect ambient
noise levels. The microphone further allows us to record the real-
time interaction between users and the speaker for the purpose
of this investigation. Additionally, the Raspberry Pi tracked user
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Figure 1: The Proactive Speaker Prototype.

proximity by utilizing its Bluetooth scanner to search for the RSSI
of participants’ smartphones’ Bluetooth.

3.2 Google Action

We developed a Google action called Be Proactive to implement a
proof-of-concept voice-based ESM application. This Google action
has three types of invocation: (1) Hey Google, talk to be proactive, (2)
Hey Google, talk to be proactive for sound test, and (3) Hey Google, talk
to be proactive for ping pong test. Since we were interested in finding
the proper way for a proactive speaker to initiate conversations,
these three invocations can trigger the ESM with different starters:
The first invocation triggers voice prompts directly (baseline starter,
as the control condition), the second triggers voice prompts started
with a 4-second music clip (Earcon starter [2], simulate a push
notification sound), and the third triggers voice prompts started
with an utterance - Hey, are you available? first (simulate interac-
tions between two humans). For the utterance ESM, the subsequent
questions will only be prompted if participants answer "yes", and
the speaker will respond Let’s try again next time if participants
answer "no". During the development of the prototype system, we
found that the invocation needs to be carefully designed to ensure
that it is robust against ambient noise.

Once the action is invoked, the speaker asks users four questions:
(1) Rate your availability on a scale of 1 to 5 (we use availability as
the ground truth for opportune moments), (2) Rate your boredom
level on a scale of 1 to 5 (boredom has been shown to be a proxy for
opportune content delivery [16]), (3) Rate your current mood on a
scale of 1 to 5 (good mood may suggest good availability [15]), and
(4) What are you currently doing? These questions are designed to
learn contexts that might be indicative of people’s interruptibility
to voice prompts. Users need to give numerical answers to the
first three questions and provide open-ended responses to the last
question. An example of the conversation flow with the baseline
starter between Raspberry Pi, Google Home, and a user can be seen
in Figure 2. If users fail to issue a response or the speech is not
correctly recognized, the speaker will prompt: Please answer number
or you can come closer to me. This fallback prompt is given up to
three times until the action ends with the error prompt: Sorry, I can’t
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Rate your availability on a scale of 1 to
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Hey Google, talk to Be Proactive
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What are you currently doing?

Writing a paper

Figure 2: Conversation flow between Raspberry Pi, Google
Home, and a user.

help. Compared to proactive VUI systems developed in [3, 8, 9], our
prototype also allows users to engage in turn-taking conversations.

4 FIELD STUDY

To investigate when and how proactive smart speakers should
initiate conversations with users, we conducted a three-week-long
study. Participants with previous experiences in smart speakers and
proficient in English were recruited. During the study, Raspberry Pi
was scheduled to activate Google Home approximately every hour
between 9 AM to 11 PM (by default) and allowed participants to
customize their prompt schedules. At the same time, Raspberry Pi
recorded the ambient noise level using the USB microphone and the
ambient light level using the light sensor and measured the RSSI
of the Bluetooth signal of participants’ smartphone. Additionally,
the Raspberry Pi recorded a 90-second audio snippet whenever it
was scheduled to play pre-recorded commands to Google Home.
Those audio recordings allow us to track unsuccessful activation
and interaction errors. Three prompt starters were switched in
different weeks, and we randomized the starter order among partic-
ipants. After each week, a questionnaire about user experience with
the specific starter was sent to participants. Once the three-week
study has completed, we conducted an exit interview with each
participant over zoom.

We advertised our study through a university platform. People
can register their interests through a Google form. Once recruited,
we conducted a zoom orientation session with each participant to
teach them how to set up the Raspberry Pi and instruct them how
to answer the voice ESM prompts. This study is still running, and
we aim to recruit 15 participants in total.

5 PRELIMINARY RESULTS

So far, we recruited 7 participants (6 males) for the study. The mean
age of them was 26.8 + 6.0 years (range 19 to 38). During the study,
we encouraged participants to answer as many ESM prompts as
they can while maintaining their usual lifestyle.

5.1 Activation Rate

All participants reported their property types, and it was found that
they live in households with different sizes and floor plans. Since
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Table 1: The Google Home activation rate and the responses rate of three different starters for each participant.

