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Multi-Touch Querying on Data Physicalizations in
Immersive AR
BRIDGER HERMAN, MAXWELL OMDAL, STEPHANIE ZELLER, CLARA A. RICHTER,
FRANCESCA SAMSEL, GREG ABRAM, and DANIEL F. KEEFE

Fig. 1. Adding directmulti-touch input sensing to a 3D physical printout and combining this with a perspective-
tracked, stereoscopic AR display creates a hybrid visualization system that benefits from both the high-
resolution, passive haptic feedback of the physical data printout and the interactive data exploration made
possible by digital displays. Here, multi-touch queries create streamlines and cutting planes to explore a
supercomputer simulation of ocean currents and ice melting under Antarctica’s Filchner-Ronne ice shelf.

Data physicalizations (3D printed terrain models, anatomical scans, or even abstract data) can naturally
engage both the visual and haptic senses in ways that are difficult or impossible to do with traditional planar
touch screens and even immersive digital displays. Yet, the rigid 3D physicalizations produced with today’s
most common 3D printers are fundamentally limited for data exploration and querying tasks that require
dynamic input (e.g., touch sensing) and output (e.g., animation), functions that are easily handled with digital
displays. We introduce a novel style of hybrid virtual + physical visualization designed specifically to support
interactive data exploration tasks. Working toward a “best of both worlds” solution, our approach fuses
immersive AR, physical 3D data printouts, and touch sensing through the physicalization. We demonstrate
that this solution can support three of the most common spatial data querying interactions used in scientific
visualization (streamline seeding, dynamic cutting places, and world-in-miniature visualization). Finally, we
present quantitative performance data and describe a first application to exploratory visualization of an
actively studied supercomputer climate simulation data with feedback from domain scientists.
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1 INTRODUCTION
For thousands of years, humans have articulated, transcribed, and catalogued information through
tangible and/or haptic channels. Though the term “data physicalization” is relatively new, ma-
terial properties such as size, form, and surface texture have been used throughout history for
communication and education, including in the current digital age [36]. Most modern data phys-
icalizations leverage our natural predisposition for “passive haptic” data exploration: touching,
holding, and rotating 3D data representations manually. This is something we cannot yet replicate
with digital technologies. Even today’s best active-haptic immersive displays (e.g., head-tracked,
stereoscopic VR coupled with a glove robotic input/output device to provide touch feedback at the
fingertips [22]) are incapable of effectively reproducing the haptic benefits of running multiple
fingers over the surface of a data physicalization such as using a finger to mark a point while
comparing other areas of interest, or to follow a path on the physical surface [35]. If we wish to
leverage our innate proclivity for learning and communicating through physical touch in data
visualization (while avoiding an additional layer of input/output devices that distance users from
their data [36]), investigating the myriad forms of digital fabrication and hybrid display [29] is
essential to visualization research.

Despite numerous successful examples of data physicalization, however, we notice what may be
a fundamental limitation with respect to exploratory visualization. While recent physicalization
work clearly demonstrates the ability to convey data from a variety of sources including melting
glaciers [61], the predicted impact of future climate scenarios on native bird populations [64],
global terrorism statistics [46], and biological interactions of marine ecosystems [47], none of these
examples involve interactive data exploration. This raises the concern: Does the typically static,
pre-fabricated property of physicalizations preclude their use for interactive tasks such as data
querying, filtering, and calling up details-on-demand?

Researchers have explored two main approaches to overcome this seemingly inherent limitation.
The first is mechanical: including a system of sensors to detect touch and linear actuators to
physically move the 3D “pixels” of a display surface up and down in real-time [45]. These impressive
actuated displays may indeed represent the future of physicalization work but presently remain
costly and challenging to construct and transport. The second main approach is to create a hybrid
display, combining physical elements with virtual elements to provide both interactivity and
dynamic content (e.g., projection [73]). For this paper, we define the scope of hybrid visualization [35]
(also known as augmented physicalization [21]) to include any visualization that contains physical
components but adds interactivity using digital input and output mechanisms.
Building on this work, in this paper we introduce a novel style of hybrid virtual + physical

visualization designed specifically to support interactive data exploration tasks. We target the
use case of multivariate, time-varying spatial data because this is a long-standing challenge for
exploratory visualization research. This is one area where physicalizations have yet to be widely
adopted, but have the strong potential to be beneficial because they make it possible to perceive
data via multiple sensory channels simultaneously [21].
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Our high-level goal is to combine the complementary strengths of digital visualization and
physicalization while overcoming the individual limitations of each. Since physicalizations are
meant to be touched with the fingers, we aim to support a level of interactivity that is similar to a
digital multi-touch screen. Our first technical requirement is, therefore, to sense and respond to
simultaneous touch input with multiple fingers placed directly on the surface of the physicalization.
Further, the accuracy and responsiveness of this sensing should be similar to that of now-ubiquitous,
multi-touch displays. However, unlike those displays, this input device should provide an added
benefit of passive haptic feedback during interaction. Our second technical requirement is to
robustly modify the visual display in response to the user input. Since we aim to support users
analyzing complex spatial relationships in their data, meeting this requirement necessitates high-
accuracy and low-latency alignment between the physicalization and the virtual data display so
that users can make spatial judgements between the two (e.g., relating a flow feature displayed
virtually to ridges in the bathymetry data displayed physically).

