
Social Wormholes: Exploring Preferences and Opportunities
for Distributed and Physically-Grounded Social Connections
JOANNE LEONG∗,MIT Media Lab, USA
YUANYANG TENG∗, Columbia University, USA
XINGYU "BRUCE" LIU∗, UCLA, USA
HANSEUL JUN, Stanford University, USA
SVEN KRATZ, Independent, USA
YU JIANG THAM, Snap Inc., USA
ANDRÉS MONROY-HERNÁNDEZ, Princeton University, USA and Snap Inc., USA
BRIAN A. SMITH†, Columbia University, USA and Snap Inc., USA
RAJAN VAISH†, Snap Inc., USA

Ubiquitous computing encapsulates the idea for technology to be interwoven into the fabric of everyday life.
As computing blends into everyday physical artifacts, powerful opportunities open up for social connection.
Prior connected media objects span a broad spectrum of design combinations. Such diversity suggests that
people have varying needs and preferences for staying connected to one another. However, since these designs
have largely been studied in isolation, we do not have a holistic understanding around how people would
configure and behave within a ubiquitous social ecosystem of physically-grounded artifacts. In this paper,
we create a technology probe called Social Wormholes, that lets people configure their own home ecosystem
of connected artifacts. Through a field study with 24 participants, we report on patterns of behaviors that
emerged naturally in the context of their daily lives and shine a light on how ubiquitous computing could be
leveraged for social computing.
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1 INTRODUCTION
Family and friends often desire to stay connected with each other over distance. Currently, our
way of staying connected with others is device-centric, using smartphones, tablets, and computers.
With the onset of smart homes, smart materials, and smart cities, however, the field of computing is
slowly marching toward the vision of ubiquitous computing [50], in which technology will evolve
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Fig. 1. Illustration of the Social Wormholes technology probe for fostering social connection, which uses
physically-grounded connections and transmissions. The connections between two partners A and B are
indicated by lines. The system supports symmetrical connections, such as table-table (red), fridge-fridge
(green), and living room-living room (yellow). Asymmetrical connections are also supported, such as bed-closet
(blue) and car-plant (orange). Partner A looks at her bed wormhole (left) through their AR glasses, which
sends sparkles for Partner B to look at later when he visits his closet (right). Partner B captures the coffee
mug in his living room (right) and transmits it as a Ghost to Partner A’s living room (left).

to become much more interwoven into our surrounding environment. A major opportunity for
ubiquitous computing is to promote staying connected with others in an environment-centered
way, repurposing the surrounding environment to serve as connection points with family and
friends. Very little work, however, has explored how ubiquitous computing and a potentially large
ecosystem of connected endpoints might foster this sort of social connection.

A significant stream of work exploring social connection endpoints is that of Tangible Bits [24],
Ambient Media, Ambient Telepresence, and the idea that having connected objects or virtually
connected spaces can be a powerful means of feeling close or even together with family and friends
over distance. In these works, presence and activity information are embodied in physical artifacts
including objects, surfaces, and spaces. For example, in AmbientROOM [25], information about
a loved one’s activities is relayed via the movement of a computer mouse and the projection of
water ripples on the ceiling. Since then, numerous other systems have emerged that have been
shown to be effective in supporting a sense of presence, awareness, and social connection in work
and domestic life. These have taken on multiple forms, ranging from small household objects like
candles, picture frames and desktop toys [6, 10, 18, 28] to augmented furniture [13, 45], and have
evolved to relay various types of information, including mood, presence and activity between
people [19].
The vast array of design combinations is indicative that people may have a broad spectrum of

needs and preferences for how to connect with one another via more ubiquitous social connec-
tions. Prior work echoes this sentiment, suggesting that “one-size-fits-all solutions do not work”
for sharing aspects of domestic life [41] and that people develop unique meanings when using
augmented objects [1, 19]. What we notice, however, is that existing social connection systems
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are often designed for use in a fixed configuration, with few options for customization once they
have been deployed. Many, for example, are based on a fixed pair of augmented objects with a
dedicated set of specialized multi-modal capabilities. As such, user studies with these systems
can reveal the impact those particular designs on social connection, but cannot lead to insights
into user preferences beyond the scope of their specific design configurations. Additionally, while
technology is maturing to a state where it might be possible to create a landscape of multiple
connected artifacts, little is known about how users would perceive and use a broader ecosystem
of distributed and physically grounded artifacts for social connection.
Therefore, in this paper, we take a step back to explore what people’s behaviors and resulting

preferences would be if given the power to create their own ecosystems of connected objects for
social connection. To do so, we create a customizable and scalable technology probe [23] called
Social Wormholes and deploy it in a field study with 12 pairs of friends (24 participants) over two
weeks. Figure 1 illustrates Social Wormholes. To make Social Wormholes customizable and extensible
for our investigation, we base its implementation on augmented reality (AR). With the platform,
each person can make various physical artifacts in their homes points of social connection to their
respective friend, by attaching printed AR markers. The markers are analogous to the concept of
Tabs in Mark Weiser’s original envisionment of ubiquitous computing [50], turning any object
into a social connection point quickly and cheaply. With the use of AR glasses and dedicated
apps, connections can be established between the markers, and the artifacts can serve as mediums
through which the friends send and receive snippets of information to each other.

The flexibility of the probe makes it such that a pair of friends may (1) customize which objects
in their homes become connected objects, (2) determine how these artifacts are mapped to one
another, and (3) elect how many concurrent connections they use with their remote friend in the
given period of time. Using this approach, we allow patterns of behavior to organically emerge,
and capture this through a system of surveys, system logs and interviews. Based on an analysis, we
report a spectrum of user preferences towards social connection. Furthermore, we outline a set of
design recommendations for system features that may help to best serve these different populations.
In summary, we contribute:

(1) The design and implementation of an AR-based technology probe of a distributed and
physically-grounded social connection system for use between a pair of remote friends;

(2) Insights from a field study with 12 pairs of friends (24 participants) on what types of physical
artifacts people favor for social connection, how they could be mapped to one another, their
perceptions around having a flexible number of connected artifacts, and different scenarios
that can be supported with this infrastructure;

(3) An outline of different patterns of behavior users exhibit towards physically-grounded social
connections, and associated design implications.

2 RELATEDWORK
There is a rich history of work on creating interconnected physical or digital objects for social
connection, stemming from the visionary concept of Ubiquitous Computing [50, 51]. We provide
an overview of prior works in this space that leverage physical artifacts for social connection, and
also discuss frameworks for understanding how people design and interact with such technologies.

2.1 Ubiquitous Physical Artifacts for Social Connection
Many prior works focus on improving social connection for people in Long Distance Relationships
(LDR) or more generally, people who live in separate households. Examples of such systems
include household fixtures and furniture such as bathroom mirrors, bed-side drawers, stools
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[13, 43, 45], and household objects such as stuffed toys, candles, tools, picture frames and desktop
toys [10, 12, 15, 18, 28]. Some works created entirely new physical artifacts such as novel desktop
toys and radios [6, 21] rather than augmenting existing ones. As pointed out by Li et al. [32], a
majority of systems rely on a single type of device for bidirectional communication, meaning
they used a symmetric pairing of objects. There are also a few systems that feature non-matching
connected objects. Examples of asymmetric systems, include Shared Wind [52], a uni-directional
communication system with sender and receiver curtains, and Flex-N-Feel [46], which comprised a
flex-sensing sender glove and a vibrotactile receiver glove. A pioneering work, AmbientROOM,
mapped [25] a pet’s movement is mapped to a visual projection of ripples on the ceiling.

User studies for these systems demonstrated that they were helpful in fostering improved feelings
of presence and social connection. However, there is still much more room to investigate how
people would use and be impacted by having ubiquitous socially-connected physical artifacts
dispersed throughout one’s environment. Therefore, with our technology probe, we enable users to
designate existing artifacts in their homes as connection endpoints, establish how they are mapped
to their remote friends’ artifacts, and manage how many concurrent connections they use within
their personalized ecosystem of connected artifacts. In this way, we can begin to gather insights
into how people behave given the ability to create a ubiquitous constellation of social connections.

2.2 Understanding Technology-Mediated Social Connection
Many previous researchers have explored the design space for technology-mediated social connec-
tion. As Hassenzahl et al. [19] explains, the feeling of “relatedness” is an integral psychological
human need that technologies can support by supporting people in awareness, expressivity, physi-
calness, gift giving, joint action and memories.
Given the wealth of strategies, many efforts have been made not only to create instances of

these technological systems, but to understand and map out their design space. For instance, many
researchers [16, 36, 42] have identified important design dimensions for ambient-media systems,
ranging from information capacity and notification levels, to sensory mediums, personalization and
more. In a systematic review of 150 articles of unconventional user interfaces for LDR emotional
communication (i.e. excluding mobile apps) by Li et al. [32], it was found that non-symmetric
pairings of devices (meaning that the two objects are not of the same kind) and longer-duration
studies of technologies for social connection in real-life use contexts remain underexplored and
under-represented. Since we wish to expand knowledge in how a ubiquitous computing approach
can be used for social connection, it was particularly necessary for us to incorporate these two
aspects as part of our investigation.

