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ABSTRACT 
With the growing amounts of digital information, people 
need more virtual space and interaction flexibility to 
manage the information effectively and accomplish their 
tasks on individual and collaborative scales. Accordingly, 
there has been an increasing interest in using cross-device 
systems where users can connect to several devices, shape 
a display ecology, distribute tasks to displays and utilize 
the devices’ full potentials. Despite the benefits, cross-
device interactions pose new design challenges to the realm 
of HCI. Of the most important is how the system provides 
users with sufficient feedback and awareness about the 
system states and other users actions such as when users 
are connecting to the system or transferring data. While 
research showed that a lack of feedback could cause 
privacy problems and disruptions in workflows, there are 
still relatively few studies investigating feedback 
visualization usage in cross-device settings.  Therefore, we 
aim to address this gap by focusing on visual feedback 
provision in cross-device interactions and exploring the 
design space of visualizations using smooth curvatures and 
animations. The project comprises two main stages. First, 
we reviewed the literature involving cross-device 
computing to create a taxonomy of how previous studies 
used feedback visualizations. Second, we designed a 
collection of animated visualizations using the frame-by-
frame animation technique and assessed them in an expert 
review meeting followed by a crowdsourcing study. Based 
on the results, a unified theme of visualizations was 
created. The project’s findings cover themes such as the 
effects of playfulness, spatial relatedness, and time and 
speed in designing and assessing animated visualizations. 
The outcomes will contribute to the cross-device 
interaction domain by demonstrating how cross-device 
systems can provide animated visual feedback to users. 
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1. INTRODUCTION 
Nowadays, computers have been seamlessly integrated 
into the world, and inevitably, people rapidly cross devices 
in daily activities to accomplish a task at hand [34]. This 
phenomenon is referred to as cross-device computing and 
has been attracting considerable interest since Weiser 
introduced his seminal vision of Ubiquitous 
Computing [70]. Cross-device computing provides users 
with more flexibility in their tasks rather than confining 
them to a particular configuration with a specific sequence 
of use [54]. In cross-device computing, users can customise 
their own ecology of devices, applications and services in 
their work, leisure, communication, learning, and many 
other activities. This, consequently, affords a significant 
potential for researching and developing cross-device 
systems considering various aspects such as the 
interactions between human and system interaction 
techniques and connectivity [39].  
 
According to Brudy et al.'s cross-device taxonomy [15], 
there are three main phases of cross-device interaction 
identified in the cross-device literature. 
First, Configuration of Devices, where a meaningful 
semantic connection between devices is established to 
allow the cross-device activity. Second, Content 
Engagement, where the users explore, interact with or 
transfer data across several devices. 
Finally, Disengagement, where users stop cross-device 
content engagement and opt-out from the settings [15]. 
Unsurprisingly, many studies have shown a great interest 
in designing and implementing the interaction techniques 
regarding the aforementioned phases and transitions 
between them. However, relatively few studies explicitly 
investigated how and when a cross-device system should 
provide feedback to the users in the interaction phases.  
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According to Vermeulen et al., before users intervene in 
the system, they should comprehend what the system's 
status is and how it is working. In other words, the system's 
visibility is essential in human-computer interaction [68]. 
In the absence of visibility, users cannot form a correct 
mental model of the system, which cause difficulties in 
using available features of the system and make users feel 
that they are out of control [51, 56]. In systems with 
multiple users and devices, making users aware of actions 
and activities is even more critical: it leads to better 
coordination between actions and prevents conflicting 
actions [35].  

Research problem 
The importance of feedback in cross-device interactions 
encouraged us to explore the design space of feedback 
visualizations in cross-device systems. We are specifically 
interested in visualizations informed by smooth curvatures 
and motions. We consider fluid forms because it is 
psychologically determined that humans significantly 
prefer curved shapes over angular shapes, and curvatures 
are associated with pleasure [52, 30, 71]. Additionally, we 
use motion as it allows users to better comprehend the 
transitions and relationships between information across 
different displays [5].  
 
This project first reviewed studies involving cross-device 
interactions and investigated their use of feedback to create 
a visualization taxonomy. Then, an in-depth exploration of 
feedback visualizations using organic forms and motions 
was carried out. Finally, the video prototypes of 
visualizations were evaluated in an expert review session 
followed by a crowdsourcing study. 
 
2. LITERATURE REVIEW 
The literature review of this research has four pillars: cross-
device interactions, feedback in user interfaces, animations 
and curvatures. First, to set the background, cross-device 
interaction concept, its advantages and challenges 
regarding feedback will be discussed. Second, we will 
explore literature about the use of feedback in user 
interfaces and explain why feedback is essential and how, 
when and where it has been used by the previous studies. 
This part helps us to better understand one of the most 
important elements of human-computer interaction, i.e., 
feedback. Also, this part sets grounds to explore feedback 
visualizations in cross-device settings and informs some 
basic design requirements. The other two pillars of our 
research -animations and curvatures- will be discussed 
after the visualization taxonomy. 

 
Cross-device interaction 
Cross-device systems help users carry out complicated 
tasks in different domains and scales- from data 
exploration in groups to playing games [20, 15, 46]. When 
several smart devices are connected, they provide larger 
physical space that significantly improves insight 

formation within tasks [63, 19]. Moreover, in a cross-
device ecology, users can distribute different objects and 
tasks to several devices with different form factors utilizing 
the devices’ full potential. Users can also modify the 
display ecology, i.e., they can add or remove devices based 
on their needs. While cross-device systems bring flexibility 
to the users, establishing connections and controlling many 
devices simultaneously can be overwhelming [39]. 
 
Hence, HCI researchers targeted interaction design 
challenges presented by cross-device settings, and they 
designed for different phases of interaction such as the 
configuration of devices (connect/disconnect) [11, 34] and 
content management [45]. While most studies focused on 
interaction techniques, controls and modalities, through the 
explorations, some have uncovered the importance of 
providing feedback to the users. For example, Biehl et al. 
(2004) designed ARIS, an interactive window manager 
within which users can see the schematic representations 
of the devices in space and drag-and-drop the screen's 
representations to the destination display to share content. 
In their testing sessions, several users commented on the 
lack of feedback provided by ARIS in information sharing 
and disengagement; hence, in the end, a live outline was 
proposed as a solution, without further investigations [11].  
 
Similarly, Brudy et al. (2020) designed a system named 
SurfaceFleet that enabled users to access other devices with 
minimum boundaries. As discussed in their literature, the 
system's main weakness was the lack of feedback and 
awareness provided to the users. Providing sufficient 
feedback about the system in cross-device setups is crucial 
as any misunderstanding could cause erroneous private 
data transfer and may affect other users in the workspace 
[16, 9]. To fill this gap and provide users with awareness 
about connectivity and the system's actions, we aim to 
explore the use of feedback in cross-device systems.  
 
Feedback in user interfaces 
Following Norman's seminal book, The Design of 
Everyday Things, the lack of determining the intended 
actions, functions and controls of a system causes 
difficulties for users. When the sights, lights, sounds, and 
movements of the system do not convey whether the action 
was done successfully and was matched with users’ 
intentions, a fallacious relationship between people and the 
system is shaped [51]. This not only results in conflicting 
actions but may also impose a risk to users’ privacy [9, 68]. 
Hence, HCI researchers have carried out many studies 
investigating the principles of awareness provided to the 
users in traditional graphical user interfaces.  
 
