
1077-2626 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVCG.2020.2978050, IEEE

Transactions on Visualization and Computer Graphics

JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015 1

Interweaving Multimodal Interaction with Flexible
Unit Visualizations for Data Exploration

Arjun Srinivasan, Bongshin Lee, and John Stasko

Abstract—Multimodal interfaces that combine direct manipulation and natural language have shown great promise for data

visualization. Such multimodal interfaces allow people to stay in the flow of their visual exploration by leveraging the strengths of one

modality to complement the weaknesses of others. In this work, we introduce an approach that interweaves multimodal interaction

combining direct manipulation and natural language with flexible unit visualizations. We employ the proposed approach in a

proof-of-concept system, DataBreeze. Coupling pen, touch, and speech-based multimodal interaction with flexible unit visualizations,

DataBreeze allows people to create and interact with both systematically bound (e.g., scatterplots, unit column charts) and manually

customized views, enabling a novel visual data exploration experience. We describe our design process along with DataBreeze’s

interface and interactions, delineating specific aspects of the design that empower the synergistic use of multiple modalities. We also

present a preliminary user study with DataBreeze, highlighting the data exploration patterns that participants employed. Finally,

reflecting on our design process and preliminary user study, we discuss future research directions.

Index Terms—Multimodal interaction; Natural language interfaces; Speech interaction; Pen and touch interaction; Unit visualizations

F

1 INTRODUCTION

R ecently, there has been increased interest within the
visualization community to investigate new interaction

experiences, many emerging from non-traditional input de-
vices and modalities [1], [2], [3], [4], [5]. While initial efforts
focused on exploring the use of individual input modalities,
more recent efforts have begun to examine how multiple
forms of input can be combined together to support more
naturalistic interactions. Such multimodal interfaces offer
great potential for data visualization, allowing people to
stay in the flow of their visual exploration by leveraging
the strengths of one interaction modality to complement the
weaknesses of others [5]. A series of recent research projects
have investigated multimodal input for data visualization
and shown that supporting direct manipulation (DM) and
natural language (NL) input together can enhance the user
experience and improve system usability [6], [7], [8], [9].

However, these efforts have focused on exploring NL-
first interactions, using DM to overcome ambiguity in
NL [6], [7] or to refine the results of NL commands [8], [9].
While clearly valuable, these approaches impose a higher
reliance on NL, narrowing the possible space of interactions
and operations that one may perform. On the other hand,
work in the broader HCI community (e.g., [10], [11], [12],
[13], [14], [15]) has shown that multimodal interactions that
synergistically combine DM and NL can help design post-
WIMP interfaces where the “interface disappears,” enabling
people to naturally perform desired operations without
solely relying on conventional graphical widgets such as
menus and icons (or buttons) [16].
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Our goal in this research is to explore whether that same
synergy can be brought to data visualization. By combin-
ing DM and NL more deeply, can we create visualization
interfaces that allow people to interact with data more
fluidly and naturally? Furthermore, what types of visual
representations and interactive operations facilitate such a
synergistic interface? To address these research questions,
we introduce an approach that interweaves DM- and NL-
based multimodal interaction with a flexible visual representation
to enable a novel visual data exploration experience.

As an initial example, we focus on unit visualizations
as the underlying visual representation. Unit visualizations
are “visualizations that maintain the identity property of
its visual marks, i.e., where each visual mark is a unique
entity that is associated with a corresponding unique data
item” [17]. By representing individual data items as unique
visual marks, unit visualizations support both gaining an
overview of the data space as well as allowing for item-level
interactions, such as querying and filtering individual data
points [17], [18]. To help people construct mental models
of an information space, we allow them to freely position,
color, and order marks in unit visualizations. This freedom
allows people to create not only systematically bound views
(e.g., scatterplots, unit column charts), but also manually
customized views based on their external knowledge of the
data or subjective criteria. Such flexibility has been shown to
be valuable to analysts during sensemaking and exploratory
data analysis [19], [20].

