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This report summarizes the technical contributions of the CIO project.

1 INTRODUCTION

The CIO project (https://cs.au.dk/research/pages/cio) is largely about exploring the role of theory
for Human-Computer Interaction (HCI) and Computer Supported Cooperative Work (CSCW) and
for design of technological artifacts. Rogers [34] proposes that we consider HCI theories in terms
of their formative and generative powers: To build overarching frameworks for HCI is to provide a
set of concepts “from which to think about the design and use of interactive systems.” The idea is to
“stimulate new ideas, concepts, and solutions. In this sense, the theory can serve both formative and
generative roles in design” [34, p. 121]. Beaudouin-Lafon [6] talks about interaction models and how
they should be descriptive so as to incorporate both existing and new applications, comparative
as to provide metrics for comparing alternative designs, and finally constructive/generative as to
facilitate the creation of new interaction techniques (see also [3, 7]).

In CIO, we have worked to develop theory for joint activities and common objects [22]. The
theoretical basis unites a CSCW-based focus on common objects with the activity theoretical
understanding of mediation and human activity as joint or cooperative and rooted in practice.
Beyond this, the project is based on the assumption that both practice and objects are changing
and, hence, it has a profound concern for how theory supports change and for understanding
future technologies, for good and bad [3]. Following Beaudouin-Lafon et al. [7], CIO works with
the following principles:

1. Principle of Mediation and Common Objects. This is the overarching principle that has its
roots in how human activity is collaborative and mediated. Artifacts mediate human relationships
with technological objects, and artifacts are themselves such objects. Objects draw the attention
of human users in breakdown situations [8, 16, 17] or when designed or build [17]. Objects are
outcomes of building processes but they are also mediators that help users act on other objects, in
ways they could not without them [6, 16].

Nicolini et al. [32] propose that Objects motivate and allow collaboration; they allow participants
to work across different types of boundaries; and they constitute the fundamental infrastructure of
the activity.

2. Principle of Material Versus Communicative Mediation. In sum, common objects and mediators
are material, social and communicative, because they stand between people and mediate their joint
activities. Hence, the principle allows for the analysis of materials, material objects, and outcomes
on the one hand, and of mediated collaboration and communication on the other.

3. Principle of Development and Malleability. Interaction needs to be understood as it develops
over time and in the collaborative activities between people using technological artifacts and
objects. Objects/mediators can be collaboratively tailored and appropriated in use [5], and hence are
changeable and malleable over time, all the while they resist this development, cause breakdowns,
and cannot be turned into anything users may wish for.
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4. Principle of Multiplicity and Artifact Ecologies. The human use of particular artifacts and objects
happens across activities and configurations of people, applications, and devices and it is important
for the interaction to embrace transitions and substitutions [21] across and in these multiplicities.
Hence it is important to consider multiplicity and artifact ecologies, both analytically, critically, and
constructively.

WP3 is concerned with how these principles can be activated when building technologies and with
the impacts of these principles on the technologies we build. Hence, WP3 is concerned with the
construction and use of common interactive objects.

WP3 was set up to build software for common interactive objects, to explore the challenges from
theory and empirical cases of CIO. It consists of three parts that challenge existing technologies,
realize their boundaries, scrutinize the conceptual framing, and build exemplary or prototype
components that can be explored empirically in use.

The objectives of WP3 were to address the technological basis of common interactive objects
with a focus on malleability, control, and shareability over time. It was set up to explore existing
ideas, frameworks, and fragments of components; extract requirements from these to crystallize
into specific prototype components that are also applied in the cases. Through this process, WP3
was set up to extract generalizable software components to be embedded into the wider software
framework.

WP3 has three parts, which are all part of the basis of this document. All three parts have also
been discussed in published papers, as mentioned below in the relevant places:

WP3.1 Technical requirements for common interactive objects.

WP3.2 Supporting (representations of) data as common interactive objects.

WP3.3 Building exploratory components to construct common interactive objects, exploring
new forms of materiality, based on previous activity theoretical notions.

Since prototypes are an essential part of how we have worked with technologies in CIO, the
current document also gives an overview of the prototypes built in CIO as part of the case studies
of WP4 or of WP3.

2 THEMES

The technical research in the CIO project was guided by multiple themes. This chapter will summa-
rize four main themes and their principles that guided our research on technologies for CIO. Each
section, further, will list the technologies related to each theme.