Of the most influential is Bellotti and Edwards’ study on 
context-aware systems, where they presented a framework 
for intelligibility and accountability. Their proposed 
principles emphasize the importance of informing users of 
the system's capabilities and providing feedback and 
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confirmation. They further stress that when sharing 
restricted information, the design should enforce identity 
and action disclosure; additionally, the design should 
provide users with proper control over both the system and 
other users' conflicting actions [9, 16]. Bellotti and 
Edwards also identified three types of feedback in 
traditional graphical user interfaces that can be used in 
designing systems. These are feedforward (e.g., pointers, 
handles, window highlighting.), in-process feedback (e.g., 
progress bars), and confirmation (e.g., displaying texts or 
icons) [9].  
 
While understanding frameworks and principles is 
insightful and can shape the building blocks of the design 
principles, using them is mostly dependant on the design's 
contexts. Of interest of this project is how feedback 
visualizations have been used in collaborative systems. 
Hancock et al. studied the ways to use feedback in a 
collaborative 3D information space to make users aware of 
the changes and help them avoid conflicts. The results 
revealed that their just-in-time visual feedback highlighting 
the changes could effectively facilitate synchronous 
collaborative work as it brings workspace awareness [35].  
 
According to Gutwin and Greenberg’s theory of workspace 
awareness [32], in a distributed workspace, users 
significantly need to comprehend another person's actions 
to realize how the whole collaboration works and what 
their position is in the system. Hence, the design should 
support up-to-the-moment feedback on what others are 
doing, where they are taking actions, and what they will do 
next. Casera et al. used visual indicators such as shape, 
colour or appearance showing the users presence to support 
workspace awareness. The avatars represent the users' 
particular position, and when a user clicks on an avatar, the 
view switches on the partner's view. The results showed 
that the avatars are particularly useful for finding a 
graphical object in space [17]. These studies are insightful 
as they have investigated feedback in collaborative 
applications; however, using visualizations in previous 
studies involving cross-device systems are yet to be 
explored. Hence, we will review the use of visualizations 
in cross-device systems in the following section and create 
a visual taxonomy.  

3. TAXONOMY 
In this section, we create a taxonomy for cross-device 
visualizations to see how previous cross-device projects 
provided awareness to users. We are particularly interested 
in identifying visual dimensions and organising the cross-
device systems regarding specific kinds of visualizations 
they have. There has been some research aimed at 
providing taxonomies for the cross-device domain. For 
example, Chung et al. (2015) reviewed papers involving 
cross-device visualizations and interaction techniques, 
coded the papers and validated the analysis to uncover key 
considerations for visual analysis in display ecologies [20]. 

Their study contributes to our project methodologically. In 
another paper, Brudy et al. (2019) reviewed a large corpus 
of publications, tagged and analysed the data resulting in a 
comprehensive cross-device taxonomy including design 
space dimensions, application domains, interaction 
techniques and evaluation categories [15]. Of interest is 
their overview of cross-device visualizations. They 
identified four categories and some sub-categories of 
visualization purposes which helped us establish a starting 
point for our taxonomy creation. However, their 
visualization taxonomy is briefly discussed and require an 
in-depth investigation of cross-device visualizations. 
Considering the literature gap in cross-device 
visualizations, we aimed at providing a more granular 
taxonomy of cross-device visualizations in the following 
section. 
 
Method 
First, the important terms related to cross-device 
visualizations were collected during the literature review. 
The initial list of terms included some characteristics of 
visual elements such as abstraction, forms, time-scale and 
dynamics. Then, a short questionnaire comprising 
numerical scales and short answers was designed. 
Subsequently, we started reviewing 33 papers and filled 
out the questionnaire for each paper. The process of 
assessing the visualizations was iterative, meaning that we 
identified some additional dimensions through reviewing 
papers and re-assessed the papers. Then, to achieve a visual 
understanding of the analysis, we aggregated all the 
visualizations on some spectrums, and at the same time, we 
validated our categorisation. Finally, a visual 
representation was created to include in the report. In the 
following paragraphs, we are going to discuss each 
visualization dimension and its sub-categories. 
 
Dimension 1: purpose 
Visualizations in cross-device systems have been used for 
four key purposes. The first category is the configuration 
of devices and management, where a combination of visual 
cues guide users to add, remove or change the role of a 
device. This category primarily includes separate windows 
with detailed visualizations comprising icons, texts and 
buttons [16, 11]. Additionally, in some cases, the spatial 
location of the devices is demonstrated using schematic 
visual elements (world in miniature) [1, 11].  
 
The second purpose is visualising content transfer which is 
a significant part of cross-device interaction and is 
available in almost all cross-device systems. There are 
several visualization techniques found in the literature, 
such as displaying a shared portal [16, 47], including a 
representation for each of other devices (e.g., circles, icons) 
[26, 72, 45, 29, 54], displaying a frame for showing the 
target area [64, 8] and some other techniques (Figure 1).  
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The third category is visualization for providing workspace 
awareness. As discussed earlier, while people are working 
in a shared workspace, they need to know where other users 
are and what they are doing to plan for future actions. 
Hence, some cross-device settings considered visual cues 
for workspace awareness and used different techniques. 
For example, some add shapes in the periphery of the 
display representing the displays in the cross-device 
ecology [29, 45, 26], some use annotations in the software 
space [27], and some indicate connections using colourful 
cords either on a small conceptual map [69] or across all 
the screens [72]. Finally, visualizations are also used to 
externalise dependencies between content or views, for 
example, by connecting data across displays using lines 
[19, 21] or incorporating a separate overview device, i.e., 
demonstrating all the displays’ contents on one device [38, 
14, 40] (Figure 1).  
 
Dimension 2: visual elements 
A visualization is composed of one or multiple visual 
elements such as shapes, icons, texts. We analysed the 
visualizations and identified nine main visual elements: 
lines, boxes, circles, polygons, icons, texts, curves, 
shadows and windows. Lines are mostly utilized to show 
connections between information; however, in [47] the line 
represents a portal to another device. Borders are either 
used for mapping one device’s screen area to another 
device [64, 8] or as a clue to show connectivity [54]. Boxes 
are used as a background for a limited number of controls 
[29] or highlight the devices screen areas [38].  
 
Circles either represent a conceptual map-based interaction 
technique or are used as an indicator of other devices. 
There are few studies using curvatures to show connections 
between devices [73, 69]. There are icons mostly on boxes 
and windows showing devices and their artifacts [1] or 
demonstrating the functions [16]. Windows include 
advanced controls and are displayed as a pop-up on the 
screen with close and minimize buttons [11, 1]. Texts are 
employed in several systems giving detailed information, 
including names of the devices [11, 69]. Lastly, in two 
examples hand shadows are used to facilitate interaction 
with table-top screens [62, 10] (Figure 2).  
 