This research is significant because whether on planar surfaces, in immersive environments,
or even hybrid virtual + physical systems, interactive techniques are essential to supporting
exploratory visualization tasks, and so far these have been missing from data physicalizations. For
3D and 4D data, such traditional interactive techniques include user interfaces for 3D cutting planes,
particle emitters, streamline seeding widgets, and multi-scale views [49]. While implementations
of these techniques exist for planar-display desktop setups (e.g., [4, 15]), projection-based hybrid
virtual + physical visualizations (e.g., [5, 53, 80]) and immersive environments, including via multi-
touch input (e.g. [12, 17, 44]), our solution is the first to enable these interactive data exploration
techniques in an immersive hybrid virtual + physical visualization.
Thus, this paper contributes a novel approach to virtual + physical, hybrid, interactive visual-

ization based on combining perspective-tracked stereoscopic Augmented Reality (i.e., immersive
AR) with a creative approach to sensing touch through 3D printed data physicalizations. This work
represents the first example of such a hybrid visualization that supports exploratory visualization
tasks using classic interactive widgets for spatial visualization, such as particle emitters, streamline
seeding widgets, and multi-scale views. The specific design developed (e.g., the custom tracking
base) is justified via a combination of discussions of related work and results from formative
experiments in the lab. The results are applied to create an exploratory visualization of Antarctic
ice melt simulations actively studied by climate science collaborators (see Figure 1) who provide
early feedback on the utility of the tool. This evaluation is complemented by a lab user study to
characterize the lower-level accuracy of the physicalization touch input pipeline.

2 RELATEDWORK
2.1 Representing Data in the Physical World
Several advantages of data physicalization as compared to digital visualization have been demon-
strated in the literature, including more efficient comprehension of data values when compared
to 2D and 3D stereoscopic virtual displays of information [35] and preference for working with
physical visualizations over immersive VR visualizations [19]. Many physicalizations are also works
of art; though their primary goal is often to engage and inspire, these artworks can also improve data
understanding relative to more traditional visualizations [21]. Examples of physicalizations that
are both artistic and improve data understanding range from 3D printing of volumetric datasets [7]
to massive tripod data sculptures depicting climate change effects on native bird populations [64].
Researchers and artists believe that these may provide audiences with increased data engagement,
with the added potential of emotional connection that may be an even more valuable outcome than
traditional metrics of speed and accuracy in data comprehension [77].
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Other data physicalizations exist solely for the pragmatic purposes of data analysis and interpre-
tation. Such physicalizations have been applied to biological and medical data. Examples of this
approach include the physicalization of molecular models [14] and the 3D printing of multi-color
surfaces for analyzing the multivariate properties of pain phenotypes [76]. Geospatial data are also
commonly encoded with physicalization, with works ranging from tactile maps [56] to strategies
for 3D printing an approximation of the Earth by dividing it into interchangeable, hierarchical
cells [20]. While there are some indications that physicalizations are helpful for these pragmatic,
exploratory visualizations (e.g., [19, 35]), there is also evidence to the contrary (e.g., [8]). In fact,
Weiß et al. argue that there may be no significant difference in user engagement between web-based,
VR, and hybrid physical visualizations for certain tasks [78]. Although additional research is needed
to continue to clarify the possible benefits, risks, and tradeoffs with data physicalization, it is quite
clear that physicalization is not the right fit for every data analysis task; this further motivates our
desire to explore the potential of hybrid visualization systems.

2.2 Exploring Data in the Virtual World
There is a rich history of research on interactive techniques for exploring spatial data using
spatial and surface-based displays. Immersive data querying interfaces include flow visualization
widgets, such as direct-manipulation 3D placement of particle emitters and streamline rakes [12, 44],
interactive world-in-miniature widgets for improved navigation and manipulation [3, 16], bimanual
and multi-touch interfaces for slicing plane manipulation [17, 60], freehand and haptic-aided 3D
sketching for data selection [31, 40, 65], multi-touch convex hull selection on slicing planes [17],
mid-air volumetric selection of sub-volumes of interest [38], and many more.
Many of these techniques translate directly from VR environments to AR, and both styles of

immersive visualization have a history of successful application to geographic or topographic data
(e.g., [10, 27]), as in our application, which combines flow and terrain data. Our approach therefore
adopts many of the lessons learned from prior work, such as the importance of situating data
queries relative to features in the spatial terrain and supporting the most common immersive flow
visualization widgets. Of course, even the best of these purely virtual immersive environments
lacks the real-world tangibility provided by data physicalizations [36].

2.3 Early Tangible Interactions with Visualizations
Many visualization systems have built upon early research in Tangible User Interfaces (TUIs)
(e.g., [30]) to make the data interactions described in the previous section even more natural or
intuitive [63]. Our work shares a clear motivation with TUIs to bridge the gap between digital
and physical elements. However, the “tangibles” in TUIs are typically different than the data
physicalizations studied in this paper. Most TUIs use comparatively simple tangible objects that act
as proxies (e.g., pucks, tiles, bricks, pointers, or a doll’s head). These have regularly been used to
represent or select data; for example, using physical pointers to select virtual points on an map
with an immersive AR overlay [10], exploring neural fiber data using a rolled-up piece of paper and
stereoscopic panel display [33], and performing query tasks in AR on 3D scatter plots with direct
manipulation of physical props [6]. However, with a few noted exceptions (e.g. [23, 71]), users are
not intended to perceive more than the position or orientation of the data by touching or viewing
the tangibles. With data physicalizations, the role of the physical component shifts significantly to
prioritize reading data, often using both the haptic and visual senses.