2.1 Mediation and Multimodal Interaction

Mediation in our view is a matter of both material mediation for individuals and cooperation
between between collaborators meaning that mediators have both material and communicative
qualities [20]. However, many current computer-based mediators have limited material expressivity.

Giaccardi and Karana [25] offer a framework to embrace the “experiential aspects when we
are to speak about materiality and practice in the context of HCIL,” along with a vocabulary for
articulating and configuring the situational, experiential whole involving materials and practices.
Yet (as pointed out by [20]) they stay very much within an experiential framing of individual
practices and lack discussions of the roles of materials among people, or in collaboration.

Heath and Luff [27] pointed out how people not only exchange physical and interactive objects in
their everyday collaborative activities: they also organize and collaborate around these objects over
time. Schmidt and Wagner [37] focused on material artifacts as publicly accessible and inspectable
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by other collaborators. However, they primarily address the materiality of artifacts that are physical
and not interactive.

Bodker and Bogh Andersen [18] used a combination of Pierce’s semiotics and activity theory to
explore the integration of communication and physical activity in activities that are mediated by
technology. Christiansen [23] developed the communicative side of mediated human activity and
pointed out that human activity is the molar unit of bodily human life through which humans act
and do together and, at the same time, come to understand.

Bodker et al. [20] pointed to lack of material expressivity. When working with physically tangible
tools and objects, people make use of “the various accidental features of the material setting” [36],
but when moving to digital tools, people tend to be relegated to an “impoverished” space in
which this ability to adjust and exploit material features is gone [36]. They propose a multimodal
approach to materiality, with an aim to support the combination of material and communicative
qualities needed when transitioning between different collaborative activities. Multimodal material
mediation in this context means to utilize and innovate both hardware and software to help users
better make use of multiple modalities, when shifting between modes of work, they conclude.

We explored this theme in CIO with three prototypes: QUBI, BeaConnected, and Castor.

2.2 Computational Media, Malleability, and Control

The second theme focuses on malleable software and computational media. A goal of CIO is to
empower users and give them control over the software they are using. Malleable software and
computational media open up a way to give power back to users by making it possible for them to
modify tools — up to a level of reprogramming them.

Computational media describes interactive software that follows four principles: malleability,
shareability, distributability, and computability [9, 28, 33]. Malleability describes that users are able
to change and modify their software to their idiosyncratic needs. Shareability enables software
to be shared with other users and enables collaboration. Distributability describes that software
should be distributable across a variety of heterogeneous devices and operating systems. Lastly,
computability describes that computational media should support running custom computations
from within itself.

Two platforms that explored this notion of computational media before CIO were Webstrates [28]
and Codestrates [35]. Webstrates leverage the power of the web platform to support the first three
principles. Webstrates makes changes to web-pages it serves synchronize between users of the
same page and persisted on the server. Codestrates builds on top of Webstrates and adds an
authoring environment to it, which can be used directly in a web browser. Together, Webstrates
and Codestrates enable to create malleable software in the web, which is shareable via URLs, allow
for real-time collaboration, and are distributable across devices with a web browser — these include
many common devices such as desktop computers, laptops, tablets, and smartphones.

We explored this theme in CIO with three technologies: one prototype, the Malleable Word
Processor, and two platforms, Codestrates v2 and Varv.

2.3 Collaborative Writing

The third theme focuses on the activity of collaborative writing and how it is mediated by multiple
technologies. Related to the principle of multiplicity and artifact ecologies of CIO, also collaborative
writing occurs within artifact ecologies of co-writers [29]: For instance, each co-writer might
use different devices to access and modify text, and even more so different applications. These
applications can not only be used because of different features available in them but also due to
different tasks, which are associated with them. Similarly, multiplicity is related to collaborative
writing due to the multiple and diverse needs and preferences of co-writers.



4 Badker et al.

In the process of collaborative writing, the text or document acts as a common object, which
is the central focus of all co-writers involved. Collaborative writing is mediated by co-writers
negotiating tools to be used and continuously aligning expectations [29].

We explored this theme in CIO with two technologies: one prototype, the Malleable Word
Processor, and one research tool, the Revision History Visualization.