We base our investigative approach on a technology probe [23], a research technique well-suited
to studying social connection due to its ability to reveal surprising insights. For instance, Lottridge et
al. [34] uncovered the power of promoting sharing during “emptymoments” to nurture long-distance
relationships. In another example, Judge et al. [26, 27] explore video-based platforms for social
connection between remote families. They discovered that Family Window [27], which connected
two households, triggered routine sharing of everyday moments, but that Family Portals [26], which
connected three households, did not trigger such routine sharing. Grivas [17] experimented with
establishing an imaginary “merge” of two homes using arrangements of physical LED prototypes
in people’s homes, and found that incorporating people’s spatial knowledge of each other’s places
could evoke intimacy and a sense of presence. Unlike these previous technology probes, Social
Wormholes gives users a high degree of control over how to connect their space with their friend’s
space (users can connect anything with anything), allowing us to understand how people feel and
behave with the ability to configure a ubiquitous computing environment specifically for social
connection. Our insights can inform the design of ubiquitous systems for social connection.
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Other systems have explored AR as ameans of sending and leaving physically-groundedmessages
for friends and colleagues. Specifically, they explore the paradigm of “leaving behind” AR text [3,
33, 39] and audio messages [30] at places so that others see them there later. Unlike this body of
work, our technology probe is centered around an ecosystem of connected physical artifacts rather
than virtual AR objects being left behind. Other recent works in AR have explored using AR glasses
for communication. For example, ARwand [31] enabled people to compose and send virtual content
to be rendered on a remote friend’s AR glasses, and for which they can see the friend’s reactions.
ARcall [47] was a platform for a remote friend to “drop in” to see what a remote friend sees, and
to inject an AR asset into their view to be seen via AR glasses. In contrast to these works, our
AR-glasses-based technology probe does not involve direct sending of content to a person wearing
the glasses, but rather allows people to transmit content anchored to virtually connected physical
objects. The probe employs the use of AR to make the marginal cost of establishing new connected
artifacts small—just more AR markers (pieces of paper)—giving our participants a chance to live in
a large ecosystem of connected objects.

3 TECHNOLOGY PROBE: SOCIAL WORMHOLES
Social Wormholes is an AR-glasses based system that serves as a flexible platform for social connec-
tion between two people. It has three components as seen in Figure 2: (1) a set of printed markers
(i.e. wormhole images) that users can attach to objects or locations of their choice and distribute
within their physical space; (2) a setup app for users to establish new wormhole connections or
manage existing connections; and (3) the main AR-glasses application for users to send and receive
Sparkles and Ghosts.
We arrived at Social Wormholes through an iterative design process. Our research team con-

sidered many radically different designs for the technology probe, undergoing several rounds of
brainstorming and creating several low-fidelity prototypes to develop our ideas.
At the start of the design process, we outlined three base requirements that the technology

probe should fulfill in order for us to explore how a potentially large ecosystem of connected
artifacts can support social connections. First, the technology probe should make it possible to
convert any existing object or place into a medium for social connection. Second, the probe should
scale to accommodate multiple artifacts while remaining cost-effective to deploy. Last, the probe
should allow for communication “on-the-go”, wherein a user can use the system impromptu in
a way that does not impede their current activity. Users should be able to interact directly with
connected artifacts and stumble upon transmitted messages naturally in their environment, rather
than intentionally check a separate device.
During the iterative process, we considered designs such as attachable hardware modules, a

large network of touchscreen tablets that could be placed next to objects, and a smartphone app
that utilizes AR to overlay virtual content onto objects. We converged on a system that combines
AR glasses with paper markers because it satisfied our requirements best. The paper markers allow
users to convert any object into a medium for social connection (akin to Mark Weiser’s tabs [50])
and can be scaled inexpensively to make more connected artifacts, while the AR glasses could be
used to engage with the system while also carrying out other activities.

3.1 Design and Implementation
We printed wormhole marker images at a size of 8×8 inches on standard letter-sized sheets of
paper. We tested the markers under various lighting conditions and viewing angles, and shipped
five markers to each participant in order to ensure marker tracking accuracy and robustness. We
developed two apps for our technology probe. First, we built a phone-based setup app (see Figure
4). Users can establish up to five one-to-one connections between wormholes of their choice. They
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can remove and change wormholes connections and setups by editing the connections in the app.
In addition, we built a connection app on AR glasses (see Figure 3). With the connection app, users
can transmit and receive content between the one-to-one wormholes connections they created.
While other connection types may be valuable (i.e. one-to-many, many-to-many), we used this as a
starting point to keep things simple for users (it is a common mapping pattern for prior systems, as
noted in Section 2). We developed both applications as Snap lenses using Lens Studio1. The Social
Wormholes system can operate on an iPhone 8 or later and on Snap Next Generation Spectacles. As
part of the study, we lent AR glasses to the participants and confirmed that they would have access
to a compatible smartphone. The setup app connects to the AR glasses via Bluetooth.

Our system enables two formats of transmissions, Sparkles and Ghosts, as can be seen in Figure 3.
Sparkles are meant to be a lightweight form of communication. A user transmits Sparkles to a
friend by simply looking at a wormhole while wearing the AR glasses. Once the gaze is registered,
Sparkles are transmitted to the friend’s corresponding wormhole. The next time the remote friend
passes by their corresponding wormhole endpoint, they can receive the Sparkles by simply gazing
at the wormhole marker while wearing their AR glasses. Once their gaze is recognized by their
AR glasses, it plays an animation that shows the Sparkles in the form of particle bursts hovering
above the wormhole opening on their end. Sparkles can act as an indicator that their remote friend
was near their corresponding wormhole endpoint of a particular wormhole connection. Ghosts
are a higher-fidelity form of communication that sends not just a single bit of information (as
Sparkles do) but some richer context about the user’s surrounding environment as well. A Ghost
consists of the image of an object in the user’s field of view accompanied by a short five-second
audio recording. To begin capturing a Ghost, the user must look at a wormhole and perform a
single-finger swipe-forward gesture on the touch pad of the AR glasses. This starts a five-second
countdown, during which the surrounding audio is recorded (e.g., ambient noises, speech). At the
end of the five seconds, an object in the user’s field of view is captured using the forward-facing
camera of the AR glasses. The captured object along with the audio recording is then sent to the
friend’s corresponding wormhole endpoint. The Ghost (captured object + audio recording) will
appear for the friend the next time they look at their corresponding wormhole. This sequence is
pictured in Figure 3.

In order to facilitate the exchange of information between two connected users in a pair, we also
implemented two cloud databases on AmazonWeb Services (AWS) to store and readout Sparkles and
Ghosts contents that users create. Specifically, we used DynamoDB to store wormhole endpoints
connections, users, Sparkles and Ghosts transmission data, and S3 to store content like Ghosts
images and audio recording. Both our phone app and AR glasses app communicate with the two

1https://lensstudio.snapchat.com/

Fig. 2. Social Wormholes comprises three components (left to right): a set of printed markers which serve as
endpoints for connections, a setup app for establishing connections between endpoints, and a connection app
to receive and transmit content. Each person in a pair must have access to all components to use the system.
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a b c d

Partner B’s View Partner A’s View

Fig. 3. Experiences as seen through AR glasses by connected partners A and B. From left to right:
(a) B’s AR glasses successfully detect the wormhole in his view, as indicated by the four green dots. Upon
detection, B sees light blue Sparkles being emitted from his shelf wormhole endpoint, which indicates that A
had previously gazed at her corresponding connected endpoint. (b) B’s gaze towards his wormhole triggers
Sparkles to be sent to A. (c) B decides to send A a Ghost, performing a swipe-forward gesture to initiate the
process. A five-second countdown starts, during which audio for the Ghost is recorded. B holds a mug up
in front of him, and it is captured at the end of the countdown. The Ghost, comprising both the mug and
recorded audio, is then transmitted to A’s corresponding wormhole. (d) Later, A receives the Ghost from B at
the Wormhole endpoint on her fridge.

databases to establish connections and support information exchange. Therefore, users needed a
secure WiFi connection to use the system.

3.2 Setup of Wormhole endpoints
To explore the design aspect of location for a physically-grounded connection system, we designed
Social Wormholes to enable users to create an ecosystem of connected artifacts and configure the
physical locations for their connection endpoints, as shown in Figure 1. To create a wormhole
connection, a user in a pair must first place the printed markers onto an artifact of their choice in
their physical space. The user then initiates a connection in the setup app by taking a photo of their
marker, and providing a text label to describe the connected artifact. Once saved, the incomplete
connection will appear in a list to both partners in the app. The remote partner must then complete
the connection in the setup app, by choosing the corresponding side of the incomplete connection,
taking a photo of the marker on their chosen artifact and assigning it a label. In our technology
probe, participants in each pair were given an opportunity to either freely place their markers, or
coordinate with each other during the onboarding video conference call to set up their wormhole
connections. Connected wormholes will appear in each user’s list of connections with an image and
label (Figure 4). This process can be repeated for new wormhole connections. To edit the artifact of
a wormhole endpoint, a user can simply move the printed marker to another artifact and update
the label accordingly.

3.3 Pretesting and Usability Iterations
The team engaged in iterative prototyping and testing of the system. While a subset of the re-
searchers focused on the system implementation, the others focused on testing it and providing
feedback to improve the user experience. For instance, when pre-testing an early implementation
of the system, we noted that some people had difficulty successfully scanning the paper markers
with the AR glasses’ forward-facing camera. We therefore iterated on the user interface design and
added four dots to help people center the markers correctly within the camera’s field of view for
successful scanning. Our pre-testing also revealed that users sometimes struggled to understand
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Fig. 4. Screenshots from the setup app showing a pair of remote partners A and B use the setup app to
establish a Social Wormhole connection. From left to right: (a) A initializes a Social Wormhole connection
with her ‘fridge’ as an endpoint. (b) Remote partner B views the incomplete connection initialized by A and
taps the photo icon to begin to complete the connection. (c) B taps to take a photo of his wormhole marker.
(d) B names the marker ‘shelf’ to correspond with its physical location. (e) This completes the connection,
now indicated by the solid green line.

when a transmission occured successfully. To improve this, we added animation effects to make
this more apparent.