TUIs often integrate well with AR and VR displays [9], and the technologies used to sense how
the tangibles are touched and manipulated are also relevant to our work. For detecting touch
with TUIs, there are two primary options: optical and direct. The optical approach, using cameras
to detect touch contacts on the surface of a tangible, suffers from a well-known limitation that
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the precise moment of contact is difficult to detect [79]. The precision of data exploration that is
possible via this strategy is therefore limited, which is problematic when working with complex
physical surfaces like geographic and bathymetric data. More direct touch sensing technologies
(e.g., capacitive [58] and pneumatic [75]) are therefore preferred from a standpoint of accuracy, but
these more accurate sensing technologies are often difficult to integrate with digital fabrication
techniques. For example, although flexible multi-touch sensors can be rolled to fit onto the surface
of cylindrical tangible prop [66], they cannot currently be stretched to fit over a more complex
surface, even a sphere. We seek a solution that is direct-touch and high-accuracy but still integrates
well with digital fabrication techniques.

2.4 Hybrid Virtual + Physical Systems
Moving beyond simpler tangibles to physical models that users touch and observe to read data
values, the work that most closely relates to our own is in augmenting physicalizations with elec-
tromechanical or virtual components, an active topic of research also known as hybrid virtual +
physical visualization. There are four categories of augmented physicalizations: surface augmen-
tation, active physicalization, six-degree-of-freedom (6DoF) augmentation with a 2D display and
6DoF augmentation with an immersive 3D display [21].
In the first category, prior work using surface augmentation includes combining physical land-

scapes with GIS software [73], a table-scale physicalization paired with a digital energy data
visualization [41], and area-preserving displays for geovisualization [18]. These surface-augmented
physicalizations are often accomplished via projection (e.g. [72, 73]), though other technologies
have been utilized (e.g., embedded LEDs [71]). Real-time registration between virtual and physical
spaces is not usually required; often a single calibration is sufficient each time the system is assem-
bled [73]. However, projection-based augmented physicalizations sometimes require projection
mapping to ensure that no distortion occurs on the digital image – it has been reported as necessary
in physicalizations over 6cm in height [21]. Surface augmentation is not ideal for our applications
since we require understanding volumetric data, such as ocean currents at multiple depths.

Systems in the second category, active physicalizations, tend to require specialized hardware, and
are usually limited to 2.5D applications where the mechanical elements are low resolution and move
along a single axis. For example, Tangible CityScape [72] allows users to visualize multiple variables
in the context of an urban environment physicalized with actuated columns, while EMERGE [71]
enables visualization tasks like annotation, filtering, and navigation on 3D bar charts with actuated
columns and color-changing LEDs. This approach is powerful and will perhaps one day evolve to
create an ultimate display for surface-based 3D data. However, the current technology is limited in
its ability to represent fine detail and in the prohibitive complexity and cost required to implement
such displays. These factors along with a desire to complement physicalized data with spatially
registered mid-air data steer us toward a hybrid solution using some form of AR.
In the third category, mobile phones, tablets, and desktop systems have been used to create a

graphics viewed on the device’s screen that overlay virtual content with a view of the physicalization
captured by the device’s camera. Examples include the tablet-based PLANWELL [51] and desktop-
based AR systems for analyzing structural molecular biology [24, 25]. Unlike projection-augmented
physicalizations, but similar to our work, these planar-display hybrid visualizations require real-
time registration between virtual and physical spaces to allow a user to manipulate both the 3D
viewpoint and the physical model itself. In these situations, inside-out image-based tracking is
often used (e.g. [25, 51]), though other approaches exist (e.g. optical outside-in tracking [8, 55]).
Techniques in this category can take advantage of the robust multi-touch input provided by the
mobile device to support a variety of data interactions; however, they are performed on the mobile
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Fig. 2. (I) An augmented reality visualization (A) is superimposed on top of a hexagonally segmented data
physicalization (B). Force from a user’s touches is transferred through the hexagonal columns to the force-
sensing surface (C). The virtual visualization is spatially co-located with the physicalization using an image-
based tracking system that determines 3D positions and rotations of image targets (D). (II) An example
hybrid visualization containing a hexagonally segmented physicalization of a pipe and immersive augmented
reality content showing user-chosen streamlines seeded based on a generated velocity field and a cutting
plane selected with multi-touch querying. (III) The side angles of the truncated pyramidal base are angled at
40° to optimize tracking accuracy when viewing the physicalization from the side to for details (D) and the
top-down overview (O). Adapted from [1].

device’s screen not on the physicalization itself, so the potential passive haptic benefits of data
physicalization are lost.
The fourth category of augmented physicalizations pairs 6DoF-tracked physical content with

immersive, head-tracked stereoscopic AR virtual content. Prior work includes AugmentedMaps [10]
and a hybrid visualization of flood dynamics using 3D-printed topography [81]. Systems in this
style require robust, high-accuracy and low-latency 6DoF tracking for both the physicalization
and the immersive AR device so that the virtual visualization remains spatially registered to the
physical reference frame. We take this as a key requirement for our work and build upon the
prior uses of image-based tracking methods (e.g., [6]). Although some prior work exists in this
category, none meets our goal and requirement of supporting interaction through direct touch on
the physicalization at a level similar to what can be provided by a typical multi-touch display.

3 HARDWARE AND STRATEGIES FOR ADDRESSING TECHNICAL CHALLENGES
Figure 2 presents an overview of our technical approach. By placing the physicalization on a custom
base, we minimize tracking latency and maximize accuracy. By dividing the physical print into a
regular grid of pieces that can move independently in the vertical direction, a pressure-sensing pad
placed under the physicalization is able to sense touch events through the physicalization.