Dimension 3: composition and layout  
The cross-device systems incorporated different 
compositions and layouts. At one extreme simple shape 
primitives (e.g., lines and borders) are utilized [19, 8, 64], 
and at another extreme, several different visual cues are put 
together to shape visualization ecosystems [16, 39]. In 
between, there are other categories, including a 
combination of 2D shapes with simple layouts [72, 50, 38], 
3D distributed widgets [69, 45, 26] and spatial overview 
composition [12, 1] (Figure 2). 

Dimension 4: colour  
We categorised visualizations based on their use of colour. 
In almost half of the cases, colours were employed without 
encoding additional information [47, 14]. Whereas the 
other half incorporated colour with a purpose; for example, 
colours were used indicating a particular item (e.g., device, 
users) in digital [72] or physical space [34]. Also, in some 
cases similar to many traditional user interfaces, colours 
have been utilized semantically, for example, red as a sign 
of warning or green as a sign of approval [29] (Figure 2).   
 
Dimension 5: time scale 
Visualizations are displayed at different time durations. 
The majority of visualizations are permanently displayed: 
from the moment that the cross-device setting is 
established to its disestablishment [19, 38, 72]. Some 
visualizations are only available after the user undertakes 
action on the interface, for example, when the user opens a 
window to manage the display ecology [12]. Finally, in 
some cross-device systems, the visualization is displayed 
temporarily such as while aiming at a display to transfer 
content [8] (Figure 2). 
 

Dimension 6: curvedness 
We positioned the visualizations on a linear continuum 
from rigid to curved to identify whether the composition of 
the visual elements conveys rigidness or curvedness. Due 
to the significant use of rectangular shapes, most 
visualizations were rigid [38, 1]. However, some 
visualizations incorporated icons, circles, and rounded 
corners that increased their level of curvedness [40, 26] 
(Figure 2).  
 
Dimension 7: dynamics 
The dynamics level of cross-device visualizations was 
investigated, and visualizations were situated on a 
spectrum from static to dynamic based on the information 
provided in the papers. The static visualizations do not 
move unless the user manually changes the location of a 
component [1]. Some visualizations are location-sensitive, 
meaning that as a device in the display ecology moves, the 
device’s graphical representation relocates [64]. In few 
cases, the size of a representation decreases or increases 
based on the distance of the cursor or the display [50]. Only 
in one case micro-animations have been employed to better 
convey the information [16] (Figure 2).  

Dimension 8: device size 
Previous projects on cross-device ecology have considered 
different devices sizes, from mobile-sized to wall displays.   
Table 1 categorised the cross-device systems in terms of 
device sizes.
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Screen size Papers 

Mobile 8, 13, 16, 19, 39  

Tablet 3, 14, 16, 18, 19, 26, 28, 29, 34, 39, 38, 44, 45, 47, 53, 54, 64, 69 

Laptop/ Computer 1, 11, 16, 19, 29, 39, 40, 41, 50 

Table top 10, 16, 26, 28, 38, 39, 41, 62, 64, 72 

Wall display 1, 3, 4, 8, 12, 13, 21, 27, 29, 41, 46, 69, 72, 73 

  

Table 1: Previous cross-device studies categorized by the screen sizes – dimension 8.

Figure 1: Taxonomy of cross-device visualizations – dimensions 1. 
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Figure 2: Taxonomy of cross-device visualizations – dimensions 2 to 7
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4. DESIGN DIRECTIONS 
Considering the rapid technological advancements, 
nowadays, systems can afford animations, and we see more 
lifelike and dynamic digital products. However, what stands 
out from the taxonomy is that the visualizations in the cross-
device domain are mostly static. In addition, according to the 
taxonomy, most of the cross-device visualizations convey a 
rigid visual quality. These two gaps -animations and 
curvatures- are further investigated in the relevant literature 
and are discussed to inform the design directions of our 
project.  
 
Animations 
According to Bartram, graphical user interfaces should 
afford to communicate both low-level data (e.g., content), 
and high-level information (e.g., relationships and changes 
in the system). While static graphical representations such as 
size, colour and position of shapes and symbols effectively 
display the content, they lack a capacity to represent changes 
and relationships [5]. Hence, a dynamic communication 
dimension, i.e., motion, increases the coding granularity of 
data and help users perceive information more accurately [5]. 
Motions are associated with great potentials. Firstly, research 
has shown that while recognising hue or shape needs a 
complete foveal range focus, the human’s visual system can 
easily search the moving objects parallel to other visual 
elements, without any excessive cognitive effort [6]. This 
opportunity allows effective prioritisation of information, 
meaning that lower-priority awareness information can be 
displayed in peripheral areas, and when necessary, ad hoc 
motion feedback can be used to draw users’ attention to the 
information in the periphery. Additionally, motion can 
represent information that static objects cannot. For example, 
it can convey information about casualty and behaviour. 
Besides, a simple motion affords complex emotions and 
psychological impressions [5].  
 
Several studies investigated the use of animation in human-
computer interaction. McCrickard et al. studied animation in 
the periphery to maintain awareness and provided valuable 
insights for our project. Their study revealed that using 
animation in the periphery gives awareness and minimises 
the primary task’s adverse effects. The level of the negative 
effect depends on the animation’s characteristics, the 
primary task and the display size [49]. They found that when 
the primary task is less cognitively demanding and the 
animation is smoother, the negative impact on the primary 
task is minimum. Conversely, faster animations grab 
attention better. Moreover, their research showed that it is 
easier to identify changing information in smaller displays; 
therefore, more stimulate animations should be used in larger 
displays [49]. Considering the animations’ benefits, 
potentials, and design considerations, this project undertook 
animation as a design direction. 
 
 
 

Forms 
Research involving visual aesthetics has found a significant 
preference for smooth curvature over angular forms. Curved 
lines have been regarded as more relaxing, pleasant, and 
more in harmony with nature than other types of lines [30]. 
According to Stratton, most of the movements that we 
observe in nature are curved; consequently, we perceive the 
curved lines as normal behaviour. However, there are also 
broken lines in nature, but they mainly convey a sense of 
power and aggression [65]. Some relate this preference to 
eye movement and affirm that because following broken or 
sharp lines are unanticipated, they are less pleasant to us [60, 
65]. Another possibility for preferring curvature is that they 
are easily drawn, with freely moving arms or hand [Martin]; 
nevertheless, little or no empirical study examined the 
relationship between ease in drawing and preference for 
curvature [30].  
 
Some researchers investigated the preference for curvature, 
considering the Gestalt principle of good continuation and 
the processing fluency theory of aesthetic pleasure. They 
argued that when processing an object is fluent; we see more 
positive aesthetic responses from observers [55]. 
Interestingly, several studies found that curved lines are 
more convenient to detect which provides valuable insight 
for our research [66, 74]. To compare curved and angular 
contours in terms of liking and attractiveness, Palumbo et al. 
conducted three experiments using 18 abstract shapes with 
different contours, protrusions and concavities. The 
curvature effect was consistent across tasks in all three 
experiments, and participants significantly preferred smooth 
curved contours. They also found that the higher amount of 
smoothness results in higher preference rates, i.e., fewer 
vertices increased liking rate [52].  
 