We posit that interacting with individual marks in such
flexible unit visualizations is natural via DM, while opera-
tions on a group of marks (e.g., changing the properties of
points that satisfy given criteria) are better performed with
speech. Correspondingly, we employ multimodal interac-
tion that combines DM (through pen and touch) and NL
(through speech) to create and interact with both systemati-
cally bound and manually customized views.
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We operationalize our proposed approach in a proof-
of-concept visualization system, DataBreeze. With each data
item as a circle mark, DataBreeze initially presents the entire
dataset as a cluster in a circular shape. People can then
create and interact with desired views using pen, touch, and
speech. Our motivating usage scenario exemplifies how the
combination of flexible unit visualizations and multimodal
interaction in DataBreeze supports free-form visual data ex-
ploration. To assess our design and understand how people
employ the proposed approach, we conducted a prelimi-
nary user study where six participants used DataBreeze to
explore a U.S. colleges dataset to shortlist ones of personal
interest. We observed that participants inspected the data in
novel ways, adopting varying data exploration patterns. Fi-
nally, reflecting on our design process and preliminary user
study, we discuss potential directions for future research.

In summary, the primary contributions of this paper are:

• We introduce an approach that interweaves multimodal
interaction combining DM (through pen and touch) and
NL (through speech) with flexible unit visualizations to
facilitate a novel visual data exploration experience.

• We present DataBreeze, a proof-of-concept system real-
izing our proposed approach. We discuss our iterative
design process as well as specific aspects of the system
interface and interaction that empower synergistic use of
the different modalities.

• We report findings from a preliminary user study
with DataBreeze, highlighting the use of different input
modalities and the different data exploration patterns
that participants employed.

2 RELATED WORK

2.1 Pen and Touch Interaction for Data Visualization

A large body of work has investigated the use of pen and
touch interaction to design post-WIMP visualization inter-
faces. While some of these efforts have explored pen-only or
touch-only interaction with visualization systems (e.g., [21],
[22], [23], [24], [25], [26]), others have also demonstrated
how bimanual interaction combining pen and touch can
lead to novel or enhanced interaction experiences (e.g., [27],
[28], [29], [30], [31], [32], [33], [34]).

Frisch et al. [27], [28] investigated how people use pen
and touch to support both structural editing and freehand
sketching to edit node-link diagrams. In addition to eliciting
gestures, they also highlight interaction design challenges
to consider when combining pen and touch input. Sketch-
Story [29] demonstrates how free-form sketching with a pen
coupled with simple touch interactions can be leveraged
to create engaging data-driven presentations. Panoramic-
Data [32] and SketchInsight [30] show how a combination
of pen and touch can enable more naturalistic data explo-
ration on an infinite canvas. As a more recent example, Ac-
tiveInk [34] shows how pen and touch can support seamless
switching between data exploration and externalization to
facilitate sensemaking. Although our work also supports
pen- and touch-based input for visual data exploration,
our focus is not on designing new gestures that leverage
pen and touch. Instead, we place more emphasis on ex-
ploring multimodal interactions that combine pen, touch,

and speech, while taking into account the underlying visual
representation of the data.

2.2 Natural Language-Based Visualization Systems

A range of commercial (e.g., [35], [36], [37]) and research-
oriented (e.g., [6], [7], [8], [9], [38], [39], [40], [41], [42])
systems have investigated the use of NL input for data
visualization. For instance, Cox et al. [38] demonstrated how
explicit NL commands and dialogue can be used to specify
visualizations. In addition to NL, their system supports
DM interaction (e.g., selection) with specified visualizations.
Articulate [39] maps user queries to tasks and uses these
tasks in combination with data attributes to generate visual-
izations corresponding to those queries. DataTone [6] illus-
trates how NL queries can be ambiguous when specifying
visualizations and presents a mixed-initiative interface to re-
solve these ambiguities through GUI widgets. Alternatively,
systems like Eviza [7] and Evizeon [41] have placed empha-
sis on conversational interaction, showcasing how NL can
help people preserve a visual analytic flow. Other recent
multimodal systems including Orko [8] and Valletto [9] also
demonstrate how touch and speech can be used for visual
data exploration. While Orko [8] illustrates how multimodal
interaction can aid visual exploration of network data using
node-link diagrams, Valletto [9] highlights how one can use
speech to create a visualization and then refine it (e.g., rotate,
change mark types) using touch gestures.