Baseline Earcon Utterance
ID Activation | Response | Activation | Response | Activation | Response
Rate Rate Rate Rate Rate Rate

pPo1 1 0.602 0.990 0.5 0.965 0.486

P02 0.897 0.219 0.625 0.5 0.982 0.446

Po3 0.915 0.355 0.875 0.366 0.901 0.312

P04 0.680 0.429 0.770 0.418 0.667 0.443

Po5 0.828 0.195 0.882 0.289 0.875 0.214

Po6 0.942 0.444 0.990 0.378 1 0.165

Po7 0.990 0.423 0.991 0.568 0.981 0.452

Average | 0.893 0.381 0.875 0.431 0.910 0.360
different noise conditions can happen during the study period, the 80% :
external earphone-method to activate Google Home may not suc- ¢ Daseline FarCoh 8  Uueranca
ceed every time in real-life situations. It is important to have a high 70% |
activation rate in order to make Google Home proactive. Therefore,
we verified the number of Google Home activation using the audio 60%1 ©
recordings and calculated the activation rate for three invocations.
Additionally, we identified potential reasons for unsuccessful ac- ©50% &
tivation from the audio recordings, such as people talking in the P " . . =
background or music playing in the background. 2 a0% | Y ?

The Google Home successful activation rate and the response § 4

rate for each participant are shown in Table 1. The average acti- & 30% | .
vation rate is 0.893 for the baseline starter, 0.875 for the Earcon
starter, and 0.910 for the utterance starter. Among 7 participants, 20% ! H
the overall activation rate of P04’s Google Home was the lowest: .
0.680 for baseline, 0.770 for Earcon, and 0.667 for utterance. It is 10% |
also noticed that the activation rate for the Earcon starter was only
0.625 for P02. After checking the audio recordings, it was found that 0% ‘ . ‘ ‘ ‘ ‘
unsuccessful activations for P02 were due to unrecognized voice POt Fo2 Fo3 ﬁ%ﬂ' Fos Foe Fo7

commands, and Google Home prompted the error message: Sorry, I
don’t understand or Sorry, I didn’t understand in German somehow.

There are several reasons that can cause an unsuccessful acti-
vation of Google Home: 1) Google Home is muted manually, 2)
Google Home has no WiFi connection, 3) the speaker is in a noisy
environment. If Google Home is muted, it cannot be activated. If
Google Home loses network connection, the speaker will prompt
a message every time it is spoken to - check connection settings
in the google home app. During the study, we found that P04 was
manually muting the speaker for some time and the network con-
nection was also not stable, which might be the reason that caused
the low activation rate of P04. Lastly, just like using a normal smart
speaker, ambient noise and people talking at the same time can
affect speech recognition accuracy. During the study, the activation
was not successful sometimes due to noise. In this case, participants
would usually receive an error prompt from the speaker (Sorry,
I didn’t understand), or the speaker recognized the pre-recorded
audio as an unknown command and prompted nothing. On one
occasion, a participant’s Google Home was activated but invoked
the Google action G Prayer instead of Be Proactive. Occasionally, the
wrong starter would be activated. For example, the pre-recorded
audio command Hey Google, talk to Be Proactive for sound test might
be recognized as - Hey Google, talk to Be Proactive for songs. Then,

Figure 3: Average response rate per participant for each
starter and starter means.

the baseline starter would be activated instead of the Earcon starter.
This situation only happened less than 10 times during the study.

5.2 Response Rate

In total, 1977 ESM prompts were successfully sent and 771 responses
were collected from participants; the response rate is 39.0%. As can
be seen from Figure 3, different participants have quite different
response rates. The average response rate for the Earcon starter is
the highest among the three starters. Our study lasted three weeks
and the starter for each week was different. The response rate of the
last week was the lowest for 5 out of 7 participants, and a decreasing
tendency in response rate can be found for 4 out of 7 participants.

5.3 Feedback

After participants finished the three-week study, we conducted
an exit-interview to ask about participants’ experiences with the
proactive speaker and the study. Here, we summarize the findings
of the difficulties encountered by participants when they were inter-
acting with proactive speakers. During the interview, when asked
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Figure 4: Average response rate over study weeks per partic-
ipant.

the question Did you encounter any problems interacting with the
proactive smart speaker?, all participants mentioned that they had
had issues with the speech recognition of the speaker. Specifically,
four participants mentioned that they needed to get closer to the
speaker, and two of them mentioned that they usually needed to
increase their volume if the speaker could not recognize their an-
swers. One participant also suggested that background noises can
impact speech recognition by Google Home.