Hence, using smoother curvatures is worthwhile, and as 
expected, have been used and investigated in many contexts. 
For example, in the context of consumer products, 
Westerman et al. conducted two experiments to see whether 
consumers prefer rounded or angular packaging for 
consumer products. They manipulated the contour and 
graphics of products’ packaging and showed the images to 
participants asking them to report purchase likelihood, 
aesthetic preference, and typicality. The results showed a 
more significant preference for rounded designs in both 
aesthetic preference and purchase likelihood [71]. In another 
study, Vartanian et al. [67] asked observers to indicate 
whether rectilinear or curvilinear architectural environments 
were beautiful. The results confirmed that using curvature is 
ecologically valid in architecture and design [67]. Hence, 
based on the literature, we consider curvatures for the 
feedback visualzations as smooth curvatures are more 
attractive, detectable and preferable.  
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5. DESIGN PROCESS 
After doing an extensive literature review and taxonomy 
creation, the design phase of the project started. The design 
process consists of several steps. In this section, first, we 
discuss the design methodology used in this project. Then, 
each design step -design requirements and principles, 
ideation and initial selection- will be discussed. 
 

 
Figure 3: Iterative design process [36] 

 
Design Methodology 
This research followed a user-centred design (UCD) 
approach. According to Rubin et al. [59], UCD is a set of 
processes, methods, techniques, and procedures for creating 
usable systems and products that instead of forcing target 
users to change, supports how the users actually work. The 
basic principles of user-centred design are the early focus on 
users and their tasks, evaluation and measurement of product 
usage and iterated design [59]. According to Harper, the 
conventional UCD model consists of four stages- study, 
design, build, evaluate [36]. Each of these stages included 
some activities that are displayed in Table 2. Noteworthy that 
as the process was iterative, the table do not follow a time 
sequence. 
 
In the study phase, as we did not have access to expert users 
at the beginning of our research, we started this phase by 
reviewing relevant literature that helped us achieve context 
knowledge. Additionally, to better explore the use of 
visualizations in cross-device systems, we created a 
taxonomy based on 33 papers that involved cross-device 
visualizations. Through the taxonomy creation, we identified 
the design direction, which is using curvature and animations 
in feedback visualizations.  
 
Phase  Activities  Outcome Granularity of 

detail 

Study Literature review Context 
knowledge 

Concept 

Taxonomy 
creation 

Understanding of 
relevant work and 
identifying the 
gaps 

Concept 

Design directions Choosing 
curvature and 
animation  

Concept 

Design Design 
requirements 

A list of 
requirements and 
principals 

Coarse 

Ideation Finding inspiration 
source and 
sketching for each 
requirement 

Coarse 

Build Prototype  Ideation through 
developing the 
details 

Medium 

High-fidelity 
prototype 

Creation of one 
sample with visual 
effects (VFX) 

Fine 

Synthesis Creating a unified 
theme based on the 
results form 
evaluation 

Fine 

Evaluate Expert review Discussion on 
design 
considerations, 
evaluations, and 
concepts 

Medium 

Crowdsourcing  Identifying top-
concepts 

Fine 

 

Table 2: Activities, outcomes and granularity of details in 
design process. 

Design Requirements 
The design phase of our project started with identifying 
design requirements. Considering the purpose taxonomy 
(Figure 1), we decided to focus on three purposes and design 
visualizations for them.  

R1. Visualization to show configuration 
The first requirement is designing for connection and 
disengagement. These two phases in cross-device settings 
are defined as the moment a user’s device enters and opt-outs 
from a cross-device ecology [15]. Several researches have 
designed interaction techniques for these two moments that 
varies from touch, gestures to device motion and body 
gestures. This project aims to design visualizations to inform 
users that they successfully joined or opt-out from a display 
ecology. 

R2. visualization to display content engagement. 
One of the most important functions of cross-device systems 
is content engagement. According to Brudy et al., content 
engagement includes techniques aimed at transferring 
content, data or visualizations spread across multiple devices 
[15]. Many previous studies focused on designing interaction 
techniques for content engagement. We particularly focus on 
the moments when content is shared and provide 
visualizations to show that the content is successfully 
received from or sent to other users/displays.  

R3. visualization to provide workspace awareness  
Following Gutwin and Greenberg’s theory of workspace 
awareness [32], the users need to know what other users are 
doing in the system. Hence, some previous cross-device 
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projects provided workspace awareness using different 
methods such as annotations and boxes in the periphery that 
is demonstrated in our cross-device taxonomy (see Figure 2). 
Here, we aim to explore visualizations space and create 
visualizations to aid workspace awareness. The design 
should display who establishes connections to and 
disconnect from the display ecology. Moreover, the design 
should afford to show other users’ statuses in the cross-
device settings.  

Design principles 
This section introduces three design principles that are going 
to be used in making design decisions. The principles were 
considered in the design of visualizations as well as 
finalising the top ones.  
 
1) Direct mapping 
The visualizations should be straightforward and directly 
show their functions so that the users comprehend the 
information in the shortest time and take action quickly. 
Therefore, the visualizations that we design should provide 
explicit clues to the operation of things and not be 
complicated and ambiguous [51].  
 
2) Playfulness 
In designing user interfaces, both pragmatic and hedonic 
characteristics should be considered [2, 37]. Researchers 
have found that properties such as ‘joy’ [37], ‘pleasure’ [42], 
and ‘fun’ [25] are essential parts of user experience. 
Therefore, we aim to approach a pleasurable experience 
through playfulness. In other words, the visualization 
elements should be pleasurable, and the visualizations’ 
behaviour should evoke a sense of playfulness. In our 
project, we set three criteria for defining a playful 
visualization: First, using metaphorical elements. According 
to Costello, one of the pleasure categories in playful 
experiences is simulation that means using a representation 
of something from real life increases pleasure. Second, using 
fluid forms that brings aesthetic pleasure [58]. And third, 
undertaking special gestures for creating the visualizations 
as it can reinforce sensation pleasure [22].  
 
3) Consistent  
There are different design features and several screens in the 
display ecology. To avoid clutter and to make the users get 
familiar with the visualizations, the design should be 
consistent across platforms and design features [57]. 
 

6. IDEATION 

Initial Sketching 
For the first step in the ideation phase, we seek to find 
sources of inspiration. As discussed before, nature is full of 

curved forms that are aesthetically pleasing for humans and 
are associated with positive feelings [65]. Therefore, we 
looked for inspiring natural phenomena in online video 
archives and determined seashore waves, bubbles and water 
drops as the main sources of inspiration. We further 
investigated these two phenomena’s behaviour and sketched 
some ideas for each design requirement, considering the 
design principles (Figure 4).  

 

 
Figure  4: An example of exploring ideas through sketching 

activity 

Prototyping 
Although the static sketches helped us better map the 
concepts, we required a more dynamic sketching technique 
to demonstrate incidents’ subtle timing and sequence. 
Therefore, the concepts were developed during the creation 
of 22 frame-by-frame animations. The frame-by-frame 
animation technique involves incrementally changing each 
frame to create the illusion of motion [23]. To make a 
satisfactory illusion, we followed the standard frame rate of 
24 frames per second (fps). For implementation, we used a 
pen-based application named FlipaClip.  
 