4 METHODS
In order to gain insight into how people would leverage and behave around a ubiquitous con-
stellation of distributed and physically grounded artifacts for social connection, we designed and
conducted a two-week field study with pairs of remote friends in their respective homes using the
Social Wormholes technology probe. Since this study was conducted within a technology company,
it was reviewed and approved by the company’s compliance, legal, and privacy teams prior to
being conducted to ensure that the subject matter and approach complied with ethical standards
and that participants’ data was processed appropriately. In this section, we elaborate on the study
procedure, measures, and approaches used for data collection and analysis.

4.1 Participants
12 pairs of participants (24 people total, including 10 females and 14 males) completed the study
in full (see Table 1) and were recruited from a technology company (name redacted) using an
employee mailing list and internal communication channels. Since sample size for reaching data
saturation cannot be predicted in advance, we determined our target sample size 10 ± 2 following
recommendations by experts for empirical grounded procedures in HCI [7].
The recruited participants were from a diverse set of teams within the company, representing

a wide variety of technical and non-technical backgrounds including HR, sales/marketing and
art/creativity. They were required to have access to WiFi in their homes and iOS smartphones with
Bluetooth connection. Otherwise, there was no requirement for technical skills to participate in
the study. Participants were located in 17 cities including Los Angeles, New York, London, San
Francisco, Pittsburgh etc. Two pairs of participants, P9 and P11, were in different time zones from
each other. Participants were recruited in pairs who considered themselves friends, except for two
pairs, P5 and P6, that were formed ad-hoc and did not know each other before the study. Their
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Table 1. Self-reported demographic information of our participants who completed the study.

Pair Number Gender Age Education Level Ethnicity Relationship (IOS Scale [2])
P1a Man 36 Bachelor’s Degree White 4 = equal overlap
P1b Man 37 Bachelor’s Degree South Asian 3 = some overlap
P2a Woman 30 Bachelor’s Degree Not Reported 2 = little overlap
P2b Woman 27 Master’s Degree East Asian 2 = little overlap
P3a Man 28 Master’s Degree East Asian 5 = strong overlap
P3b Woman 27 Bachelor’s Degree East Asian 4 = equal overlap
P4a Woman 23 Bachelor’s Degree Hispanic 4 = equal overlap
P4b Woman 27 Bachelor’s Degree White 5 = strong overlap
P5a Woman 21 High School East Asian 1 = no overlap
P5b Woman 21 Bachelor’s Degree East Asian 1 = no overlap
P6a Woman 26 Bachelor’s Degree South Asian 1 = no overlap
P6b Woman 30 Master’s Degree South Asian 1 = no overlap
P7a Man 27 Bachelor’s Degree White 5 = strong overlap
P7b Man 27 Master’s Degree White 5 = strong overlap
P8a Man 31 Master’s Degree White 7 = most overlap
P8b Man 31 Bachelor’s Degree White 4 = equal overlap
P9a Man 32 Bachelor’s Degree White 3 = some overlap
P9b Man 30 Some College White 3 = some overlap
P10a Man 32 Bachelor’s Degree White 4 = equal overlap
P10b Man 32 Bachelor’s Degree White 3 = some overlap
P11a Man 29 Master’s Degree Hispanic 4 = equal overlap
P11b Woman 30 Bachelor’s Degree East Asian 7 = most overlap
P12a Man 30 High School Hispanic 6 = very strong overlap
P12b Man 28 Some College African American 6 = very strong overlap

ages ranged from 21 to 37 years (M = 29, SD = 4). Fifteen of them had a Bachelor’s degree, six had a
Master’s degree, three completed some college, and two were high school graduates or equivalent.
On a 5-point Likert scale (1 = Not at All, 5 = Extremely Frequently), participants on average reported
not using AR/VR glasses at all (𝑀𝑑𝑛 = 1). Each participant was compensated with a $100 Amazon
gift card for completing the study.

4.2 Procedure
Before the study, each participant was shipped a set of five printed wormhole endpoints, a pair of AR
glasses, and instructions for setting up the glasses. On the first day of participation, two researchers
remotely on-boarded participants in pairs during one hour long sessions conducted over video call.
Researchers asked participants to fill out pre-survey questionnaires, guided them in setting up their
systems, and and walked them through how to use Social Wormholes. The researchers answered
all of the participants’ questions to ensure that they understood the system’s features and were
comfortable using it independently. After the on-boarding session, participants received reference
guides containing visual step-by-step explanations and instructions, which they could review when
needed. Furthermore, the researchers created dedicated Slack channels for each participant pair.
In this way, participants could contact the researchers for prompt assistance any time they had
questions or concerns.

Participants were asked to consistently use Social Wormholes for at least 15 minutes per day for
roughly two weeks. They were also asked to answer daily survey questionnaires that consisted of
four open-ended questions about their usage through an online form. Participants used Wormholes
for 11 days on average, with a maximum of 14 days. On the last day of the study, two researchers
held an hour-long exit interview session with participants. Participants were interviewed in pairs.
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Finally, participants were also asked to complete an online exit survey. All surveys were issued via
Google Forms.

The studies were conducted in phases, to ensure that any issues (e.g. technical, usability, proce-
dural, etc.) could be identified and addressed without affecting all samples. We planned to exclude
participant pair data if they were to encounter any major issues. Initially, we deployed Social
Wormholes to two participant pairs in the first phase, followed by five pairs for each subsequent
phase until we reached our target number of 12 pairs. Since no significant issues arose over the
course of these phases, no data sets were discarded.

4.3 Measures
4.3.1 App Log Data. We recorded log data of participants’ usage of Social Wormholes to gain
insight on a more micro-level regarding how participants used the app’s features. This includes
information on markers — when they were installed and what names were given to them, and
content — when were the ghosts and sparkles sent, which Wormhole endpoint they were sent from
and sent to, and what content was transmitted. Data such as the Wormhole endpoint labels and the
number of transmissions made per day were automatically logged by the phone-based setup app
and the AR glasses connection app respectively.

4.3.2 Pre-Survey. During the onboarding sessions, each participant completed a pre-survey
so we could have insight into their backgrounds and the quality of their relationships prior to
experiencing the technology probe. This included questions on demographic information (i.e.,
age, gender, education level, ethnicity), previous AR/VR experience, level of loneliness using the
short-form measure of loneliness (ULS-8) [20], and the closeness of the partners’ relationship with
each other using the single-item Inclusion of Other in the Self Scale (IOS Scale) [2]. The ULS-8 [20]
contains 8 items (2 positively worded, which are reverse-coded), that should be rated on a 4-point
scale (1 = Never 4 = Often). Examples of statements include “I lack companionship,” and “I am an
outgoing person.” The IOS Scale [2] asks people to select a single option on a 7-point scale (1 = Not
at all close, and 7 = Extremely close), "Which picture best describes your relationship with your
study partner?" A set of pictures with progressively overlapping circles, labeled “Self” and “Other”
were provided to give a visual indication of the options available. See the supplemental materials
for more details.

4.3.3 Daily Survey. We asked participants to fill out a daily survey (refer to the supplemental
materials for example questions) during their participation, which comprised multiple choice, Likert,
and open-response questions in a Google Form. We did this to capture the participants’ thoughts
and rationale behind their interactions over the course of using the technology probe. Custom Likert
scale questions based on specific features of the Social Wormholes technology probe were issued,
such as: “Symmetric connections improved my sense of partner’s state over asymmetric connections,” (1
= Strongly Disagree, 7 = Strongly Agree). They were also asked open-ended questions about what
types of activities they engaged in over the day, whether they modified their Wormhole connections,
what they tried to transmit, and how they perceived transmissions from their remote friend (e.g.
“What activities do you think your study partner engaged in while using Social Wormholes today?”).
Participants were reminded to complete the survey via daily calendar events that were scheduled
in negotiation with them. We periodically reviewed participants’ responses to the daily survey over
the course of the study to inform our exit interviews and to verify that participants were completing
the questionnaire in good faith. Given the time and effort involved in filling out a survey every day,
we required participants to fill out a minimum of one daily survey per week.
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4.3.4 Exit Survey. At the conclusion of the field study, participants were asked to each answer
an exit survey (see supplemental materials), so we could gain insight on how the technology probe
impacted the quality of their relationship, as well as learn how their setups may have changed
over time and why. This exit questionnaire included questions that revisit their level of loneliness
and relationship with their study partner using ULS-8 [20] and IOS scales [2] to capture a post-
intervention measure (see descriptions of these scales in Section 4.3.2 or refer to the supplemental
materials for more detail), and a longer and more comprehensive set of closed-ended and open-
ended questions on their setup and usage of the technology probe. Examples of questions include,
“Where is Wormhole X, and how did you decide this?”, "X affected where I placed my Wormhole
markers.” One question also inquired about the sense of presence: “While using Social Wormholes, I
can feel my study partner’s presence in my space (1 = Strongly agree, 7 = Strongly disagree).”