3.1 Continuous Real-Time Registration of Virtual and Physical Displays
Our strategy for consistently registering the position and rotation of the data physicalization
relative to the user’s eye uses a passive inside-out optical image tracking system. Although this is
the best match with the Magic Leap AR hardware we used, other 6 DoF tracking solutions were
considered, including electromagnetic, passive outside-in, and inside-out 3D model (as opposed to
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Fig. 3. The experimental setup to optimize latency for image-based tracking includes (A), an oscillating image
target, (B) boundary extraction for the virtual and physical object positions, and (C) positional samples of
virtual and physical target used to determine latency. Image (D) shows the latency results based on number
of targets.

image) tracking. Passive inside-out tracking based on planar image targets is the most portable,
only requiring a single camera for capturing the scene and images affixed to each object to be
tracked. Its sole requirement is a target image placed near the physicalization such that it is in
the line of sight of the camera simultaneously with the physicalization, as in the image target in
Figure 2(I-D). Coverage and portability of inside-out image-based optical tracking also surpasses
that of its outside-in counterparts because it is not bounded by a “tracking volume” – the space
where all external cameras have a line of sight – and instead, the images and cameras are connected
directly to the physicalization and the viewer, and thus will always be available without setup. This
also means that it is not necessary to track both the user’s head position and the physicalization; the
relative offset from the image target to the tracking camera is sufficient to place the physicalization
in 3D space. It is possible to perform an initial registration with image targets, then switch to the AR
HMD’s onboard 6DoF tracking to maintain the alignment. The onboard tracking is lower-latency
but it does not allow a user to manipulate the physical model interactively, for example, to spin
it around to view the other side. In practice, we found that the Magic Leap’s internal room-scale
tracking system was not accurate enough to maintain sufficient alignment between the virtual and
physical content of the visualization without continuously enabled image tracking.

The key to optimizing an image-based tracking system is to understand the trade-offs in design
choices for the number of images used to track objects and their placement in physical space. Thus,
our design decisions focus on these two issues.

To optimize the number of images used to track the physicalization, we conducted an experiment
to measure latency of the tracking system based on the number of image targets in view of the
tracking camera. Figure 3A shows the approximate view of the AR device facing the sinusoidally
oscillating image tracking assembly with a variable number of image targets attached. Video was
captured through the left eye of the AR device of a virtual object’s position tracked with the
physical object’s location, and computer vision methods were used to extract the true positions
of the physical and virtual objects in the scene (Figure 3B). Lastly, following Steed’s Sine Fitting
method, both the virtual and physical object trajectories were fit to a sine curve, and the latency
of the system was calculated as the phase distance between the two curves [67]. We found that
the latency of the image tracking system does indeed increase with the number of simultaneously
visible targets; we found a latency of 172ms, 211ms, and 240ms for 1, 2, and 3 targets, respectively.
This suggests the physicalization tracking will have the lowest latency when tracked by just a
single image. Using positional accuracy measurement methods based on Groves et al. [26], we
verified that tracking just a single image is sufficiently accurate, providing sub-millimeter positional
accuracy for a comfortable viewing distance of 30cm. However, we found it impossible to find a

Proc. ACM Hum.-Comput. Interact., Vol. 5, No. ISS, Article 497. Publication date: November 2021.



497:8 Herman et al.

position where a single image could be placed next to the physicalization and force-sensing tablet
while also providing reliable tracking from all viewing angles.

This led us to consider a stage or stand for the physicalization that provides a good tracking
target from any viewpoint but limits the view to one (ideal) or at most two image targets at a time.
Our starting point was a box with one image on each vertical side. However, noting that prior
work has shown that image targets track most accurately when viewed from non-perpendicular
angles [1], we further refined the design to the truncated pyramid shape pictured in Figure 2. The
four-sided, truncated-pyramid base minimizes the number of targets simultaneously visible from
any viewpoint, while tilting the sides of the base to an angle of 40° from vertical, which, based on the
previously reported data [1], should optimize tracking for the top-down and side-on perspectives,
as illustrated in sub-figure (III).

Our implementation uses commercially available software and hardware. A Magic Leap is used
to display the augmented reality content with a resolution of 1280 x 960 pixels per eye, a horizontal
field of view of 50°, and a 120Hz refresh rate. Optical tracking uses Vuforia [54]. Graphics are
rendered using the Unity game engine, and a custom shader is used to occlude the augmented
reality graphics with the physical model, as shown in Figure 1 right (though a user’s fingers do not
occlude the graphics). It should be noted that the images in this paper containing AR visualizations
were generated using the Magic Leap’s built-in screen capture system, which had a screen space
offset between real-world and virtual content of approximately -0.037 units in the 𝑥 direction and
-0.006 units in the 𝑦 direction. This was compensated for by visually calibrating the scene to a
physical target before making the screen captures.

3.2 Sensing Multi-Touch Input on 3D Physicalizations
Our design for sensing touch through a 3D printed terrain-like surface builds upon related work
and workshops on the theme of “Touching the 3rd Dimension” [68]. Extending the fluidity of multi-
touch interaction off the surface of the screen and into/onto spatial displays is a longstanding goal
of this research, which includes work on perceptual illusion [11], tracking 3D gestures anchored
to a surface [34], redirected touching in purely virtual environments [43], and even dynamically
inflatable multi-touch surfaces [69].