 
Figure 5: Animation prototyping using a pen-based 

application.  
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Table 3: Animated visualization concepts. (H: High, M: Middle, L: Low)

No  Name/  
Use Case 

Forms 
Involved 

Playfulness 

Spatial 
relatedness  

Snapshot No  Name/ 
Use case 

Forms 
involved 

Playfulness 

Spatial 
relatedness  

Snapshot 

C1 

C
on

fig
ur

at
io

n  

(Move closer) 
Connect- 
Move closer 
and wait for 
the waves to 
slow down 

Still and wavy 
lines M Yes 

 

 
 

C 
12 

C
on

te
nt

 E
ng

ag
em

en
t  

(Flick) 
Flicking the 
object to the 
device’s border 

Wavy line, 
buttons M Yes 

 

 
 

C2 

(Line)  
Connect- 
Draw a line 
from a device 
to another 

Circle, line L Yes 

 

 
 

C 
13 

(Drag to line) 
Drag and drop 
the object to the 
device’s border 

Wavy lines M Yes 

 

 
 

C3 

(Pulsing 
button) 
Connect-  
touch and hold 
buttons in two 
devices 

Pulsing 
circles, 
Lines,  

L No 

 

 
 

C 
14 

(Drag corner) 
Drag and drop 
the object to the 
device’s border- 
the corner 
transforms to a 
linear portal 

Curvature 
in corners, 
lines 

L No 

 

 
 

C4 

(Spread) 
Connect-  
Pinching to 
spread the 
connection 

Circle, large 
box, line H Yes 

 

 
 

C 
15 

(Waves) 
Flicking the 
content toward 
other devices’ 
portals 
 

Concentric 
circles, 
semi-
circles, halo 

L Yes 

 

 
 

 
C5 

(Draw up) 
Connect- 
Swiping up in 
two devices  

Circles, 
curvature, 
boxes, lines 

L Yes 

 

 
 

C 
16 

W
or

ks
pa

ce
 A

w
ar

en
es

s 

(Join drops) 
A device joins- a 
new device joins 
the display 
ecology, a drop 
merges to the 
status line  

Wavy lines, 
circles M Yes 

 

 
 

C6 

(Tilt connect) 
Connect- 
Tilt device to 
rinse 
connection to 
other device 

Wavy border, 
Wavy lines M Yes 

 

 
 

C 
17 

(Join corners) 
A device joins- a 
new device joins 
the display 
ecology, the 
other devices’ 
corners pulse 

Curvatures 
in corners, 
pulsing 
quarter 
circles 

L No 

 

 
 

C7 

(Touch & 
hold) 
Connect- 
touch and hold 
a button in 
two devices, 
thick borders 
build up in 
both devices 

Circles, lines, 
borders L No 

 

 
 

C 
18 

(Leave drops) 
A device leaves- 
a new device 
joins the display 
ecology a drop 
comes out from 
other devices’ 
status line  

Wavy lines, 
circles M Yes 

 

 

C8 

(Tilt 
disconnect)  
Disconnect- 
Tilt a device  
 

Wavy border, 
line H Yes 

 

 
 

C 
19 

(Leave corners) 
A device leaves- 
a new device 
joins the display 
ecology, the 
other devices’ 
corners pulse 

Curvatures 
in corners, 
pulsing 
quarter 
circles 

L No 

 

 
 

C9 

(Move 
further) 
Disconnect- 
move a device 
further 

Circle, line L Yes 

 

 
 

C 
20 

(Position all 
edges) 
Swipe toward the 
screen center 
thickens the 
borders 

Wavy lines, 
thick 
border, 
icons, text 

M Yes 

 

 
 

C 
10 

(Shake) 
Disconnect- 
Shake a 
device 

Wavy line, 
line, dots M No 

 

 
 

C 
21 

(Position one 
edge)- Slide from 
bottom to center, 
an overlaid box 
is shown 

Circles, 
lines, 
boxes, 
icons, text 

L No 

 

 
 

C 
11 

C
on

te
nt

 …
 

(Overlap) 
Overlap 
devices and 
force touch 
the content  

Fluid circle H Yes 

 

 
 

C 
22 

(Activity) 
 Colorful circles 
show other users’ 
live activities 

Colorful 
circles L No 
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First, some short videos indicating some use cases were 
recorded. Videos were categorized by the design 
requirements. As an example, for the content engagement 
category, two devices were placed on a table displaying a 
green screen, and the user drags and drops a hypothetical 
object to the border of device 1. We considered green screens 
for the displays as they are easily detectable by the computer 
and are significantly different from human’s colour and hair 
tone that can be replaced by any other visual assets [75]. 
Next, the videos were imported to the application which 
broke down the videos automatically to 24 still images per 
second. Then, we added drawings on each frame separately. 
To map the previous frame’s drawing to the current frame’s 
drawing we used a feature named Onion Skin. This feature 
displays the semi-transparent drawing of the previous frame 
on the current frame enabling the animator to understand the 
positioning better and create the desired sequence between 
two consecutive frames.  
 
We identified some keyframes, i.e., the frames that show the 
start and end point of an action. By adjusting an object’s 
quality (e.g., position, rotation, size) between the keyframes 
we created the movement illusion [23]. The number of 
frames between two consecutive keyframes, and the amount 
of difference between the keyframes indicates the perceived 
speed of the motion. When there are drastic changes between 
two consecutive frames, the motion will be either perceived 
as fast-paced or if changes too much, fragmented. Therefore, 
we had to constantly play the animation and pay attention to 
the subtle changes. Notably, based on the literature involving 
animations [49], we followed some principles. For example, 
when the visualization should be in the periphery, we used 
slow-moving or still visualizations. Conversely, for more 
stimulate actions, the transitions are set to be speedy to grab 
users ‘attention.  
 
To demonstrate the still moments, we duplicated desired 
frames as many times as needed and drew exactly on the 
previous frame’s Onion Skin. This technique created the 
expected still moments; however, because the drawings were 
hand-drawn, there has always been a subtle vibration-like 
effect which indeed made the animation alive in those static 
moments. Overall, 22 short videos, each composed of over 
120 frames were created using the frame-by-frame animation 
technique (Table 3).  
 
In the Table 3, we briefly explained the functions of the 
visualizations and the forms involved. Moreover, we labelled 
visualizations based on their level of playfulness and using 
spatial relatedness. For playfulness, we evaluated the 
visualizations based on our design principle’s criteria: using 
fluid and organic forms, using metaphorical elements, and 
using unique gestures. If a visualization uses all three items, 
it has a “high” degree of playfulness (H), if two items it has 
a “medium” degree (M), and if one or none of the items it 
has a “low” degree of playfulness (L). Regarding spatial 
relatedness, if the areas that the visualization occupies on the 

screen have any relation to the spatial location of other 
devices, then we put Yes, otherwise No.  

High-fidelity prototype 
To demonstrate how the prototypes will be developed and 
implemented in the future, we created a high-fidelity 
prototype using visual effects (VFX). The prototype was 
created using Adobe After Effects on C13’s green screen 
video. The timing of C13 prototype helped us better map 
assets on the video in After Effects. We presented the 
prototype in the expert review meeting to get feedback. 
 