As part of our work, we also support NL-based in-
teraction, building upon current techniques for resolving
ambiguity [6], [7] and supporting pragmatics [8], [41], [42].
Advancing the line of research on multimodal visualiza-
tion systems supporting NL input, we examine the use of
an additional input modality (pen) with a more general
category of visual representations (unit visualizations). In
doing so, we explore additional types of multimodal interac-
tions for a wide range of general interactive visual analysis
tasks [43] including view specification (e.g., changing axes,
ordering), view manipulation (e.g., explicitly coloring or
moving points), and externalization of one’s exploration
process (e.g., inking, labeling).

2.3 Unit Visualizations with Naturalistic Interactions

We chose unit visualizations as an initial example because
they have frequently been used as visual representations for
data exploration in systems that support more naturalistic
forms of input (e.g., [25], [26], [44], [45], [46], [47]). For exam-
ple, Rzeszotarski and Kittur presented Kinetica [25], a tablet-
based visualization tool for exploring multivariate data.
They described how multi-touch gestures coupled with
physics-based affordances can let people fluidly perform
operations such as specifying axes and filtering. They also
discussed how such naturalistic interactions with unit visu-
alizations help people build rich mental models of an infor-
mation space by keeping data salient and enabling tracking
of data points during exploration. With ScatterTouch [44],
Heilig et al. illustrated how simple multi-touch gestures
can be leveraged to interactively create focus regions in a
scatterplot, supporting co-located data exploration. Sadana
and Stasko [26] presented a tablet-based visualization sys-
tem, illustrating how multi-touch gestures can be used to
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Fig. 4. DataBreeze running on an 84” Microsoft Surface Hub with an
external microphone placed on top of the display to record speech input.

(e.g., shortlist a set of startups to invest in, shortlist a set
of colleges for your child or younger sibling). These design
sessions allowed us to critically reflect on the design, get
early feedback on the interactions (e.g., pen/touch gestures,
grammar of spoken commands), and identify operations
that we needed to support. Specifically for the pen/touch
gestures, due to a lack of consensus during the design
sessions, we additionally conducted four informal elicita-
tion sessions with graduate students, observing how they
performed actions such as selecting and moving points,
invoking and interacting with context menus, etc.

3.2.2 Design Goals

We considered several factors for developing a multimodal
system supporting flexible unit visualizations (e.g., How
should the system integrate input from multiple modalities?
Should changes explicitly made to a subset of points be
propagated to all points in the view?). Below we list the
goals that we initially had in mind at the start of the project
(DG1-4) as well as the ones we incrementally derived based
on the observations during the design sessions (DG5-8).
While these goals are primarily applicable to multimodal
interfaces supporting flexible unit visualizations, some of
them (DG2-4, DG6, DG7) are also generally applicable to
DM- and NL-based multimodal visualization systems.

DG1. Support both systematic binding and manual cus-
tomization. The premise of this work is that allowing people
to manually customize systematically bound visualizations
can aid data exploration, offering high flexibility. To enable
this manual customization, the system should allow users to
specify visualizations similar to current tools (e.g., assign-
ing X/Y-axes attributes to create a scatterplot), while still
supporting data item- or subset-level manipulation (e.g.,
dragging points out of a scatterplot to create a customized
group, changing the color of specific points).