4.3.5 Exit Interview. To conclude the study, the researchers conducted semi-structured inter-
views with participant pairs over video conferencing calls to elicit rich insights into their thoughts,
feelings, and perspectives regarding their engagement with the probe. Interviews were based loosely
on the pre-prepared questions (see the supplemental materials). Unscripted follow-up questions
were asked to dig deeper into points raised by participants. All interviews were recorded with
participants’ consent and were later transcribed. Each interview lasted approximately 60 minutes.

4.4 Data Analysis
We collected a combination of quantitative and qualitative data using the aforementioned measures.
We extracted total counts for connections, endpoints, and transmissions from the app log data, and
we further aggregated and analyzed these metrics per participant pair (Table 2). Grand averages
were computed from the IOS scale for relationship closeness, and from the ULS-8 scale for loneliness.
Sense of presence were computed from the responses to survey questions (Table 3).
After transcribing the exit interviews, two researchers independently sectioned the transcripts

into quotes for a bottom-up, open-coding approach to data analysis [11]. Afterwards, the researchers
worked together through multiple rounds of meetings to iterate on the codes, discuss their sim-
ilarities and differences as part of a comparative analysis [38], and leverage them in an affinity
diagramming process [22]. The researchers determined that they reached code saturation when
neither researcher could identify new codes or arrive at new interpretations of the existing codes
after several rounds of revisiting the quotes. In accordance with Mcdonald et al. [37], we did not
compute inter-rater reliability (IRR), since we used the coding process to discover emergent themes
or recurrent topics and permitted multiple possible interpretations of the meaning of the codes. Af-
ter the two researchers completed their synthesis of an affinity diagram, two additional researchers

Table 2. Descriptive statistics for transmissions and connections, reported over the time duration of the entire
study. Data in this table was collected from the setup and connection app usage logs. Total count includes
everything created during the course of the field study across all participants.

Asset Total Count % Mean/Person (SD) Mean Count/Person/Day (SD)

Transmissions 2416
Ghosts 576 23.8% 23.46 (14.01) 1.89 (1.41)
Sparkles 1840 76.2% 75.33 (45.94) 5.77 (2.95)
Connections 54
Asymmetrical 39 72.2% 3.93 (1.22)
Symmetrical 15 27.8% 1.07 (1.22)
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reviewed the themes and provided their comments. The themes and sub-themes that emerged
from this process highlighted an array of behaviors, perspectives, preferences, opportunities, and
concerns, which we report on in Section 6.

5 RESULTS: SOCIAL WORMHOLES USAGE
24 participants (12 pairs) completed the study. One person went on a trip and had to re-establish
the location of her wormholes during the course of the study. We logged 576 Ghosts and 1,840
Sparkles transmitted between participants, and collected 24 pre-survey responses, 118 daily survey
responses, and 24 exit survey responses. On average, participants used the probe more than one
session per day (M = 1.56, SD = 0.32) at different times of the day. All participants completed the
pre-survey, exit survey, and exit interview. All participants completed between two and ten daily
surveys, on average more than four surveys, meeting our minimum requirement of at least one
survey per week.

We report on our findings of how people used the technology probe during the study, including
what artifacts people assigned as connections, how they chose to map them together, and how they
used the flexible number of connected artifacts.

5.1 General Usage and Self-reported Effects
Volume of Transmissions: Participants initially installed 129 wormholes with 47 types of artifacts
(e.g. desk, kitchen, wall, bedroom), and in their exit survey responses they reported 125 wormholes
with 25 types of artifacts. During the field study, 1,840 Sparkles and 576 Ghosts were transmitted.
Participants on average sent 23.46 Ghosts (SD = 14.01) and 75.33 Sparkles (SD = 45.94) to their
study partners throughout the study. Refer to Table 2 for a summary of these metrics.
Effects on Social Connection: The pre- and exit-survey scores suggest that the technology probe

generally decreased their feelings of loneliness and increased their feelings of connectedness with
their study partners. The mean ULS-8 loneliness score was lower for the post-measure (M = 1.65,
SD = 0.51) than the pre-survey measure (M = 1.77, SD = 0.49). While both means correspond with a
generally low level of loneliness, 20 participants’ loneliness scores decreased. A one-sided Wilcoxon
signed-rank test on participants’ responses to the short-form measure of loneliness (ULS-8) [20]
before and after the technology probe (collected in pre-survey and exit survey respectively) shows
a statistically significant decrease in participants’ feeling of loneliness, with Wilcoxon statistic
= 144.5, 𝑝 = 0.022. Regarding relationship closeness, the median scores from the IOS Scale for the
pre- and post-measures were equivalent (Mdn = 4). However Through an additional Wilcoxon test
on participants’ responses to the Inclusion of Other in the Self Scale (IOS Scale) [2] before and
after using Wormholes, we also observed a statistically significant increase in their connectedness
ratings, with Wilcoxon statistic = 5.5, 𝑝 = 0.0024. Statistical analysis shows that participants’
responses indicated they were significantly less lonely and had stronger connections to their study
partners after participating in our study and using Wormholes. Data on these metrics are included
in Table 3.
Effects on Sense of Presence: Alongside feelings of connection and loneliness, participants also

indicated an increase in their sense of presence of their remote study partners in their physical
space when using the technology probe. We observed a statistically significant correlation (𝑟 =

0.454, 𝑝 = 0.020) between the number of transmissions (captured in the log data) and participants’
ratings to the exit survey 7-point Likert scale question “While using Social Wormholes, I can feel my
study partner’s presence in my space.” (1 = Strongly Agree, 7 = Strongly Disagree). This suggests
that participants who received more transmissions during the study reported a stronger sense of
their study partner being with them. In the daily survey, P10b commented “I saw Sparkles from the
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Table 3. Statistics for survey questions. Pre- and Post- measures were captured in the pre-survey and exit-
survey respectively. A median is reported for relationship closeness and sense of presence since they were
based on a single-item measure, while the mean is reported for loneliness, since the scale comprised multiple
items.

Pre Post

Average SD Average SD

Relationship Closeness (IOS [2]) Mdn = 4 1.86 Mdn = 4 1.74
Loneliness (ULS-8 [20]) M = 1.77 0.49 M = 1.65 0.51
Sense of Presence N/A N/A Mdn = 3.96 1.67

desk area wormhole, which made me feel like they left their presence for me to discover.” Data on this
metric is included in Table 3.

Impressions of AR and AR Glasses: As we describe in the beginning of Section 3, we chose an AR
glasses-based approach for our technology probe because it gave us the properties that we needed
to study how ubiquitous computing and a potentially large ecosystem of connected endpoints can
foster social connection. The AR design itself was thus not a central focus of this investigation but
more of a means to an end. Yet, because we used AR as a platform for this research, we were also
able to glean insights about users’ attitudes toward staying interconnected via AR and AR glasses.
In exit interviews, several participants remarked that they appreciated how AR “just makes

[communication] more alive, rather than a flat picture or a flat video” [P5a], compared to Snapchat,
their usual means of staying connected with their study partner. This suggests that they saw value
in rendering their communication itself in a more physical way, where the communication itself is
manifested as a thing (an object).
Some participants felt that AR-based systems could lead to greater consequences for privacy

since they require users to wear a camera or to point their phone’s camera around their home.
In the case of wearable cameras, these participants were unclear about what exactly was in the
camera’s field of view. We describe this and other privacy implications in Section 6.4.1.

5.2 What Physical Artifacts Are Used?
During onboarding for the technology probe, participants were guided to choose a vast array of
physical artifacts in their homes to configure as wormhole endpoints, spanning from small objects,
furniture pieces to wall surfaces of a room. With this customizability, we want to understand what
types of physical artifacts people choose to use to stay connected and how they use them for
communication.

5.2.1 What artifacts did people use? During set up based on log data, participants initially put
their wormholes on 47 types of artifacts, with the top five most popular options being a desk (22),
kitchen (11), fridge (6), wall (6), and door (6). In the exit survey, the participants were asked where
the wormholes were by the end of the study and whether or not they had been moved. Wormholes
converged to a smaller subset of 25 types of artifacts, the top six being a desk (29), kitchen (14),
wall (9), bedroom (9), fridge (7), and door (7). Through the process of the study, participants have
explored and thereafter discovered what artifacts they prefer to use as connections.
This suggests that many participants chose to configure wormholes on common household

objects and spaces. During exit interviews, some participants shared that they connected artifacts
that are very personal and special rather than commonly intended for communications. P3b, P4a&b
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and P10a centered their communication to their shared hobbies, such as playing piano [P3b, P10a]
and sharing tarot cards.

“My favorite part was when I saw sparkles at his piano wormhole and heard him playing
music — it made me so happy as he has been helping me look for a piano to begin lessons
and I remember him telling me that when he plays piano he feels happy or relaxed, so I
was also happy for him!” – P3b

P4a and P5b experimented with putting the wormhole on their pets or capturing playful moments
of their pets2.