Figure 2 shows our solution for translating physical touch into virtual environments. To enable
multi-touch interactions directly on the physicalization, it is split into a series of hexagonal columns
with a radius of 0.75cm. This size of hexagon is chosen to be small enough to approximate the radius
of a human fingertip yet maintain a manageable number of columns for the entire physicalization.
Tiled hexagons are used to avoid the rigid visual structure that a regular square or rectangular grid
imposes on the physicalization.

It should be noted that while the resolution of each column is fairly coarse, sub-hexagon touch
precision is achieved by placing the partitioned physicalization atop a high-resolution force-sensitive
surface, a Sensel Morph [62]. The hexagonal columns have flat bottoms which enables our software
to interpolate a user’s touch position within a hexagon. The Sensel Morph has a size of 24cm x
13.85cm and contains 185 x 105 force sensing elements which detect forces 0.049N-49N.

Using polygonal columns on such a sensitive device presents its own series of challenges. Firstly,
as the user presses down on a particular column, multiple touch points may be registered by the
device from the column’s edges contacting the surface. In order to remove these “ghost” touches
and ensure there is only one touch point registered for each finger, configurable parameters are
used. Since the physicalization is divided into 0.75cm columns, an assumption is made that two
fingers will never touch the same column – if a cluster of touch points within a diameter of 1.5cm
is registered, the point inside this cluster with the greatest force is kept and the remainder are
culled. To remove any other ghost touches remaining from the weight of the physicalization or
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Fig. 4. (Left image) The physicalization and force-sensing surface are placed on a truncated pyramidal
base. The base is situated onto a large fabric poster with contextual NASA satellite imagery around the
Filchner-Ronne ice shelf in the Antarctic. The imagery is not to scale with the physicalization. (Right image)
Worlds-in-miniature allow the user to view their data at multiple scales. All interactions still take place on
the physicalization; when users are focused on the larger world, the physicalization acts as a haptic proxy.

other physical factors, the touch points are thresholded such that those with at least 5x less force
than the others and those with an absolute force of less than 0.98N are ignored. Once the touch
points are filtered, they are made available on a network using VRPN [74] in order to be accessed
by other devices such as the augmented reality display.
In addition to the well-developed application to Antarctic ocean current simulations described

in detail later, we have also successfully applied these strategies for multi-touch input and tracking
to other datasets, such as the flow field in a pipe, pictured in Figure 2.

4 SYSTEM AND INTERACTION TECHNIQUES FOR MULTI-TOUCH QUERYING ON
DATA PHYSICALIZATIONS

This section describes how three classic interactive data querying techniques can be re-implemented
in the new context of hybrid virtual+physical visualization. Before describing these in detail, we
begin with a brief overview of the system architecture used in our implementation.

4.1 System Overview
Our system architecture includes four components: the immersive augmented reality visualization,
the multi-touch physicalization attached to a computer, the data host, and the visualization host.
Let us motivate this multi-component system by following the steps a user might take when

making queries into a visualization. The user begins by donning an AR device in a space near the
data physicalization. Figure 1 shows an approximate view of what the user might see here; the
immersive AR content for that visualization is spatially registered to the physicalization using
optical image-based tracking of the target images shown in Figure 4 (left). When the user touches
the physicalization, this input is sensed as described in Section 3.2 then relayed to the AR device by
a VRPN server on the touch host. The AR headset in turn calculates the proper virtual position of
each touch point. After converting the touch points from room-space to data-space using a series
of affine transformation matrices [32], a VTK data query is synthesized and sent to the data host as
an HTTP request. Query results are calculated on the data host using VTK [59], and a geometric
representation of the data is sent back to the AR headset and displayed in the visualization.
While not the focus of our human-computer interaction research, a companion touch screen

interface is also supported in this architecture for input related to system control (e.g., specifying a
timestep to view or switching between query modes). Additionally, we provide a touch-enabled
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Fig. 5. Streamlines are interactively seeded by moving a finger around on the surface of the physicalization
and releasing (left), while cutting planes are created by using two fingers (right).

design user interface that allows all data-to-visual mappings on the AR visualization to be modified
interactively [28]. The AR visualization is rendered using the Artifact-Based Rendering (ABR)
technique [39], delivering visually rich graphics to complement the data physicalization.

4.2 Streamline Seeding Interaction
Figure 5 (left) depicts a demonstration of an interactive stream rake widget that seeds streamlines
along a line segment defined by a point on the surface of the physicalization and a second point
directly above it. Streamlines are one of the essential tools for exploring fluid flow data from
computational fluid dynamics and other numerical simulations [49]. In particular, stream rakes are
used to create and view a collection of flow lines that pass through multiple seed points that are
evenly spaced along a user-defined line segment. Variation between the resulting flow lines can
then show researchers how flow patterns change along the axis defined by the line (ocean depth in
our case).

In our implementation, the base of the rake is defined by a user’s touch point on the physicalization
and the up vector. As the user moves their finger along the physicalization, a preview of the seeding
line is displayed on the AR device and updates in real time. The streamline resolution, number
of seed points, and length are all adjustable parameters. When the streamline rake is selected, its
coordinates are converted into data-space. Coordinates are sent to the data server, where VTK
components are used to advect the streamline geometry. The streamlines are then sent back to the
immersive AR visualization application, as shown in Figure 5 (left).

4.3 Cutting Plane Interactions
Figure 5 (right) demonstrates a cutting plane query defined by a user’s two touch points on
the physicalization. Interactively creating cutting planes is another useful tool for exploring 3D
volumetric data [42]; they allow a user interactively define a 2D slice into the data.