DG2. Support various multimodal input patterns. Prior re-
search on multimodal interfaces has shown that although a
system supports multiple modalities, people may choose to
interact using a single modality and not combine inputs [54].
Furthermore, even when using multiple modalities, people
may not use them simultaneously and instead combine

them sequentially (e.g., select a set of points with touch,
pause, and then issue a spoken command) [54], [55]. Hence,
the system should support unimodal input as well as both
sequential and simultaneous integration of modalities.

DG3. Leverage simple pen/touch gestures. While
pen/touch input can be highly expressive, complex gestures
involving multiple fingers or bimanual interaction can be
difficult to learn and discover [56]. These challenges are
further amplified with the addition of a third modality in
the form of speech. Therefore, the system should leverage
simple and familiar pen/touch interactions that are easy to
learn while still supporting the required set of operations.

DG4. Provide instruction and feedback for speech in-
put. Lack of instruction (knowing what can be said) and
feedback (understanding what the system did in response
to a command) are well-known challenges with NL inter-
action [57], [58], [59], [60]. This challenge is amplified in
multimodal interfaces where the linguistic structure of com-
mands may differ when users interact multimodally [54].
Hence, the system should assist discovery and learning of
the supported range of speech commands. Furthermore, the
system should make users aware of the actions it took in
response to speech commands—giving users the option to
revert or correct them.

DG5. Support both global and local changes. We observed
that participants wanted to perform operations at both a
global (e.g., creating a scatterplot using all data points)
and a local level (e.g., selecting a subset of points within a
scatterplot to form an ordered group). Therefore, to support
incremental data exploration and smoother transitions be-
tween systematically bound and customized views (DG1),
the system should let users perform operations on all points
on the canvas (global operations) or on a subset of data
items (local operations). However, local changes may con-
flict with previously applied global mappings (e.g., moving
points may break a globally specified position mapping). To
overcome this, we initially removed the global mapping in
case of conflicting local changes (e.g., removing the global X-
axis scale if a set of points are explicitly moved). During the
design sessions, however, we observed that participants pre-
ferred that visual elements of the previously applied global
changes be preserved even when conflicting local changes
are made. We found that this helped participants contex-
tualize changes and continue their exploration. Hence, the
system should try to preserve context for local changes and
provide visual cues to differentiate between local and global
mappings. For instance, in Figure 2C, the Region scale is
shown on the global X-axis even though a subset of the
points are moved out. Furthermore, the à icons on the
moved points indicate that the points are not bound to the
global view.

DG6. Support equivalence between pen and touch. Fol-
lowing Hinckley et al.’s guideline of “pen writes, touch manip-
ulates,” [61] we initially applied a division of labor tactic sep-
arating the roles of pen and touch: we let people draw lassos
and select points using the pen, while moving the points
with a finger. During the design sessions, however, we
observed that participants frequently confused the role of
pen and touch, often trying to use the two interchangeably
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Such implicit grouping imposes additional questions re-
garding the implementation and interface design, however.
For instance, should points that are selected or moved
together be considered a group? Or should the system infer
groups based on the X/Y co-ordinates of points? Should
these implicitly determined groups be added as targets for
follow-up commands? Furthermore, how should the system
visually highlight implicit groups? As a first step, we allow
users to select points and tag them to form “virtual” groups
that can be accessed using a common tag. However, incor-
porating more nuanced methods to determine groups and
perform actions on them is an immediate area for potential
improvement in DataBreeze.

The default role of pen input. In response to initial confu-
sion regarding the unequal roles of pen and touch during
the design phase, DataBreeze largely treats pen and touch
interchangeably (i.e., both can be used to move or select
points) (DG6). Although DataBreeze also supports the use
of pen as an inking tool (DG8), its support for drawing,
annotations, and note-taking is limited compared to other
visualization tools that focus on bimanual interaction com-
bining pen and touch. These systems have shown the value
of using a pen as an inking or sketching tool for both visual-
ization authoring (e.g., [27], [28], [29], [46]) and sensemaking
(e.g., [34], [76]). Based on these systems, one approach is to
default the pen’s primary operation to inking (mimicking its
function in the real-world). However, if the pen is used to
ink, operations such as selections and specifying axes may
need to rely on other modalities. Correspondingly, one open
area for future research is to investigate how changing the
primary role of the pen affects the interaction and interface
design of a multimodal visualization system like DataBreeze
that supports touch and speech as alternative modalities.