Two participants reported that the speaker randomly ended the
conversation a few times without giving any prompts even after
they gave an answer. Additionally, two participants mentioned that
sometimes the speaker did not ask the pre-defined questions but
gave random prompts. One participant gave a detailed example
and said that the speaker recognized her pronunciation of "two’ as
‘tattoo’. Instead of prompting Please answer numbers, the speaker
started to announce nearby tattoo shops to the participant. Besides
the speech recognition problem, two participants also mentioned
the difficulty of setting up the prototype. As the Raspberry Pi also
takes up an electrical outlet, one participant mentioned that he
needed to get an extra outlet to power the whole prototype. Another
participant mentioned that she needed to move the location of the
prototype during the study several times.

6 DISCUSSION

Activating Google Home using pre-recorded audio commands through
a pair of earphones is one way to turn current passive speakers
into proactive ones. In this work, we introduced our prototype
and evaluated the robustness of this method based on preliminary
results from an ongoing field user study. Our results presented
in Table 1 show that our workaround is feasible and it opens up
opportunities for proactive speaker-related research. In the future,
different Google actions can be developed and deployed on this
prototype to implement different VUI applications.
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However, there are also several limitations of our prototype.
Firstly, the physical installation (i.e., attaching earphones to the mi-
crophone ports on Google Home) is not very robust if users tend to
move the speaker prototypes often. We learned that some misalign-
ment in the positioning of earphones could cause a low activation
rate; therefore, users need to be careful when sticking earphones
to the speaker. As the microphone ports are covered by earphones,
it was reported by participants that the speaker seemed to have
a shorter range of recognizing speech from users. Also, it is not
guaranteed that the speaker and the designed Google action can
be correctly activated all of the time. If there are people talking
close to the speaker when the Raspberry Pi is just playing the pre-
recorded audio command, it is likely that the activation will not
be successful. Failed activation can sometimes result in FIN error
messages from Google Home, and it may confuse users when they
hear those messages at random times. Also, this method will fail
when participants mute the speaker manually. Nevertheless, this
"workaround" method can work well if the physical set-up is done
correctly and users do not manually mute the Google Home.

The response rates of voice ESM prompts in this study tend to be
lower than those of smartphone-based ESM studies [19]. Compared
to smartphones, which are mobile, current smart speakers are lo-
cated in a user’s home and not mobile. People usually are rarely
home during the daytime and therefore are unable to respond to
the voice ESM. Additionally, Google Home only can reach a certain
range of areas when speaking. If users live in a big house, they
sometimes cannot hear the speaker speaking if they are in different
rooms. The nature of fixed smart speakers might explain that the
slightly higher response rate for the Earcon starter. Compared to
the other two starter methods, Earcon consists of 4-second music,
which can be more alarming. Also, participants tend to respond less
as the study proceeded. However, we will need more participants
to confirm those findings.

Lastly, we found a limitation in the interaction with the proactive
speaker. As the prototype is essentially based on Google Home, the
dialogue flow is designed for passive speakers. Most participants
experienced that the speaker stopped talking due to errors in speech
recognition resulting in data loss. For passive speakers, it is reason-
able that the speaker stops talking if it hits the fallback response
more than three times, as users usually will reorganize their speech
and try another time [7]. For proactive speakers, however, it should
not stop due to poor speech recognition, especially if the speaker is
designed to collect data from users. Unfortunately, this limitation
is hard to overcome in our prototype design.

7 FUTURE WORK

In this paper, we focused on introducing a proactive speaker proto-
type and a voice-based ESM user study. We presented preliminary
results of the robustness of the proposed prototype and the response
rate for 7 participants. A further and more in-depth analysis will be
conducted once more participants have completed the study, and
all data have been collected. Specifically, we will aim to find con-
textual factors that are correlated to users’ interruptibility towards
the proactive speaker and the suitable starter method for partici-
pants. The ESM data will serve as ground truth to detect opportune
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moments for triggering user interactions. We aim to train machine-
learning models based on sensor and ESM data and provide insights
into both environmental and personal contextual factors. Addition-
ally, with a more systematic analysis of audio recordings capturing
the conversation between participants and the proactive speaker,
we also aim to uncover interaction errors and user behaviours when
handling those errors.

The prototype we developed poses as a workaround for re-
searchers to explore aspects of proactive voice assistants. This
enables future work on various sensor and user contexts as well as
privacy implications and user concerns. Our ESM study will pave
the way towards a blueprint to conduct experience sampling studies
for ground truth collection. Potential applications, such as health
intervention systems or self-tracking systems, can subsequently
be developed as Google actions and be deployed on our prototype.
We expect our prototype to spark more research and application
opportunities to make smart speakers more functional.
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