"I think it was pretty special when I sent you a ghost of my dog, which was also really
hard to do because it kept moving around, and I just trying to track and follow them. "
–P4a
“I just waited until he [P5b’s cat] was laying down, and then the first time when I made the
connection it worked, he was staying still and everything. Next time he was not friendly
[laughter].” – P5b

5.2.2 How did people choose the artifacts? From the Likert-scale question in the exit survey,
“_ affected where I placed my wormhole markers. (1 = Strongly Disagree to 7 = Strongly Agree),”
participants reported routine (𝑀𝑑𝑛 = 6), environmental lighting (𝑀𝑑𝑛 = 6), wormhole marker
size (𝑀𝑑𝑛 = 4), and household occupants (𝑀𝑑𝑛 = 4) to be the factors that mattered the most for
determining the placement of the wormholes.
Many participants placed their wormholes in a manner that suited their daily routines. This

suggests that people desire connection technology to be seamlessly integrated into their existing
environments, around spaces in their homes in which they regularly frequent while following
their normal routines. P5b, for instance, reported choosing artifacts specifically for connecting over
everyday meals:

“It’s by my stove, since I also visit the kitchen frequently. I thought it would be nice to
connect with my partner over the food we are eating.” – P5b

Artifacts that are located close to people’s routines tended to get used more often than others.
P4b explained that he used the wormhole in his kitchen the most because lots of routines happen
around it:

"It was just the one that I had the most to do around it. There were my coffee mugs there,
there were my dishes, my food, my stove, so I thought about doing it more when I was at
that one than any other one." –P4b

As another factor affecting where they placed wormholes, participants considered how well
the wormholes fit into their space (echoing two of the factors found in exit survey: the wormhole
marker size and other household occupants). P11 explained in the exit interview for not wanting the
wormholes to clutter her space, while P3 elaborated that she wanted to customize the wormholes
to fit her home decoration:

“I just wish that instead of these markers, I had a cute little object that was unobtrusive
and looked like a decoration that would trigger these things instead of a wormhole, because
it doesn’t go with the rest of my vibe in my house.” – P3b

Additionally, one pair of participants [P7a & b] commented that they would choose artifacts
based on special occasions. When they saw interesting things outside their residence, they wished
there was a wormhole to share it. P7a brought the wormhole to places outside their routine so that

2Participants confirmed that no animal was harmed during the study.
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they can capture interesting things there, such as pool and baseball games. One participant, P2a,
selected an unusual and awkward artifact for the sole purpose of making a joke:

I also put it in funny places because I think it should be a light-hearted thing...I put it
up with toilet where you sit on the toilet and it’s on the wall right next to you. It’s really
funny. - P2a

5.3 How are Artifacts Connected to One Another?
Social connection systems are often designed to be symmetrical, meaning that identical artifacts are
used as a point of connection (e.g. A’s candle is connected to B’s candle). In this technology probe,
participants chose to map things symmetrically and asymmetrically (i.e. when the artifacts are
different, such as a patio table to car). We report on how participants configured their connections
to elucidate how people draw interpretations from social connections.

5.3.1 Symmetric vs. Asymmetric Connections. Participants established 54 wormholes con-
nections (15 symmetrical, 39 asymmetrical) in total with our technology probe over the duration of
the field study. These metrics are summarized in Table 2. Participants indicated in the exit survey
that symmetric connections improved the sense of presence with their partners, and made it easier
to understand their partner’s state and share their own state. Asymmetric connections led to special
experiences.
In our daily surveys, participants agreed (rating of 4 or higher) with the statement “Symmetric

connections improved my sense of partner’s state over asymmetric connections,” 75.3% of the time
(𝑀𝑑𝑛 = 4); and agreed (rating of 4 or higher) with the statement “Symmetric connections make
it easier to share my state over asymmetric connections,” 80.4% of the time (𝑀𝑑𝑛 = 5). For exam-
ple, P9a&b mentioned connecting their refrigerators to share cooking moments with each other,
while P12a&b described how symmetrical connections at their desks made their communication
experience more immersive and helped them get a sense of working together.
Participants made many different types of asymmetrical connections including connections

between one participant’s TV [P2a] their partner’s fridge [P2b], between one participant’s plant
[P2a] to their partner’s toilet [P2b]. In addition, P2b kept all of their wormholes on their desk, while
P2a scattered their wormholes throughout their house—their desk, TV, the wall next to their desk,
their shower wall, and their car. While asymmetric connections might not be easier for participants
to understand and share with each other, participants reported that the asymmetry produced a
special, interesting experience:

"I do really enjoy asymmetrical experiences because my partner would have her wormhole
on her cat for example, which will spice up the experience as a whole and keep it interesting.”
– P5b

5.3.2 How Connected Artifacts are Interpreted by Users. We synthesize from daily surveys,
exit surveys, and exit interviews that participants saw different degrees of value in the location of
their artifacts. Some appeared to have a more spatial understanding of their connections; others
focused on connecting over shared activities.

Participants with strong spatial interpretation likened the experience to having a sense of presence
[P10b] or leaving notes for each other around the house [P6a]. In daily surveys, participants reported
that knowing where the transmissions are coming from adds significant value in understanding
their partners’ activities and daily routines.

“I would say it was very unique. It reminds me of my parents would leave notes around
the house when they were not there. You’re not expecting it and then you stumble on it.” –
P6a
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Others, rather than placing significance on where their artifacts were located, simply saw the
connections as a direct channel of information exchange to their partner. Participants rated the
statement “I felt that it was valuable to receive transmissions at particular places.” in the exit survey
with an overall neutral score (𝑀𝑑𝑛 = 4). For example, P11 stated that she prefers a direct form of
communication and would like the wormhole to be “partner-based” instead of “object-based”:

“It will be great if they can be customized, and I decide that in my room, this is [P11b]’s
wormhole, and then I can glance at it any day I want, just to see her messages to me. ” –
P11a

Still others interpreted the wormholes connections as their partner’s state of activity. 29 daily
survey responses reported using wormholes to share activities. Our participants experimented with
using Wormholes when working (reported 15 times in daily surveys), eating (14), doing chores (13),
cooking (11), walking around (10), getting ready in the morning (8), watching TV (6), playing music
(5), organizing/trying on clothes (5), driving (2), and doing laundry (1). In exit interviews, P10b
stated that he frequently used wormholes to signify his work status. He tried to communicate a
break in his work day - making coffee, singing to music, looking in the fridge. P2a reported working
at his desk and transmitting a Ghost of his keyboard and mouse. P12a enjoyed connecting with
their partner while working and experienced a strong sense of working together: "I can imagine
himself typing when I’m typing" -P12a .

Through a sequence of asynchronous transmitted artifacts, some users were able to interpret a
sequence of transmissions as a continuous line of daily activities from their partner:

“I saw Sparkles coming from their door and their coffee machine, so I figured she must be
starting her day; I saw lots of Sparkles by the kitchen and door, which made me think she
was cooking before she left. ” – P4a

P7b and P5a stated they used the wormholes to track routine activities throughout the day,
wherever they went:

I’m at my desk, I’m drinking water. I said, I’m ghosting my water bottle or I just finished
washing my face [...] I sent a my skincare or even my fan when it’s hot outside of summer.
[...] Oh yes, and then also washing the dishes. – P5a

5.4 How Many Artifacts Are Used?
Social Wormholes system log data and daily surveys show that 23 out of 24 participants who
completed the study used more than 4 wormholes everyday. Most participants preferred to have
large quantity of distributed connection endpoints. In exit interviews, participants reflected that
the distributedness provides better coverage and a more diverse communication experience with
their friends:

“[With] a greater number, I could definitely explore more options and get a more, a larger
variety of contents. Just to learn more about like where she is at a moment versus having
fewer. If we did have fewer wormholes, it might just be the same few things that are
happening.” – P5b

P5 and P6 also mentioned the distributed wormholes made the experience of maintaining
awareness with their study partner feel like a “scavenger hunt” in a good way:

“It was a treasure hunt of like, ‘Oh, where will I see it?’ That experience was really cool.” –
P6a

Large number of wormholes also support spur-of-the-moment sharing and encourage participants
to use wormholes for a variety of reasons. 31 comments from the daily surveys indicated that
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participants were motivated to use wormholes when they were physically around the wormhole
location.
On contrary, other participants mentioned in exit interviews that having a large number of

wormholes might make it inconvenient for them to check messages. Some preferred using only
one wormhole or a centralized location for all wormholes. According to the log data, P12a mainly
used one wormhole endpoint throughout the user study (i.e. used one of their endpoints more than
80 times, and used others less than 5 times). In the exit survey and interview, P11b shared how she
compiled all wormholes together for ease of use:

“ I think in the beginning, we had [the wormholes] placed in different corners and I
eventually just consolidated them. I had them in the pile near my desk. I always go
through them in order.” – P11b

6 RESULTS: THEMES AND DESIGN IMPLICATIONS
Following exit interviews open coding and affinity diagram analysis (see Section 4.4), we report on
the set of themes of people’s behaviors and resulting preferences when given the power to create
their own ecosystems of connected objects for social connection, which include people’s broader
patterns of behavior for using ubiquitous, physically-grounded social connections throughout their
day (Section 6.1) and what each of their connection endpoints represents to them (Section 6.2). We
summarize our results and present our design implications for future physically distributed social
systems in Table 4. We also reveal how people adopt a mosaic of behaviors around how they use
these social connections (Section 6.3), and other important social considerations for these social
connections such as privacy (Section 6.4).

6.1 Behavior Patterns Around Communication
Based on users’ self-reports, descriptions, and comments of their usage from exit interviews,
we discover two clusters of behavioral patterns toward exploring the technology probe as a
communication medium: ritualistic and serendipitous. A ritualistic behavioral pattern leads users
to seek efficient and stable means of sending and receiving messages. A serendipitous behavioral
pattern motivates users to be experimental and creative about their process of connecting with
others.