 
Figure 6: An example of high-fidelity prototype 

 

7. EVALUATION 
 

Expert review 
For the first round of evaluation, we set an expert review 
session. Three cross-device computing experts (1 female, 2 
males) were invited to a 1-hour online meeting. Two 
participants were researchers at Microsoft Research, and one 
participant was a researcher at Autodesk. At the beginning of 
the meeting, the project’s subject was explained. Then, we 
displayed a master-cut video including all animations as well 
as their names and purposes. This was followed by 
discussions about different aspects of the project. The online 
meeting was recorded and reviewed after the meeting. The 
discussion revolved around three main topics: visualization-
related issues, design considerations, and process-related 
issues. 
 
Visualization-related issues. The experts shared their 
opinions about the animations. While some visualizations 
were straightforward to understand, some were complicated 
and vague; in other words, they did not follow our first 
principle – direct mapping. For example, while the experts 
liked C2 (drawing line) due to its simplicity, C15, including 
different waves and C12, including buttons, were 
complicated. Moreover, we discussed the learnability of the 
visualizations. According to experts’ opinions, while some 
visualizations can be used intuitively, some require 
instructions such as texts or signs around the visual 
component that is not desirable. For example, a user would 
not understand how C3, C5 and C9 work unless we use some 
texts as instructions.  
 
Finally, we particularly discussed the potentials of C20, 
which is designed for providing workspace awareness. In 
this concept, when the user swipes his finger from the edge 
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of the screen toward the central area of the screen, a thick 
border comprising icons of other devices is shown. 
According to experts’ opinions, this thick border has the 
potentials to show information about other devices of the 
display ecology; for example, the border can be divided into 
several regions representing other devices and providing an 
area for interaction. Also, after achieving desired 
information, the border can be thinned or disappear either 
manually or automatically.  
 
Design considerations. First, the experts mentioned that the 
visualizations should not get in the way and distract users 
from their primary tasks, but they should enable users to get 
on-demand awareness. However, there are some feedback 
visualizations that should be shown explicitly and grab users’ 
attention, for example, showing whether the connecting 
activity was successful or not. Second, they mentioned that 
the videos are mostly focused on the visualizations for the 
interaction moment, and we should consider the states when 
no cross-device-related activity happens and decide about 
the status component as well. 
 
We also talked about the spatial relations between 
visualizations and devices. In some visualizations, such as 
C13 and C16, the visualization occupies the screen’s areas 
depending on other devices’ locations. Conversely, in C2 and 
C17, the visualizations’ location is independent of other 
devices’ positions. While the former empowers workspace 
awareness, the latter allows personalization in layout 
composition.  Therefore, each type is associated with pros 
and cons and is further discussed in the following sections. 
 
Process-related issues. We discussed two design process-
related issues: prototype’s fidelity and evaluation. According 
to the expert’s opinions, the prototypes have the right level 
of fidelity as they set expectations, convey the meanings and 
interaction. Therefore, we continued with the frame-by-
frame technique instead of the high-fidelity prototype. Also, 
they liked the fluidity of forms in the prototypes. However, 
they mentioned that in user evaluation, we should explain 
about the green-screens, preventing any misunderstanding. 
Finally, we discussed conducting the next step of evaluation 
which is a crowdsourcing study.  

Crowdsourcing 
We set out a crowdsourcing study to understand which 
visualizations are the most representative in their category or 
subcategory. Researchers have previously used 
crowdsourcing to both generate and select ideas. Schuurman 
et al. used crowdsourcing to gather citizens’ ideas on how 
digital innovation can enhance the city. Then, they conducted 
voting by the crowd to select the best ideas [61]. Voting is 
indeed one of the most-used methods in convergent stages 
where ideas are evaluated and a few great ideas are 
prioritized for the next rounds [24]. 
In this study, we aimed to ask 100 participants to vote on one 
visualization per category. We initially had 22 concepts; 

however, based on the experts’ review, five visualizations 
that were not aligned with the design principles were 
discarded (C3,5,9,12,15). C22 was also discarded because it 
is the only concept in its subcategory, i.e., showing other 
devices’ live activities. A new concept was added to the 
configuration/disconnect category, which includes swiping 
on the status line to disconnect (named C23-swipe up). 
Overall, 17 concepts proceeded to the crowdsourcing study.  
 
Pilot study 
We conducted a pilot study with 5 participants on the Prolific 
platform to solve technical issues and refine the 
questionnaire and participants’ sample. There were no 
technical issues; however, participants’ samples needed 
alterations. Initially, the only filter on the sample was a 90+ 
approval rate. Meaning that any participant whose answers 
were approved by researchers more than 90 percent could 
participate in our study. The demographic data showed that 
participants whose primary language was not English were 
in the majority. This was undesirable as we wanted 
participants to read and understand the consent letter, 
information sheer, introduction and questions. Therefore, we 
considered participants coming from the United Kingdom 
and the United States for the main study. Moreover, the 
sample was not gender-balanced; hence, we changed the 
sample filters to gain more balanced results. 
 
Participants 
One hundred participants (43 females, 45 males and 12 not 
specified) were recruited from residents of the United States 
(52 participants) and the United Kingdom (48 participants). 
Their age ranged between 18 and 57 (μ = 28.8, σ = 8.4). All 
of the participants had +90 approval rates in previous Prolific 
studies.  
  
Design 
Participants received the same set of questions for 
questionnaires, also the same consent form, information 
sheet and introduction. However, the order of options in each 
question was randomized between participants to minimize 
any possible effects of the options’ positioning on the screen.  
 
Materials 
The questionnaire was designed in Qualtrics and linked to a 
crowdsourcing platform named Prolific. The questionnaire 
consisted of two main parts: 1) pre-study consents and 
information sheet, 2) an introduction and six multiple-choice 
questions. In the introduction, we briefly set out a context for 
the study and asked participants to imagine themselves in a 
face-to-face group meeting where they need to connect their 
devices to collaborate. Additionally, based on what we 
discussed in the expert review, we briefly explained why the 
animations are overlaid on a green screen. 
 
We had 17 visualizations that were divided into six 
categories/subcategories: 1) configuration/connection, 2) 
configuration/disconnection, 3) content engagement, 4) 
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workspace awareness/ a device joins, 5) workspace 
awareness/ a device leaves, 6) and workspace awareness/ 
devices’ positions. Therefore, in six questions, we asked 
participants which visualization in its category best conveys 
the purpose. They had one vote per question. To make the 
questionnaire straightforward, we converted the animations 
to GIF format so that they play automatically and repeatedly 
without requiring users to take any actions. Moreover, to 
enable participants to draw a comparison between 
animations, we chose a two-column layout. Also, for better 
focus, the participants could only use a tablet, laptop or 
desktop device.  
 
Procedure 
After reading the information sheet, participants had to 
accept consent to proceed to the main part and answer the 
questions. Each questionnaire took approximately 6 minutes. 
After successfully completing the survey, each participant 
was awarded 0.75 GBP for their participation in our study.  
 
Data Analysis  
Data from the questionnaire were analyzed quantitatively. 
We aggregated the data and discarded those sessions that 
were incomplete or consent revoked. Then, we identified the 
top-ranked visualizations.  
 
Results 
Configuration/ connection. Among five concepts, C4 
(spread) was ranked first with 32 votes. C1 (move close), C2 
(line), and C6 (tilt connect) ranked second to fourth with 21, 
19 and 18 votes, respectively. C7 (touch and hold) achieved 
the least number of votes with only ten votes. 
 