2.4 Data as a Common Interactive Object

The driver in this theme is to study and understand and make visible, the di erent ways people
make sense of data together, the role the context plays, and how joint activities also generate
distinct patterns in data. We examine how people generate data together, e.g. when they write
documents, and possibilities for comparing and co-designing visualizations of environmental data,
e.g. temperature, noize levels, and humidity, in households. We explore this theme within CIO
with two technologies: A research tool to visualize Google Document revisi@i$dnd a data
infrastructure to study collaborative sense-making in participatory design and sensing and situated
visualization[see 14, 15].

In CIO we had planned a series of workshops and studies involving families and citizens, with
the goal of researching how people make sense of data and useful data representations to support
that. However, parts of this work was implicated by the COVID-19 pandemic. After extensive
lock-down, we abandoned deploying the IoT sensing nodes and research activities. With almost 18
months of delay and general uncertainties related to COVID-19, we found it too risky to continue
with the research plan.

3 TECHNOLOGIES

In this section, we present a total of eight technologies that were developed as part of the CIO
project. Table 1 summarizes all technologies and their related themes and principles. This section
will summarize each technology by describing what it is, what it enables, how it was used, and
how it relates to the themes and principles.

3.1 QUBI

QUBI [4] is a smart speaker prototype with expressive and intelligible physical motion (see Figure 1).
Itis able to use nine distinct physical motions to non-verbally communicate with its users: The nine
motions areReadyNodding Shaking ShruggingForward BackwardWiggling, Pointing andlidle

(see Figure 2). The motions are used to convey cues about its underlying behavior and activities.
The motions could be triggered using a Wizard-of-Oz interface. QUBI was built using nine motors,
an LED ring, and a ashlight.

When interacting with QUBI, the smart speaker would in addition to the regular voice output
use motions to convey its behavior to the user. For instance, QUBI canHeawardto indicate that
it has di culty in understanding the user. Using the ashlight, QUBI could alg®ointat objects
like other loT devices it can control, for instance, a lamp with a smart light bulb.

QUBI was created to explore how expressive motions' e ect for mediating people's interac-
tion with smart speakers. The prototype was used in a qualitative Wizard-of-Oz study with 12
participants. As part of the study, participants performed a series of tasks in four scenarios. The
study found both opportunities and challenges for expressive physical motion in smart speakers
and identi ed which motions interpretation of participants aligned with the motions' intended
meaning.
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3.2 BeaConnected

In physically co-located work people make subtle physical adjustments of their own bodies, desktop
setups, etc., to achieve di erent levels and forms of priva2y[31]. In remote collaboration, subtlety
and nuance are most often lost, forcing writers to either let go of needs and desires for, e.g., drafting
in private, or make actions taken to achieve such privacy starkly obvious by abandoning a joint
document and thereby calling attention to the very activity they are trying to keep to themselves.

Our prototype, BeaConnected, is intended to re-introduce some of the subtle nuances available
in co-located collaboration into remote co-writing. BeaConnected is a tangible display that takes
the form of a lighthouse (see Figure 3), placed on the writer's desk in proximity to their computer
monitor or laptop screen. Being a physical object, BeaConnected enables more nuanced expressions
of privacy states, by allowing the writer to make small adjustments to its position and re ecting
those adjustments in the writing Ul. The beam of light serves both as an indication of system state
to the writer, and as the foundation for the central metaphor: When light from BeaConnected
shines directly on the screen, things happening on the screen are visible to co-writers. When the
light is not directly on the screen, things happening on the screen are obscured to co-writers to
di erent degrees depending on the amount of BeaConnected light hitting the screen.

The BeaConnected prototype's main function is the winding of the top house while holding
the base still. A force feedback motor located in the base (as used previousi@ial]), winds
the motor down to a zero point. The user is provided with haptic feedback at speci ¢ points in the
windup phase.

The prototype has two split circuits. The Teensy MCU and BLDC in one, and battery and light
diode in another. The second circuit is connected to a normally open switch which is switched on
and o when the user rotates the house.

Technology Type Theme
QuBlI Prototype Mediation and Multimodal Interaction
BeaConnected Prototype Mediation and Multimodal Interaction

Collaborative Writing

Castor Prototype Mediation and Multimodal Interaction

Malleable Word Processor Prototype Comp. Media, Malleability, and Control
Collaborative Writing

Codestrates v2 Platform Comp. Media, Malleability, and Control

Varv Platform Comp. Media, Malleability, and Control

Revision History Visualization Research Tool Data as a Common Interactive Object
Collaborative Writing

Data Infrastructures Platform Data as a Common Interactive Object

Table 1. Summary table of the technologies developed during the CIO project.
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Fig. 1. A photo of the final QUBI prototype.