In our system, the user’s two touch points and the up vector define a basis for the cutting plane.
Again, an interactive preview of the plane is updated in real-time as the user moves their fingers.
When these touches are released, the coordinates are converted into data-space and sent to the
data server. VTK components are used to create the cutting plane geometry which is then returned
to the immersive AR app.

4.4 World-in-Miniature Widget
The ability to explore data at multiple scales is another indispensable technique in scientific
visualization [49]. Worlds-in-miniature [70] is a technique that makes it possible to view a virtual
environment at different scales while simultaneously interactingwith a proxy that is at a comfortable
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Fig. 6. Touch accuracy was measured with and without the tiled physicalization present. Random Cartesian
coordinates are projected on the bare force-sensing surface or physicalization (A), and a participant touches
these points (B). Image (C) shows positional error across conditions. Error bars show CI95.

scale. This technique has been used extensively in visualization research, for instance to compare
forest plots over time [48] and to explore flow data via multimodal displays [16].

Figure 4 (right) shows our implementation of worlds-in-miniature using the hybrid virtual + phys-
ical visualization model. The hybrid worlds-in-miniature technique uses the data physicalization as
both a primary view for the data and as a haptic proxy [50] for a larger AR visualization.

5 EVALUATION AND APPLICATION
Returning to the goals and requirements stated earlier, supporting exploratory visualization tasks
requires a robust, high-accuracy pipeline for capturing multi-touch input and a responsive display
that can usefully update the digital aspects of the visualization while maintaining accurate registra-
tion of the digital and virtual components. This section reports on two complementary evaluations:
1. a quantitative lab study on touch accuracy, and 2. an application to Antarctic climate science
data and feedback from a domain scientist.

5.1 Characterizing Touch Accuracy
We conducted a user performance study to better understand the low-level capability of sensing
multi-touch input through a data physicalization. During the touch study, the AR device was not
included because the touch coordinates reported to the Touch Host and AR device are identical.
Touch data were collected using the experimental setup pictured in Figure 6, which was designed to
detect touches at specific (x,y) coordinates with and without the hexagonally tiled physicalization
present. The study was designed as a within-subjects, repeated measures A vs. B comparison of two
conditions: touch input sensed through a hexagonally-tiled physicalization (phys) and touch input
sensed directly on the Sensel Morph’s touch pad (nophys). From our experience, we hypothesized
that the nophys condition would be close, but slightly more accurate than the phys condition.

5.1.1 Methodology. Participants (𝑛 = 8) were recruited from the local computer science student
population. All participants were right-handed and all reported having normal or corrected-to-
normal vision. After informed consent, the participants completed a series of pointing tasks in
which they were instructed to touch a target as accurately as possible with their dominant-hand
index finger. The tasks were presented in three blocks of 30 trials each. The first block was used for
training and consisted of 30 trials in conditions alternating between phys and nophys. During the
second and third blocks, participants touched points on the bare force-sensing tablet (condition
nophys) and the physicalization atop the tablet (condition phys). The order of these two blocks was
counter-balanced across subjects to ensure minimal learning effects.
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Target touch points were generated using a random uniform distribution across the 24cm x
13.85cm physical surface. Each random point was then displayed sequentially to the participant
via a projector aligned with the force-sensing surface (see Figure 6 A); each point was revealed
after the participant had completed the touch action for the prior point, and points were visualized
with a diameter of 5mm. The participant’s touch points were recorded after filtering to remove
ghost touches (using the strategy described in Section 3), and additionally adjusting for the Sensel
Morph’s hardware offset (𝑥 : 3.2mm, 𝑦: -2.6mm) and scale factor of 0.97.
The physicalization used in the study was of a synthetic terrain dataset and was the same for

all participants. The terrain data were generated by adding 50 randomly distributed Gaussian
peaks to create a bumpy surface with a maximum height of 8mm (Figure 6 B). These synthetic
data were used, rather than the pipe or Antarctic data presented elsewhere in the paper, because
we determined in pilot testing that a flatter surface was needed to avoid distortion effects when
projecting the target points on the physicalization.

5.1.2 Results. Touch data were recorded for 8 users × 30 points, totalling 240 data points for each
condition. 18 duplicate touches (touches that registered within 0.5s of each other) were registered for
nophys and 38 were registered for phys; as is common in touch-tracking software, these duplicates
were averaged and counted as one touch. Additionally, 10 expected touches for nophys and 4
expected touches for phys were not detected as they were either within the dead zone surrounding
the force-sensing tablet or below the force threshold in our touch reporting software.

Touch accuracy was measured by calculating the touch_error as the Euclidean distance between
the ground truth Cartesian coordinates and the coordinates of a participant’s touches. Points with
an 𝑥 or 𝑦 coordinate more than 3𝜎 away from the mean were considered outliers and discarded.

As shown in Figure 6C, participants selected points more accurately under the nophys condition
(𝜇 = 3.09mm, 𝜎 = 1.64mm) as compared to the phys condition (𝜇 = 3.22mm, 𝜎 = 2.1mm). A Shapiro-
Wilk test showed that the data were not normally distributed (𝑝 < 0.0001). Thus, a Wilcoxon
signed-rank was used to analyze significance. The two-sided Wilcoxon signed-rank test indicated
that the physicalization did not have a significant effect on touch_error (𝑝 = 0.753); thus, we fail
to reject the null hypothesis that there is no difference in mean touch_error between conditions.