 
Figure 7: Configuration/ connection votes 

 
Configuration/ disconnection. We had three concepts 
providing feedback for disconnection. Among these 
concepts, C8 (tilt disconnect) was significantly preferred by 
the users with 68 votes. C23 (swipe up) and C10 (shake) 
were placed in second and third positions, respectively, with 
24 and 8 votes. 
 

 
Figure 8: Configuration/ disconnect votes 

Content engagement. For showing content transfer, we had 
three concepts. Among these concepts, C13 (drag to line) and 
C11 (overlap) got nearly similar votes: 48 and 45 votes, 
respectively. What stands out from the results is that C14 
(drag corner) did not represent content transfer regarding the 
crowd’s opinions. 
 

 
Figure 9: Content engagement votes 

Workspace awareness/ a device joins. This question only 
had two options, and C16 (join drops) gained more votes (56 
votes) than C17 (join corners) that had 44 votes. 
 

 
Figure 10: Workspace awareness/ a device joins votes 

 
Workspace awareness/ a device leaves. Among two 
options, C18 (leave drops) was preferred over C19 (leave 
corners) with 62 and 38 votes, respectively. 
 

 
Figure 11: workspace awareness/ a device left votes 
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Workspace awareness/ devices’ positions. In this category, 
C20 (position borders) was significantly preferred by the 
participants with 78 votes. This concept was also given 
positive feedback in the expert review session.  
 

 
Figure 12: Workspace awareness/ devices’ positions votes 

Synthesis 
The crowdsourcing study helped us identify which 
visualizations are more representative of certain functions 
from the crowd's point of view. However, merely using top 
visualization as the final design leads to inconsistency across 
features. In other words, the visualizations should be visually 
related to each other and convey an integrated meaning. For 
example, we cannot use C4 (spread) and C16 (join drops) as 
the status component in C4 is a thick line, whereas it is a 
circle in C16. Therefore, in this section, we will make minor 
alterations in top visualizations and synthesize them to 
become meaningful and integrated. Although we try to use 
the sole top ones, we will also consider other visualizations, 
such as visualizations in second or third places. Overall, one 
theme of visualizations was created. 
 
Status component. The status component is the main 
indicative component of the cross-device connectivity. This 
component shows that whether a device is a part of a display 
ecology or not. Most, but not all, of the previous studies 
considered this component in their designs (see Taxonomy). 
The status component can be used in many forms. We 
particularly used lines, borders and circles in our designs. 
This component is available throughout the cross-device 
interaction phases; therefore, it should be designed to support 
consistency. According to the expert review session's 
feedback, borders have great potential to be the status 
component because they have sufficient flexibility and can 
transform into different forms and thicknesses. Hence, we 
considered borders for the status component (Figure 13).  
 

 
Figure 13: The status component. 

 

Configuration. As discussed before, configuration 
comprises connection and disconnection. Due to their 
significant relatedness, the visualizations should be 
semantically similar as well. We considered the top two 
visualizations of each category and investigated different 
conditions to determine which visualizations could shape a 
better set. We found that with some minor alterations, 
C1(move close) and C8(tilt disconnect) are appropriate for 
providing visual feedback for configuration as their sequence 
of transformation are reversed but at the same time, similar 
(Figure 14-15).  
 

 
Figure 14: 1) the devices are far from each other, (2) the user 
moves the devices closer and hold them in this situation for a 
while. (3) Two thin lines in both devices appear on the screen 
and become thicker. (4) To demonstrate that the connection is 
being established, the lines become wavy. At first with a high 
speed and then slows down. (5) the thick still lines show that the 
connection has been established successfully. (6, 7) Soon after 
the devices are moved further, the status line transforms to a 
thick border. (8) Finally, the border becomes thinner.  

 
 
Figure 15:(1) Two devices are connected and aim to disconnect. 
(2) users move devices closer while the borders become thick. 
(3) then, a user tilts their device and tear the border apart. (4) 
the border shrinks until it disappears. (5) after vanishing, some 
small droplets are displayed to reinforce playfulness and water 
metaphor. (6) the devices are disconnected without displaying 
any cross-device related components on the screens. 
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Content engagement. Two visualizations received almost 
similar votes: C13(drag to line) and C11(overlap). The latter 
is overly reliant on the devices’ spatial location, meaning that 
one device should be placed on top of the other to transfer an 
item. Although this function would work in small rooms 
where users are in proximity, it might not work in larger 
spaces. Therefore, we chose C13 (drag to line). However, 
this concept also requires alterations; therefore, we kept the 
key characteristics of C13 (drag to line) and changed them to 
better match other visualizations in the theme. In the new 
design, the user drags an item and move it to the borders. 
Then, drops the item on the desired device’s region. The rest 
is similar to the initial concept: a port on the target device 
opens, and the item moves towards it (Figure 16).  
 

 
Figure 16: (1) While working in the cross-device ecology, a user 
wants to transfer a file to another device. (2) The user selects 
the item by holding it. The item slightly increases in size and 
vibrates to show that it is being selected. The user moves the 
item toward the edge of the screen. (3) Then, holds the item 
there for a moment. (4) the border thickens and displays 
separate regions. (5) the user then drops the item on the border. 
(6) when the port is established, the item is transferred to the 
target device. (7) Finally, every component transforms to its 
normal state. 
 
Workspace awareness. As discussed before, we aim to 
provide awareness of when a new device joins or leaves the 
cross-device ecology. The process is similar to the 
configuration but with a focus on the visualization of the 
other devices. According to the crowdsourcing results, C16 
(join drops) and C18(leave drops) are significantly preferred. 
Therefore, we use them in the final theme. In these concepts, 
water drop represents a device that dissolves in the status 
component or comes out of it and disappears (Figure 17-18).  
 

 
Figure 17: (1) While the users are working, a third device wants 
to join the cross-device ecology. (2) The third device moves 
closer to one of the devices. While holding the devices, a wavy 
line appears on the third device’s screen; also, the border of the 
other screen becomes thicker and wavy. The waves speed up 
and slow down as the connection is established. (3) When the 
third device successfully joins the cross-device ecology, a water 
drop emerges on the other screens, representing a new device. 
(4) The drop moves toward the status border and dissolves in 
that. (5) To reinforce the metaphor and playfulness, some water 
droplets are released back out. (6) Now, all three devices have a 
thin border indicating that they are connected. 

 

 
Figure 18: (1) a device wants to opt-out from the display 
ecology. (2) the device’s user moves the device closer to a device 
in the ecology and waits until the border becomes thick. (3) 
Then, the user tilts the device. Following this action, the border 
tears apart and shrinks. (4) On the other screens, a drop comes 
out of the edges. (5) When the device’s border disappears, the 
drops on the other devices screens also vanish. (6) Now, there 
are two devices in the display ecology. 

 
Moreover, for enabling users of their teammates’ activities 
and their devices’ location, we used C20 (position borders). 
Based on the discussion in the expert review session, we 
divided the thick borders into some regions. Each region is 
an interactive area for other devices in the cross-device 
ecology, where users can see relative locations and some 
textual details like the name of the device and the active 
application on the device (Figure 19). 
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Figure 19: (1)A user wants to see other devices’ statuses. (2) 
when the user swipes from the edges of the screen to the centre, 
the border thickens and displays separated regions in different 
colours. The regions include the approximate position and 
names. Also, the applications that the users are working on are 
displayed in the corresponding regions. (3) the borders will be 
displayed until the user tap on the centre of the screen. 
 