3.3 Castor

In our everyday lives, we share spaces and objects with the people living and working around us,
and we leave multimodal traces for each other that indicate past (and future) activity. These traces
are easily recognizable for us and create a sense of awareB8ss[warm cup of co ee in the
meeting room somebody will come back to it soon; music playing in the house somebody is
home; a threadbare path across the lawn people pass along it often.

In contrast to the physical world, the traces that we leave and the awareness we have of others
is more limited when using computers: e.g., in Google Docs one may see a collaborator's blinking
cursor or a smartphone might sound upon the arrival of a long-awaited message.

Haptic feedback, in particular, has many promising features. Human touch and computer-
mediated touch have been shown to alter a user's physiological and a ective state in interpersonal
communication B§. Touch is often used to express diverse, private, and subtle nonverbal @les [
Communication technologies currently allow people to stay in contact with each other via speech,
text, and video. These devices make use of touch far less than audio and visual feedback thus
reducing the sense of a physical connection between callers and restricting interaction.

To investigate the potential of haptic feedback for awareness cues in collaboration, we propose
using the concept of breadcrumbs. Bgdker and Christiand& suggest that social awareness
requires breadcrumbs as tokens of other people's existence. We have taken this further, by creating
haptic breadcrumbs. These can be incorporated into many types of remote work, to provide feedback
about a variety of awareness cues.

As a rst step, we explore the use of breadcrumbs in collaborative writing software. When a
user scrolls a document with their mouse, they can feel di erent haptic bumps and grooves,



CIO Work Package 3 Summary: Technical Requirements 7

Fig. 2. The nine motions of QUBI.

depending on the state of each paragraph. When a user writes some text, they can assign a rough
texture to indicate that it is a rough draft. This lets other collaborators know that it is not nished
yet, and that, perhaps, they should not edit it until the original author is nished.

In order to explore breadcrumbs, we created a force feedback mouse called CaBtatgstor
can present di erent textures, friction, spring forces, and variable forces in a given direction. We
use these force feedback stimuli [41] to present di erent haptic breadcrumbs.

Castor is 12 cm by 16 cm by 10 cm, and its shell was 3D-printed in PETG and PLA. Protruding
2 mm from the bottom of the mouse sit two omni-wheels at a 90-degree angle from each other,
along a ball caster to provide balance (see Figure 4). Through their relative angles, each wheel
encodes movement and applies force in one direction while allowing free movement in the other.

The Castor's omni-wheels are mounted on two force feedback actuators, which consist of a
BLDC motor, along a rotary encoder, motor driver, and microcontroller. The hardware design of
these actuators has been seen in previous watR §1]. The prototype connects over USB, and to
an external 12 V power supply. On the computer side, an electron app provides the framework for
building force-feedback enabled web-applications.

3.4 Malleable Word Processor

The malleable word processor is a research prototype that enables users to extend and modify its
functionality without additional tools. The prototype is web-based and accessible in the web browser
by building on the Webstrates8 and Codestrates3q platforms. The basic word processor o ers

a rich-text editing environment to collaboratively write text (see Figure 5a) similar to commercial
tools like Microsoft Word or Google Docs.
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Fig. 3. The 3D Design of BeaConnected.

Fig. 4. The Castor: 3D design of outer shell, inside the shell, and the motor set-up.

In addition to this, the prototype is malleable and allows users to add and moelignsions
to their prototype. These extensions can be understood as a piece of functionality like a counter
that displays how often a paragraph was modi ed or a comments function. These extensions
can be added and removed by users using a package manager. Extensions, furthermore, could
be reprogrammed: Once an extension is added, the source code of it is accessible from within
the prototype and can be modi ed by users. It can be reprogrammed on a level of appearance
(using HTML and CSS) and interactive behavior (JavaScript). Changes need at most a refresh of
the website to be applied. A development view can be used when reprogramming the prototype
(see Figure 5b).

The malleable word processor enables users to collaboratively write documents. Through its
malleability, additionally, it allows users to modify and adapt the word processor to their idiosyn-
cratic needs and work ow on two levels: On the rst level, the package manager can add or remove
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