5.1.3 Interpretation and Discussion. Comparing the results of touch_error between conditions
indicates that the average Euclidean distance between a participant’s touch points and the ground
truth points was slightly greater in the phys (3.22mm) condition than in nophys (3.09mm). We
did anticipate some difference in this direction since the rigidity of the physicalization hexagons
certainly contributes some error. However, after observing participants during the study, we also
suspect that some error was due to shadows in the projection used to display touch point as well
as the physical pixel size (about 0.5mm x 0.5mm).

These combine to leave us surprised that the study was unable to detect a significant difference
in touch accuracy across approximately 240 trials. Other factors could also impact this result.
For example, the number of participants was small and their backgrounds rather homogeneous
(limitations necessitated by the current constraints of the pandemic).

Despite these factors, we take the study as a promising initial characterization of the feasibility
of the core concept behind our tiled physicalizations–that the force of a participant’s touch can be
transferred directly through the column to the tablet, opening the door for sensing touch through
the type of rigid 3D printed physicalizations that are most easily created today.

5.2 Antarctic Climate Science: Application and Feedback
To assess the potential of multi-touch querying on data physicalizations in a real-world scientific
context, we constructed the augmented physicalization pictured in the examples throughout this
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Fig. 7. Streamlines are seeded based on the velocity of the ocean currents underneath the Filchner-Ronne
ice shelf, and are colored by the ocean temperature. Glyphs are distributed based on a density-based point
sampling of the Ice Shelf Water mass. The grounding line where the ice intersects with the water and land is
shown as a ribbon on the visualization.

paper and conducted a user interview with a climate scientist collaborator actively studying the
phenomena. The Filchner-Ronne ice shelf in Antarctica is of significant interest to climate scientists
because ice shelves extending from the Antarctic continent prevent ice sheets on the continent itself
from melting rapidly and flowing into the sea (see Figure 7). The water content of the Antarctic
ice sheets and shelves combined has the potential to inundate many of the planet’s major coastal
population centers if completely melted. The melt rates beneath the ice shelves exceed the surface
melt rates and are difficult to monitor, as water masses and currents of varying temperature,
salinity, flow rate, and more must be tracked and are invisible from the surface. A more detailed
understanding of the currents, their intensity, and their temperature will enable scientists to more
accurately predict the melt rate of the ice shelves, which play a critical role in sea-level rise as well
as climate patterns across the globe [2, 37, 52].
Technical results of the application to climate science in Antarctica’s Filchner-Ronne ice shelf

are pictured throughout the paper as well as in the accompanying video. All three of the classic
data querying interaction techniques described in Section 4 are applicable to these data and are
controllable via multi-touch queries made on top of the Filchner-Ronne ice shelf 3D print.

5.2.1 Data Conversion. Due to the physical constraints of the direct-touch sensing mechanism, a
subsection of the Filchner-Ronne ice shelf was selected based on conversations with collaborating
climate scientists about areas of interest within this region. The subsection measures 945 km by 545
km, and underwent transformations from its original coordinate space in the climate simulations,
including a stereographic projection, a vertical exaggeration of 60x, clipping and scaling to the
size of the force-sensing tablet, and finally segmenting into hexagonal columns as discussed in
Section 3.2. Special care was taken to preserve the original directionality of the ocean current flow
vectors when applying the stereographic projection and performing affine transformations on the
data. Hexagonal columns of the surface data were 3D printed with a layer height of 0.15mm, taking
a total print time of about two days for the 247 hexagons in the segmented surface data.
Figure 4 (left) shows the 3D printed region of interest along with NASA satellite imagery from

the Filchner-Ronne ice shelf. Tracking images that align the virtual and physical visualizations
are adapted from NASA satellite imagery, which provides additional context for the position and
orientation of the data and the physical model relative to a bird’s-eye view of Antarctica. The images
are affixed to the truncated pyramidal tracking base, and the context they provide is enhanced by
placing the entire assembly on top of a large 2D poster, extending the Antarctic imagery.

5.2.2 Climate Scientist Interview. The interview was conducted with one investigator physically
present and two remote investigators joining via video conferencing.We began the interview process
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by asking the climate scientist to explore the system, using a “think-aloud” approach as we directed
him through a series of introductory tasks designed to demonstrate the capabilities of our system.
These tasks included seeding streamlines, creating cutting planes through the volumetric data,
and using the multi-scale view to view details of the ocean current mixing. We then prompted the
scientist throughout his exploration process with questions designed to encourage both constructive
criticism about the system as a whole and feedback on the scientist’s usage of the system. Questions
included, for example, “How does it feel to explore your data in this format?” and “How do you
think this configuration could play a role in your collaboration with peers?”
When setting up the physicalization for the interview, we noted that the orientation of the

physical model relative to the user is a critical consideration [57]. The bathymetric physicalization
was oriented with North facing away from the user, a common perspective that the scientists use
when working with these data.