8. DISCUSSION 
This project aimed to investigate visualizations in previous 
cross-device computing research and create visualizations 
using animations and curvatures. The research, taxonomy 
creation, concept development, evaluations, and the iterative 
design process contributed to visual feedback design in 
virtual collaborative workspaces, in other words, cross-
device systems. The process of ideation and prototyping, as 
well as the evaluations result in some key findings:  

Playfulness 
Playfulness was one of the design principles considered 
during the concept developments. However, not all of our 
visualizations had a high degree of playfulness (Table 3). 
The results showed that more playful visualizations gained 
more votes in the crowdsourcing evaluation, meaning that 
based on crowds’ opinions, playful visualizations were more 
representative of their functions. This research does not 
claim on finding an explicit correlation between playfulness 
and usability; however, our results showed that a hedonic 
characteristic (i.e., playfulness) positively affects 
participants’ voting. This is because playfulness can make 
products more compelling and engaging for a user [2] and as 
discussed by previous user experience researchers, the non-
utilitarian properties such as ‘joy’ [37], ‘pleasure’ [42], and 
‘fun’ [25] are indeed essential parts of user experience. 
Nevertheless, previous research in the cross-device domain 
mostly considered pragmatic characteristics in their 
visualizations and conveyed rigidness. Hence, we targeted 
this gap in the cross-device domain by considering hedonic 
characteristics in designing visualizations through 
playfulness and fluid forms.  

Spatial relatedness 
Most visualizations occupied screen areas based on the 
spatial relatedness to other devices in the display ecology; 
however, some visualizations were independent or semi-
independent of other devices’ locations (Table 3). The 
crowdsourcing study’s results showed that the former group 
gained the most votes. In other words, participants preferred 
spatial-related visualizations. This finding is related to 
research involving proxemic interactions. According to 
Marquardt et al. [46], proxemic interaction enables people to 
utilize a similar comprehension of their proxemic relations 
with their neighbouring devices, facilitating more natural and 

seamless interactions. In this research, the visualizations that 
achieved more votes have provided some clues to facilitate 
proxemic awareness. In particular, they afforded information 
about the relative orientation to other devices, their relative 
movements, identity, and locations that are all part of the 
essential dimensions in designing proxemic-aware ubicomp 
systems as discussed by Greenberg et al. [31]. However, we 
should consider that using proxemic-aware visualizations 
may pose some disadvantages as well. For example, the users 
do not have control over visualizations and cannot 
personalize the assets on the screen as the visualizations 
move based on the other devices’ movements in the 
workspace. Moreover, we designed for small groups of 
devices, whereas providing proxemic-aware information 
about a large number of devices may result in clutter and 
should be investigated in future research.  

Lessons learned 
Through experimentally creating the animations using the 
frame-by-frame technique, we learned some lessons related 
to the time dimension of animated visualizations. Firstly, we 
identified two primary time dependencies: 1) dependent and 
2) independent of the system’s technical capabilities. While 
in the former, the system should respond so that a change in 
visualization happens, in the latter, designers can set default 
timings for a transition.  For example, the time it takes to 
establish a connection between two devices depends on their 
technical capabilities, whereas the time it takes to transform 
a thin border to a thick border can be set as default. When 
there is time dependency on system technical capabilities, we 
should ensure that visualizations support different durations 
and provide users with visual feedback showing that the 
system is processing an action. Particularly in these cases, 
using a loop in animations is helpful.  
 
Second, previous research found that animation duration is a 
critical factor. While too slow animations could cause lag, 
making animations too fast might lose users [7]. Few studies 
identified simple transitions’ timings [43]; however, they did 
not cover all effects, transitions and transformations’ 
timings. Hence, the animations should be designed and 
played in a significantly iterative process to ensure continuity 
and cohesion. Moreover, we hypothesize that sometimes 
between transitions, there should be pauses to provide users 
with enough time to comprehend the previous transitions. 
Finally, similar to the visual consistency, we suggest that the 
assets’ speed be consistent across all visualizations if they 
convey the same message. Using different speeds for a single 
meaning could cause confusion and should be avoided.  

Limitations and future work 
We synthesized the top visualizations resulting from the 
crowdsourcing study; however, the unified animation theme 
is not yet tested. A future iteration is proposed to focus on 
creating a higher fidelity clickable prototype based on the 
final set and testing it with users through a qualitative study. 
The study could focus on identifying gaps in comprehension 
of the visualizations.  
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In this project, we focused on mobile and tablet-sized 
devices; however, we acknowledge that there are several 
devices with different sizes and ratios in cross-device 
systems: from smartwatch displays to large wall displays. 
Future research could consider this fact and adapt the 
visualizations to support different size ranges. Making the 
visualizations responsive is not done by solely scaling, but 
we might need to omit or manipulate some components. 
Moreover, the interaction modality should be taken to 
account as in the scope of this project, we focused on touch 
as the primary modality. Future research could focus on 
using other modalities and investigate whether we need 
amendments in visualizations or not.  
 
In addition, based on Hall’s proxemic zones [33] and as 
discussed by Brudy et al. [15] in the cross-device taxonomy, 
cross-device settings can be used at different scales from 
near to public. This research focused on personal and small 
group spaces scales and demonstrated three devices at a time. 
Future work can investigate the application of our proposed 
visualization set to larger scales with more devices.  

Contributions 
Our research contributes to the HCI domain in three main 
ways. Firstly, the visualization taxonomy provided extensive 
information about why and how previous research used 
visualizations in cross-device systems. Furthermore, our 
unique prototyping technique, i.e., frame-by-frame 
animation on pre-recorded green-screen devices, allowed 
ideating on a scale of 1/24 second while creating the 
prototype, which can be used in future projects involving 
animation ideation and prototyping. Ultimately, we 
contribute to this domain by creating and evaluating 
animated visualizations that include various dynamic fluid 
forms.   

CONCLUSION 
This project explored the design space for providing visual 
feedback to users while working within a cross-device 
ecology. For setting the background and understand the 
context, we created a taxonomy for cross-device 
visualizations and identified categories of forms and 
purposes. The taxonomy also informed our design directions 
which were animations and curvatures. We took inspiration 
from natural elements and designed a corpus of frame-by-
frame animated visualizations. The visualizations were 
evaluated in an expert review session followed by a 
crowdsourcing study that identified which visualizations are 
more representative of certain features from users’ 
perspectives. The research ended with synthesizing the top-
voted visualizations and creating a unified theme. 
Ultimately, we discussed our findings and the lessons we 
learned during this project.  
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APPENDIX 
 
A1. Analyzing Previous Cross-Device Projects for Creating Visualization Taxonomy 
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A2. Categorizing and Labelling Previous Cross-Device Project
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A3. Affinity Diagram  
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A4. Sketching 
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A5. Creating High-fidelity Prototype Using Visual Effects 
 
https://youtu.be/zbCNXisDtRc 

 
 
 
 