6.5 Improving System Feedback and Error Recovery

An important aspect of the interface design was to provide
appropriate feedback in response to spoken commands
(DG4). Correspondingly, we reserved an exclusive region
in the interface for feedback directly under the speech input
box (Figure 3B). Although the system presented different
types of feedback, even suggesting corrections when possi-
ble, during the user study, participants often failed to notice
the feedback. This was particularly problematic when there
were command phrasing related errors. Since participants
did not see the feedback, they ignored the system’s phras-
ing suggestions and instead hyperarticulated their initial
commands [77], resulting in the same error. Hence, an
open area for improvement in DataBreeze is to examine
alternative feedback techniques that are more noticeable yet
unobtrusive to the user’s workflow.

A related point to feedback is error recovery. Similar
to other speech-based mutlimodal systems (e.g., [78], [79]),
DataBreeze allows users to undo the most recent voice
command. Going forward, it is important to implement a
more complete undo stack, tackling associated challenges in
doing so (e.g., managing scope [80], handling errors in undo
command utterances [81]). With the flexibility of creating
custom views and making global versus local changes,
giving users the ability to backtrack multiple steps would
further enhance the overall usability and user experience.

7 LIMITATIONS

Our observations in this paper are based on testing
DataBreeze on an 84” vertical display with up to about 1,200
data points. While the described interactions may work
across different display sizes, the fact that each mark needs
to be large enough (to be interacted with a finger) raises
concerns from a scalability standpoint. Thus, an important
next step is to investigate the scalability of the proposed
approach by testing it on different displays (e.g., tablets,
touch-enabled PCs) with varying dataset sizes.

Our goal in designing DataBreeze was to explore if
and how multimodal interaction along with flexible unit
visualizations can facilitate free-form data exploration. The
preliminary user study with six participants performing
an open-ended task helped us assess the overall usage
and feasibility of the proposed approach. However, our
study does not identify potential benefits of the proposed
approach compared to conventional systematically-bound
visualizations such as maps and scatterplots, and the possi-
ble cognitive challenges associated with creating and inter-
acting with flexible unit visualizations. Furthermore, while
our study helps validate system usability, it cannot replace
a more detailed qualitative study that investigates specific
interactions and the use of manually customized views over
the course of multiple tasks or sessions. Therefore, it is
important to conduct follow-up studies with systems like
DataBreeze, investigating multimodal interaction with flex-
ible representations to better understand the accompanying
cognitive, physical, and analytic benefits and challenges.

8 CONCLUSION

Through the design and implementation of DataBreeze,
we exemplify how interweaving DM- and NL-based multi-
modal interaction with flexible unit visualizations enables a
novel data exploration experience. Specifically, we discussed
how allowing people to multimodally create and interact
with both systematically bound and manually customized
views empowered them to freely explore the data and
update the visualization to reflect their mental models.

Our observations coupled with participant feedback
during the design sessions and a user study collectively
highlight promising areas for future research including: (1)
leveraging the complementary nature of pen, touch, and
speech to enable a fluid interaction experience during data
exploration, (2) facilitating targeted question answering dur-
ing open-ended visual data exploration, and (3) supporting
feedback and error recovery mechanisms for speech input
that are noticeable yet unobtrusive. Although DataBreeze
is only one example, it highlights exciting research oppor-
tunities and challenges in developing multimodal systems
facilitating more fluid and natural interaction with data. We
hope this work inspires the design and development of a
new generation of post-WIMP interfaces for data visualiza-
tion that empower our human perceptual, cognitive, and
manipulative abilities.
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