6.1.1 Ritualistic Communication. Some participants [P4a, P5a&b, P9a&b, P10b, P12a&b] estab-
lish a predictable and ritualistic pattern in their daily communication. They placed their wormholes
on artifacts they were using everyday and integrated the physically-grounded communication
in conjunction with routine moments of their life, such as placing one on their bedroom mirror
to share their outfits in the morning or on their coffee machine to share information about their
breaks.
Both P4 and P9 reported sharing outfits of the day with their study partners habitually. P4a

described when she was getting ready, she sent her outfit to her partner through the wormhole on
the mirror, to show what she was wearing that day. P4b described her enjoyment receiving her
study partner’s daily update of her outfit: "I really enjoyed the Ghosts that she sent with her mirror
because I could tell that she was having fun there. " – P4b

Participants P5a and P7b described in detail how they shared a constant sequence of their routines
throughout the day (Section 5.3.2). Participant pairs P5 and P9 developed a closer relationship with
their partners by learning about their routine activities and environments:

"He has a bit of like routine that I didn’t know. I thought he just works and then goes
and falls asleep until he comes back to work. I found out that he has a lot of the cooking
routines and some of the stuff he would send me, just you can see a pattern." - P9b
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Table 4. Summary of our study findings in terms of themes, insights, and design implications from Section 6.1
and Section 6.2 for future physically distributed social connection systems.

Theme Insight Design Implications

Ritualistic
Communica-
tion (Section
6.1.1)

Users integrate physically-grounded
communication in conjunction with
daily routines and seek efficient and
stable means of sending and receiving
messages.

Keep records of the artifacts along the
user’s routine, recognize changes in the
user’s routine over time and realign con-
nected artifacts to their daily lives. Pro-
vide a centralized channel to recovermes-
sages for a sense of control and reassur-
ance.

Serendipitous
Communica-
tion (Section
6.1.2)

Users favor connections that are asym-
metrical and changing because they add
a sense of surprise to communication.

Future systems can prompt users with
creative ideas for connection points and
mappings. Expand connections to in-
clude one-to-many, many-to-one, and
many-to-many connections.

Artifacts
as Proxies
for People
(Section 6.2.1)

Some connected artifacts are interpreted
as proxies for a person’s presence in ones
space, similar to "shrines."

Future systems can keep records of the
relationships between the user and their
friends, offering suggestions for artifacts
and spaces that suit the nature of the
relationship.

Some connected artifacts are interpreted
as direct channels to their partners, simi-
lar to a 1:1 chat. Users value instant up-
dates from these, and they wish to carry
the endpoints around as wearable de-
vices.

Sparkles and Ghosts can allow users to
share their location in a less intrusive
way than GPS or other means. Partners
wishing to share their location in a low
fidelity way may embrace the usage of
Ghosts to give context.

Artifacts as
Overlapping
or Connected
Spaces
(Section 6.2.2)

Some connected artifacts are interpreted
as means of co-habiting spaces with part-
ners for a sense of presence. Users prefer
intuitive symmetrical mapping for this
purpose.

Recognize similarity between physical
spaces and suggest symmetrical connec-
tions. Map the spatial co-relationship be-
tween the transmitted object and the
wormhole and enable a representation
of the transmitted object placed in the
environment with spatial mirroring.

Artifacts
as Shared
Activities
(Section 6.2.3)

Some connected artifacts are used as
channels for sharing particular activi-
ties. Users interpret interactions with the
wormhole as signals that the partner is
doing the activity.

Future systems can identify common ac-
tivities that both connected partners en-
gage in and suggest activity-signifying
artifacts and spaces as connection points.

In ritualistic communication, users’ mappings were usually symmetrical, which made it intuitive
for them to interpret the activity or space of their partners. To maintain a predictable pattern, they
often desired to receive all the messages at expected places. This meant that they often only use a
small set of fixed connections so that they would not miss out on any messages [P9b, P12b].

"For me, I would have preferred three or less. I think it would have just been more convenient
and easier to keep up." - P12b
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Future systems can support a predictable and ritualistic communication experience by being
designed to keep a long-term record to the connected artifacts along the user’s routine. The system
may also learn about the user’s routine and recognize any small change of habits over time, in
order to help users realign the connection points to their daily lives. Since symmetrical mapping is
most intuitive for connecting partners, the system should prompt the users to establish symmetry
during set up and maintenance. To avoid missing messages, users would appreciate a notification
or a centralized channel to recover messages for a sense of control and reassurance.

6.1.2 Serendipitous Communication. Several participants [P2a, P3a, P4a&b, P7a&b, P10a,
P11a] exhibited a serendipitous tendency towards how they used Social Wormholes. Participants
also displayed serendipity by entertaining their partners with hobbies [P3b, P4a&b], playing with
pets[P4b, P5a], making jokes[P2a], or sharing interesting occasions and events[P7a&b]. People
behaving serendipitously found it important to incorporate some novel artifacts or something else
that is different from the day before. They struggle to see the value of transmitting a routine object.

"I found a hard time to everyday find one single object that I would want to send to [11b]...
maybe if I got a new pair of shoes and I want to send the one shoe to her." - P11a

Users with serendipitous tendencies experimented with unconventional artifacts (i.e. non-
standard household objects) as connection points. Examples include moving objects, pets, locations
that provoke humor, and artifacts related to personal hobbies. The mapping of connections were
often asymmetrical and changing, as the users preferred to spice things up, keep things fresh, and
react to momentary changes of events. For both sending and receiving, users embraced a large
number of connections so that they could share wherever and whatever they wanted and so that
they could have the treasure hunt-like experience of finding messages by surprise [P6a].
Future systems can support and encourage serendipitous communication by adopting high

customizability and flexibility in terms of what artifacts can be activated as connection points.
The system should instigate the discovery of potential creative wormholes and transient changes
in mapping connections. Changes in connected artifacts and mapping should be tracked and
streamlined by the system rather than burdening users to provide accurate labels. Since a greater
number of connection points leads to more spontaneous and surprising sending and receiving,
future systems could multiply the amount of surprising opportunities by expanding to include
one-to-many, many-to-one and many-to-many connections.

6.2 What Physical Artifacts Represent
Learning from how artifacts are connected and interpreted by users, as well as users’ comments
and reflections, we notice that people configure physically-grounded connections with different
ideas for what they represent. Artifacts could be interpreted in three ways: as a proxy for a person,
as a means to connect a user’s space with their partner’s space, or as a means to share an activity
with their partner.

6.2.1 Artifacts as Proxies for People. From their comments in exit interviews, we notice that
several users [P2b, P4b, P7a & 7b, P11a] considered their connected artifacts to be direct channels
to—or proxies for—their partner.

This behavioral pattern parallels the concept of reaching someone with a smartphone or landline
phone. In this paradigm, the location of a partner’s phone is not necessarily important; rather, the
fact that a person can be reached through it as a medium takes precedence. Similarly, artifacts could
serve as a proxy for a person by substituting for another person’s presence in a space. P4b and their
partner P4a both lived alone, but they interpreted the wormholes as representations of their partner
in their respective spaces, like "having a low-impact roommate" - P4b. While some participants
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stated one proxy was enough [P7a, P9b], others accepted the idea of having many proxies spread
out across multiple locations in their homes. In this way, they could even provide a tour of their
house [P10a]. In yet another case, some people began to consider that even the content that was
transmitted (and not just the wormhole itself) were proxies for their partners. For example, P7a and
P7b came to associate the transmitted ghosts of their favorite beverages as stand-ins for each other.
We noticed that this general viewpoint for wormholes served two purposes: to act as "shrines"

and to act as wearable connections.
Regarding "shrines", people treating wormholes as proxies for other people found it important

to mark a personal artifact of significance as a connection endpoint (e.g. a special figurine that
signifies their friend) [P3b]. This mirrors former designs in Ambient Media that have a sentimental
or personal nature [10, 21]. For receivers, the location to where the physically grounded receiving
endpoints are placed in their own environment is rather significant. The placement speaks to the
relationship with the person. For an intimate loved one, the receiver might place its artifact proxy
in close proximity and private location, such as a nightstand. For a colleague, the receiver might
place its proxy at a location that mirrors their relationship, such as a desk.

Future systems could support this perspective by being aware of the relationships between the
user and their friends. Current social media has developed relationships classifiers in the social
network; for example, Facebook includes groups of friends based on closeness and how they met.
This kind of relationship network can be extended to physically-grounded connections by mapping
people’s relationships to physical artifacts and spaces. With this knowledge, future systems could
assist users maintain their connected physical environment meaningfully and orderly based on
their personal relationship network.

Regarding wormholes acting as wearable connections, some people treating wormholes as proxies
for other people expressed a desire for a wearable wormhole [P7b] or one they can carry around
in their wallets so they could easily send and receive content from their partner instantly. As the
connected artifact is kept on the user’s person, its relative position with respect to environment is
not significant. However, they might still be interested to keep track of how their partner’s location
changes throughout the day.
Future systems could design around the ability to get instant updates about their partner’s

location. For instance, if the receiver is using one wearable wormhole and the sender is using
multiple location-based wormholes, then the sender’s many endpoints can be used as a light-weight
form of location tracker. The receiver can be notified on their wearable wormhole whenever the
partner moves to a different location. Compared to a GPS location tracker, this format gives the
sender a great degree of control over what locations are being tracked and shared with others.