The interview revealed several preliminary insights. Following the introduction tasks, the climate
scientist conducted a rapid “lay-of-the-land” exploration by touching the printed bathymetry in
several locations, seeding clusters of streamlines to understand the velocity, temperature, and
direction of interesting flow patterns. He noted our system’s utility in selecting streamlines precisely
on the surface and added that automatically seeding an initial set of streamlines at the start would
help narrow down areas of interest in the data.
The climate scientist reacted to the physicality of the data visualization, saying “The fact that

the data overlays something physically is really wonderful...I’ve never experienced this before. There’s
a really intuitive feel to it.” and “[The printed bathymetry] really grounds you and provides useful
context for the data itself.” He noted the system’s potential for improving his group’s research and
inter-scientist communication more generally, particularly if a future iteration of the system acted
as a centerpiece that team members could walk around, examine, and reference interactively on
a tabletop. He further indicated that a hybrid system might increase public interest and improve
communication of critical but complex concepts in this field.
In addition to these overarching comments, the climate scientist provided useful feedback on

several specific aspects of the design. He observed of the hexagonally-segmented physicalization
itself, “I like the hexagons... it’s much more stable [than squares], and I think having squares instead of
hexagons would be much more distracting.” The scientist expressed particular interest in the ground-
ing line – the line where water, depressed by surface ice, meets the land. This feedback prompted
the grounding line’s inclusion as shown in Figure 7. He also stated that a larger physicalization
of the bathymetry would have been extremely useful, even if it wasn’t all touch-sensitive, adding
that he found himself primarily using the printed bathymetry as an orientation device as opposed
to searching for small details in the physical model. This observation was striking. Counter to
our expectations, the physical model became a spatial marker in three dimensions that acted as a
peripheral canvas for the data of greater interest as opposed to a primary data object itself.

Although the subjective user feedback presented here should be treated only as an early data point
in understanding the potential of this approach, the interviewed scientist and other collaborators
noted several use cases where there is strong potential for hybrid virtual + physical visualization.
Speaking on the subject of collaboration, one scientist remarked “Having it available to work with
and show other scientists – I think there’s a lot of potential there.” Furthermore, “There’s a lot of
potential for people to see and get excited about the science because it’s something new and interesting.”
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6 DISCUSSION
6.1 Limitations
Our approach to hybrid visualization, while a novel step forward, has two principal limitations.
First, for some workflows, the digital fabrication time may be prohibitive. Printing time can be
reduced by increasing the layer height, but this comes at the cost of a lower-resolution model.
However, our scientist feedback interview indicates potential for some flexibility in resolution,
depending on how a user identifies and works off of the physical model.

Another issue that emerged with the hexagonal column design is the challenge of keeping all the
tiles linked together. Researchers needed to be cautious when moving the physicalization from the
3D printer to the touch surface, as the hexagons could become a 3D puzzle very quickly if dropped.
Currently, we mitigate this issue with the 3D printed frame shown in blue on Figure 2 I-C, which
nicely holds the tiles in place on the surface but will not prevent them from scattering if turned
upside down. Although several prototypes for linkage between hexagons together while preserving
complete touch sensitivity have been made, we have not yet found a foolproof resolution.

6.2 Potential for Other Applications
Our solution to hybrid virtual + physical visualization has been applied to several datasets so far,
including those shown in this paper, though our solution is not limited to such data. We have
considered, for example, applying this technique to brain microstructure data as well as treatment-
planning data from radiation therapy procedures. In these anatomical cases, we would physicalize
a slice or surface out of a CT scan and segment it, enabling the domain scientists to create cutting
planes and interactively seed directional glyphs at points of interest to further explore their data.

The addition of a force-sensitive surface underneath the physicalization also opens up new possi-
bilities for interactive techniques that not only leverage a user’s touch but also the touch’s pressure.
This is not a new area of research [13], but its application to 3D exploratory visualization could
inspire new data querying widgets, such as sampling glyphs with density determined by pressure
or using pressure to control the number and length of streamlines Further, such systems present
new and highly complex visual design challenges and open new avenues for experimentation,
including the materiality, appearance, and scale of the physical models and their interactions with
the virtual visualization.

6.3 Further Touch Sensing Evaluations
One of the most interesting discussion points raised by the touch accuracy study is the issue of
what accurate touch means when sensing touch through a physicalization. The results from the
study in Section 5 suggest that there are many contributing factors, both hardware and software.
While the parameters of the touch-filtering algorithm remained constant throughout the study
and application, these are all individually adjustable to achieve a more accurate touch and further
avoid duplicate and missed touches. Such tuneable parameters may include the clustering diameter,
minimum absolute force threshold, and force threshold relative to other touch points on the surface.
Beyond these software parameters, we must also consider the hardware setup – what is the effect of
polygon size on touch accuracy? Polygon shape? Height of the columns? The durability and linkage
between columns? This last item proved to be of particular interest; during the touch study, several
participants voiced concerns about “breaking” the physicalization during the phys condition, and
one managed to unseat a hexagonal tile while touching the physicalization. These are all factors
that have the potential to impact accuracy of a multi-touch physicalization, and thus need to be
evaluated in future studies. Additional studies must also be run (e.g. in the style of [35]) to test the
exploratory capabilities and interactive techniques used in the hybrid visualization system.
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7 CONCLUSION
The motivation for the work was to fuse the “best of” physicalizations and virtual displays; specifi-
cally our goal was to create a form of data physicalization that can be used for interactive, exploratory
visualization. We demonstrated that this is indeed possible; in fact, we showed for the first time
what three classic spatial data exploration widgets might look like when designed for use with a
data physicalization in conjunction with immersive AR. The preliminary quantitative lab study of
touch accuracy lends support to the feasibility of the core concept of sensing touch input through
a tiled physicalization surface, and the application to exploratory visualization of Antarctic climate
simulations demonstrates how the sensing and interaction techniques can be used with real data.
We believe the sensing solutions and interactive techniques presented here are a major step forward
for the future of hybrid visualization platforms. This exploratory research provides evidence for
significant future potential of interactive, surface-based hybrid visualization.
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