6.2.2 Artifacts to Create Overlapping or Connected Spaces. Some participants [P4a, P5a,
P6b, P9a&b, P10b, P12a] considered their connected artifacts to be a means of connecting their
spaces with their partner’s spaces, similar to the literal concept of a wormhole. By establishing
wormholes with this viewpoint, they gained a sense of presence of their partner [P5a, P9a&b, P10b]
and appreciated that having connected artifacts could make it as though their friend can co-inhabit
the space with them [P5a, P10b]. Some people also associate connected artifacts with the concept
of leaving notes for each other around the house [P9a, P6a].
For these users, being able to choose multiple artifacts that can be seamlessly integrated into

different parts of their homes is helpful. The specific artifact that is chosen is less important than
how the artifacts are positioned within the connected spaces. P4a and P9a commented on the desire
to have a greater degree of spatial co-relationship, such that they can position transmitted objects
in their partner’s space mirroring positions in their own space.
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[M]ake it a little bit more immersive and to feel like I’m in her space, I think it would have
been cooler if it was more of a 3D image and if it was a specific place, especially if it could
be wherever it was in relation to her wormhole. If she has her coffeemaker that’s off to the
right of her wormhole, so she takes that photo, I’d want to have to look at the same place
to see where is her coffeemaker in relation to my wormhole. - P4a

Symmetrical mapping of spaces is most intuitive and works best to support a sense of presence.
Future systems could incorporate computer vision technology that plays a role in recognizing the
similarity between physical spaces of both parties and makes suggestions to how spaces should
be connected. Future systems could also use computer vision data to accurately map the spatial
co-relationship between transmitted object and the connected artifact, enabling a 3D hologram
representation of the transmitted object placed in the connected environment with meaningful
spatial mirroring.

Additionally, the number and placement of connected artifacts may have an effect on the sense
of presence. Future systems may optimize by suggesting centrally located artifacts in a space as
connection points, such that more surrounding objects can relate to them spatially. The number
of connected artifacts could be scaled based on the system’s understanding of the size of the
user’s environment and the spatial coverage of each connection point. An optimized number of
connections would help achieve a symmetrical spatial coverage between connected spaces and
therefore maximize sense of presence.

6.2.3 Artifacts for Sharing an Activity. Several participants [P4a, P5a&b, P7a&b, P9b, P10a&b,
P12a] considered their connected artifacts to be places in which to participate in a shared activity
with their partner, aligning with many prior works on sharing activities over distance [4, 9, 40],
in which cooking and dining are popular themes. By employing symmetrical connections, these
participants vividly perceived themselves sharing activities such as cooking [P5b] or working
[P12a] together. Participants also dedicated wormholes for the sole purpose of sharing special
hobbies (piano [P4a, P10a]) and events (pool party and baseball game [P7a&b]).
Many participants enjoyed connecting asynchronously through activities. They interpreted a

stream of transmissions from their partner’s different wormholes as continuous daily activities
[P4a], which gave them a strong sense of co-presence with their partner. Building on this, P9b
desired to have sequencing and grouping features to better illustrate how their partner transitioned
between activities.

"I would like to see it as a story of five different ghosts, in order of which they were
transmitted back to back. From my perception, that would give me a sense of seeing their
life together [...] If you tell the system what you are doing, then it can group those objects
by story. If I’m cooking then I want send those multiple things from my kitchen, groups
them together. "- P9b

Interestingly, our technology probe was designed to support asynchronous connections, and
yet, some users gravitated to having synchronous experiences, underlining the significance of
supporting synchronous activities while maintaining the poetic sense of asynchronous ambient
connections.

"...suddenly I knew we were both live in the moment together, that would have been maybe
meaningful where we could connect, but there was really no way to align. Are we two
ships sailing passing in the night or are we having a moment because we’re here in the
moment together?" - P10a

Future systems for supporting the notion of shared, connected activities should identify which
common activities both connected partners engage in and suggest a symmetrical mapping of
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connection points in the vicinity of that activity to the users. Future systems could identify activity-
signifying artifacts (e.g.piano) as its suggestions. There is also opportunity to recognize the context
of the activity in order to determine whether users would desire a synchronous or asynchronous
sharing experience. Last, some activities may benefit from one-to-many broadcasting or many-to-
many connections. A multi-location alumni reunion is a good example of such an activity. Future
systems could explore how to support such synchronous and scalable connections, and how to
mitigate multiple sequences of activities in a network of physically-grounded connections.

6.3 Mosaic of Behavior Patterns and What Connected Artifacts Represent
Emerging naturally from using the customizable technology probe, our findings reveal that people
adopt multiple behavioral patterns and find values in all of them simultaneously.

Some participants predominantly displayed a ritualistic behavior pattern, but also enjoyed rare
moments of serendipitous playfulness. P5b, as an example, found value in learning routine details
about their partners daily life, but also took a spur-of-the-moment experiment using their cat as
a connected wormhole. In some cases, the two partners in participant pairs adopted opposing
communication patterns while connected in the same ubiquitous ecosystem. For example, P10a is
serendipitous, while their partner P10b is ritualistic.

Participants also adopted different viewpoints for what each of their connected artifacts represent.
For example, P7a established some connected artifacts acting as proxies of their partner and other
connected artifacts acting as places from which to share an activity. Their favorite beverage served
as a proxy of the partner on a daily basis, but during an interesting event such as pool party, they
dedicated a wormhole to being a way to transmitting activities taking place during the event.
Given this behavior, we think that there is not one superior behavior pattern that physically

grounded social connection technologies should cater to. Rather, we anticipate that many of these
different perspectives can co-exist in people’s lives and in ubiquitous computing as a mosaic of
different types of connected artifacts.

6.4 Other Social Considerations
While we focused on patterns of behavior that people exhibited, users also brought up considerations
that are important to the design of future ubiquitous computing systems for social computing.

6.4.1 Privacy. Generally, people were comfortable sharing with one another since they were
friends, but comments regarding privacy did arise [P6a, P9b, P10 a&b]. Some users hesitated or had
questions about what the glasses captured and what we as researchers would be able to see. Future
systems will likely need to clarify how privacy is maintained and protected by companies providing
such services. We also anticipate that as the number of connected artifacts scales upwards, people
may lose oversight of what objects are connected and sharing information. Furthermore, while
our technology probe used printed markers, it’s possible that future systems can invisibly tag
artifacts. This can exacerbate this potential issue. One possible solution for future investigation
is establishing tools or methods for automatically curating and reviewing the information that
is being shared through a person’s network of connected artifacts. Tools that can give users an
overview of all of their connections may be particularly useful.

6.4.2 Overwhelming v.s. Loneliness. Despite there being more platforms than ever for online
social connection, there is nevertheless a growing epidemic of loneliness. Furthermore, there is a
problem around having too many communication channels demanding our attention and effort.
These negative effects could extend into the realm of physically-grounded and connected artifacts,
as one participant had speculated:
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I feel like too many may feel a little overwhelming and intrusive. Then it turns into more
of an inconvenient scavenger hunt, because yes, you constantly have to go around and look
at a zillion different little things that you scan is or like, it could give you a bad reaction
of loneliness, if you don’t receive anything and you have a zillion different wormholes and
you don’t get anything. I feel like keeping it semi-small is maybe better. - P9b

To address this issue, future systems might play a more active role in curating the number of
available connections. They may be able to make suggestions to users and/or automatically increase
or prune unused points of connection to optimize in accordance with users’ needs and usage levels.
Future systems might position themselves as streamlining and unifying communication rather
than adding even more channels. As an example, it could be possible to surface a photo or video
message from a friend sent on any communication channel (text, email, Slack, etc.) as a Ghost in a
relevant location, then automatically forward any Sparkle or Ghost sent in response to whichever
channel the original message came from.

7 DISCUSSION
Our study had several key takeaways, including that users engage in several different behavior
patterns for connecting objects and communicating through them (Sections 5.2 and 6.1), that users
assign different roles to physical artifacts (Sections 5.3 and 6.2), and that each user may adopt these
varied patterns simultaneously (Section 6.3). Table 4 expands on these findings in more detail.

Our investigative approach was unique from prior works in two ways. First, the vast majority
of prior studies on the use of tangible or ambient systems for social connection have comprised a
single pair or set of near-identical connected devices between remote parties [10, 13, 28, 45]. In
contrast, by creating and deploying Social Wormholes, we gained knowledge into how ubiquitous
computing—namely, an ecosystem of multiple artifacts— can be used. As expected, we found that
ecosystems of multiple endpoints improve social connection and a sense of presence (see Section
5.1), similar to the range of single-connection systems. However, by studying the use of multiple
lines of connection in concert with one another, we were in addition able to outline and distinguish
between different patterns for social connection, as well as gain novel insight into how these
patterns can co-exist with one another. Second, prior social connection systems have been designed
based on researchers’ own design intuitions or through co-design processes with users [13]. In
other words, prior system configurations have largely been determined by researchers. Social
Wormholes, instead, empowered pairs of friends to design and curate their own set of existing
objects as endpoints for social connection on their own. This allowed us to learn what other objects
and configurations may be fruitful, beyond those that have been previously identified, based on the
usage patterns that emerged organically over the course of our two-week field study.
Stemming from our results, we discuss and contribute five points of knowledge to the prior

literature regarding ubiquitous social connection systems.
First, we discuss that users value choosing their own artifacts. Designers may not always choose

the artifacts that users themselves would and users would value this autonomy. With Social
Wormholes enabling this ability, we found that several of the objects and places participants chose
overlapped with those from prior literature (e.g. kitchen [9], bedroom [45], and mirrors [13, 43])
(see Section 5.2), thereby reinforcing that these are desirable to be used as endpoints for social
connection. Furthermore, while our participants did not choose objects such as picture frames
[10, 28], some of their comments underlined the appeal of using personal tokens that are specially
representative of their remote friend (see Section 6.2.1). On the other hand, there were artifacts
that our participants chose to connect that have not been used before in prior systems, such as
toilets for humor and pets. These choices corresponded more with the desire to share fresh content
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(see Section 6.1.2). Ultimately, more study data is needed to capture the full extent of artifacts that
would or would not be ideal for social connection. Nevertheless, future ubiquitous systems should
therefore give users more autonomy to choose and update their own artifacts, not only to account
for user’s unique preferences and circumstances but also to support changing trends for artifacts,
since users’ ideas of what artifacts are interesting or fresh can change over time.
Second, we discuss that the surrounding context of routines and other people in the space

shapes users’ choice of artifacts. Routine was an important factor for users when choosing their
artifacts (see Section 5.2.2). This strongly aligns with Cao et al.’s [8] highlighting of routine as
a theme in remote communication. However, while some users allowed transmissions to occur
as an accompaniment to their daily activities (see Section 6.1.1), others made it a deliberate and
standalone practice to send transmissions (see Section 6.1.2). We also discovered that users are
sensitive to how their choice of artifacts may affect or be perceived by other members of their
household. To the best of our knowledge, our findings in this area are novel since most previous
studies have focused on single users [17, 18, 21, 28, 45] or family units [26, 27] rather than studying
the system in the context of a mixture of both users and non-users in the same household. Future
designers should therefore anticipate that routines and other people, both users and non-users, are
contextual elements that will shape users’ choices and behaviors.
Third, we discuss the value of spatial context based on users’ perspectives. Spatial information

is most valuable to people who seek to connect through overlapping spaces (see Section 6.2.2) or
through shared activities (see Section 6.2.3). Participants expressed a desire for transmissions to be
presented in true spatial relationship to endpoints, expanding the perceived footprint of shared
space and making transmissions more real and immersive. This echoes prior works that stress
the importance of spatial coherency [29] and the preservation of physical-space information in
virtually-mediated exchanges [14]. When connecting over a shared activity, the spatial information
is valuable for adding a greater feeling of commonality and relation during an activity. For instance,
participants enjoyed the illusion of their friend typing at their desk just as they were typing at
their own desk. The spatial information adds an extra layer of social awareness [19, 44]. In contrast,
when users center their perspective on the artifacts as proxies for people(see Section 6.2.1), they
value the space as a context to the closeness of their relationship, and additionally, they value
timing context of the messages. Thus, future designs should cater to capturing and relaying spatial
information to enhance the user experience based on their perspectives.

Fourth, our findings add to prior literature on the preference around asymmetric spatial connec-
tions [49], in addition to symmetric connections. In contrast to the common assumption that people
would prefer symmetrical pairings, a surprising 72.2% of connections with Social Wormholes were
asymmetrical (see Section 5.3). Prior works on tangible systems for social connection have often
been designed in symmetric pairs [32], placing heavy assumptions that symmetric connections are
preferred. Our investigation directly studies how users choose to connect artifacts to one another
and reveals the comparison between symmetric and asymmetric connections.
We find asymmetric connections offer three advantages. First, asymmetric connections do not

require effort to coordinate artifact pairs between casual friends. Depending on the closeness of
their relationships, close friends and romantic partners may associate their relationships with
a spatial context (see Section 6.2.1) and therefore choose to coordinate symmetric connections.
Second, asymmetric connections can afford a serendipitous and fun experience, when users receive
surprising messages at unexpected locations (see Section 6.1.2). Third, asymmetric connections can
broadly support the mosaic of perspectives, as we find that the two partners in a connection pair
often adopted opposing communication patterns (see Section 6.3).
Lastly, we discuss that distributed endpoints encourage opportunistic sharing and ambient

receiving. From the sending perspective, distributed endpoints provide greater coverage around
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users’ space and daily routine, making it easier to immediately share moments about their lives. As
such, Social Wormholes worked well to encourage sharing of more routine or “mundane” activities
[48] during “empty moments” [34] in their everyday lives. From the receiving perspective, the
distribution of endpoints enabled people to receive messages when their time and place were
relevant, which catered well to people who enjoy ambient receiving. These users focus on going
about their daily life and perceive social communication as an accompaniment in the background
space [35]. Depending on the users’ individual perspectives, the wide spatial distribution however
also compromises the desire for instancy. Having to receive the message at the designated location
introduced a potential time delay and required users to physically arrive at the corresponding
endpoint to receive transmissions. In turn, it made some users feel that it was more difficult to
“keep up” with all of the information (see Section 6.1.1), potentially leading to feelings of overwhelm
(see Section 6.4.2). Future designers should consider when it might be helpful to limit the number
of connections and/or incorporate notification features into a ubiquitous social connection system
to strike a balance between ease of use for sharing and feelings of control in receiving information.

8 LIMITATIONS AND FUTUREWORK
Our study participants generally followed a work-from-home routine due to the COVID-19 pan-
demic, so our results apply to connection endpoints being used in this context. This unusual
circumstance may have biased the participants’ towards more routine patterns of behavior, since
people were encouraged to stay at home. In the future, it would be interesting to investigate ubiq-
uitous connection endpoints in other contexts. Experimenting within professional office settings or
public outdoor events, for instance, could yield additional insights into unique behavior patterns.

We recruited our participants from within a technology company, since the AR glasses hardware
at the time of this study could not be distributed to the general public. Although we recruited
participants with both technical and non-technical roles in the company, they were likely more
interested in technology than average, and may therefore have been more biased in favor of the
experience overall.

Our research is limited in that participants were suggested to use the AR glasses for a minimum
of 15 minutes per day. This was to help ensure that each person would be able to try out the
technology long enough to understand the features and see how it might be useful or create friction
between them and their remote partner. We also wished to uncover knowledge about how usage
may change over a duration of time, so we requested participants to use the technology each day
throughout the two-week field study duration. As this may have influenced our findings, it would
be valuable to revisit this topic in the future when wearing AR glasses regularly becomes more
commonplace. Due to the COVID-19 pandemic and the widespread locations of participants, we
were also unable to conduct real-world observations of participants using the technology probe
that could have added richness to our findings.

In our study, we restricted artifacts to only be connected in a one-to-one fashion. While we used
one-to-one connections as an initial starting point, it would be interesting to explore one-to-many
or many-to-many connections between augmented physical artifacts, as mentioned in our design
implications - particularly for serendipitous communication. Hence, there is an opportunity for
future work to investigate how an ecosystem of connected physical artifacts can be used to nurture
a person’s social connection to a larger network of friends.
Additionally, our study focused on one-to-one communication between two friends, primarily

due to a limited number of hardware units available to support our study. Nevertheless, some
participants brought up how sharing their living space with others influenced how they used
Social Wormholes. For example, some participants mentioned that they were mindful of others
in their households when deciding where to place their markers. Furthermore, we live in an era
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in which people do not only share their home environments, but also, adding to the complexity,
face the demand of juggling multiple roles, such as being a parent, a friend and a colleague. In
this case, communication technologies play a pivotal role in helping people maintain a network
with others as supportive scaffolding in their dynamic home environments [5]. We suspect that the
behavior patterns and perspectives we observed in this study may extend to these more complex
communication scenarios – in particular, the tendency for people to engage in a mosaic of these.
Exploring these themes in the context of negotiating over shared spaces and managing the division
of roles would be an interesting line of exploration for future research.
We also see the opportunity for existing social applications to extend their reach beyond the

digital domain and adopt an aspect of being physically grounded. Social networks could explore
how synchronous and asynchronous updates about friends’ lives can be shown through physical
artifacts in someone’s environment. For example, while existing gaming platforms often notify
users when their friends start playing a game, such information could be anchored to a physical
gaming console. Notifications could also be displayed with multimodal and tangible media. If a
sender is near a coffeemaker wormhole, for example, the receiver might be notified by a pleasant
scent of coffee. Furthermore, the present study focused on supporting social connections between
friends, but it is also possible for updates from non-human entities (e.g. pets, companies, world
news) to have a physical footprint in the home via associations with different artifacts.

9 CONCLUSION
As the potential for computing to blend into our everyday environments grows, powerful opportu-
nities open up for social connection. Inspired by the vision of ubiquitous computing, this paper
explored how distributed and physically-grounded social connections can be used to help family
and friends stay connected. We implemented Social Wormholes, an AR-based technology probe
that enabled pairs of friends to craft an ecosystem of connected physical artifacts through which
to transmit information. The probe allowed users to choose what artifacts became endpoints for
connection, how they were mapped to one another, and how many endpoints they wanted at any
given time. Based on logs, surveys and interview data collected in a field study with 24 participants,
we uncovered different perspectives and patterns of behavior for engaging with such a system.
This includes ritualistic versus serendipitous behavior patterns as well as differing perspectives
around whether these physical artifacts serve as a proxies for friends, as overlapping spaces, or as
opportunities to connect over activities. Furthermore, we found that while different patterns of
behaviors exist, users often adopt a personalized mosaic of these patterns. Our findings point to a
future of ubiquitous, physically grounded social connection that is not one-size-fits-all but rather
individualized to each person’s values.
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