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Figure 1: Hidden Interfaces is designed to be embedded underneath transmissive materials, such as textile, wood veneer, acrylic
or one-way mirrors, and appear on-demand for touch-based interaction. Our vision is to enable low-complexity interaction
technology that can coexist with everyday materials and aesthetics.

ABSTRACT

Consumer electronics are increasingly using everyday materials
to blend into home environments, often using LEDs or symbol
displays under textile meshes. Our surveys (n=1499 and n=1501)
show interest in interactive graphical displays for hidden interfaces
— however, covering such displays significantly limits brightness,
material possibilities and legibility.

To overcome these limitations, we leverage parallel rendering
to enable ultrabright graphics that can pass through everyday ma-
terials. We unlock expressive hidden interfaces using rectilinear
graphics on low-cost, mass-produced passive-matrix OLED dis-
plays. A technical evaluation across materials, shapes and display
techniques, suggests 3.6-40X brightness increase compared to more
complex active-matrix OLEDs.

We present interactive prototypes that blend into wood, textile,
plastic and mirrored surfaces. Survey feedback (n=1572) on our
prototypes suggests that smart mirrors are particularly desirable.
A lab evaluation (n=11) reinforced these findings and allowed us
to also characterize performance from hands-on interaction with
different content, materials and under varying lighting conditions.
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1 INTRODUCTION

In recent years, we have seen an increased interest in the ability
to deliver on the vision of ubiquitous computing. With the pro-
liferation of consumer electronics and smart appliances, homes
are beginning to embrace various types of smart devices, Internet-
connected technology that offer functionality such as music control,
voice assistance, and home automation. A graceful integration of
these devices requires adaptation to existing aesthetics and user
styles. There has thus been an increasing desire to create smart de-
vices and appliances, which can preserve the aesthetics of everyday
materials, while providing on-demand access to interaction and
digital displays.

Today’s smart devices tend to fall into two categories. On the
one hand, there are devices with no or minimal displays, where
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Figure 2: Concept sketches that illustrate how hidden interfaces could appear and disappear in everyday materials and appli-
ances. From left to right: The speaker’s volume control appears upon touch; The dishwasher displays the remaining time (27
minutes) and the current wash cycle (5/6) when the user waves their hand; The mirror displays the current outdoor tempera-

ture (75° Fahrenheit) when it detects a user in front of it.

Figure 3: Parallel rectilinear rendering achieves ultra-bright graphics on low-cost passive-matrix OLED displays. From left to
right: Display hidden under textile; Touch-activated controls; Switches under veneer; Typography diffused by textile; Clear
text under mirror; Leveraging high-speed rendering of scalable vector graphics for animated 3D effects.

the main interaction is performed through a mobile app or using
speech. On the other hand, there are high-fidelity touch displays, re-
cently often leveraging active-matrix OLED (AMOLED) technology.
Their disadvantage is the tension that screens create with everyday
materials, and when turned off, black screens become “black holes”
that disrupt the physical environment.

To enable expressive displays without these tradeoffs, strategies
have been developed to realize displays that can disappear. Partially
reflective material has been used to hide displays when not in use in
e.g., smart mirrors (e.g., [4, 16]), TV mirrors (e.g.,[28, 29]) and smart
thermostats [14]. Frosted, translucent materials can hide displays,
but absorb and distort light, which limits their use to basic diffuse
and dim graphics (e.g., [13]). Today’s brightest displays are expen-
sive and complex as they are optimized for image quality. Rendering
strategies for low-cost displays on the other hand, are typically not
effective in generating sufficient light to pass through everyday
materials. To overcome this limitation, smart speakers are increas-
ingly using textile mesh covers with special-purpose illumination.
They employ high-brightness LEDs underneath textile to provide
abstract indicators [12], 7-segment displays to show time [32], or
to illuminate fixed icons [41]. These special-purpose displays are,
however, limited to basic, predefined content. Projectors have also
been proposed for on-demand interfaces, but they are less relevant

for our use cases of self-contained smart home devices, since they
are not designed to fit into compact and flat form factors. Front
projection, on the other hand, might not be practical in everyday
home environments due to brightness limitations, occlusion issues
and the need for calibration, alignment and distortion correction.
Additionally, it is not practical to project onto reflective, specular,
or textile mesh surfaces.

Hidden interfaces that can blend into the environment have a
unique potential to balance aesthetics and functionality, with new
opportunities for ubiquitous computing (See Figure 1). We real-
ized a system that can allow home device controls to appear from
underneath textile, wood, plastic and mirrors — and fade out and
disappear when not in use, as illustrated in Figure 2. In this work,
we advance the potential symbiosis of electronics and everyday
environments through user research, interaction technology and
technical characterizations.

Specifically, our work focuses on hidden displays that can sup-
port interaction with expressive, reconfigurable graphical user in-
terfaces (Uls), expressive scalable vector graphics, and typography
(See Figure 3). Our direction is informed by large-scale surveys
(n=1499 and n=1502), which show clear interest in such displays and
provide insights on participants’ material and content preferences.
To enable the required high-brightness visuals to pass through
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materials, we leverage efficient parallelized rendering on passive-
matrix OLED (PMOLED) displays using rectilinear, axis-aligned
lines. We use hardware prototypes to demonstrate Uls that can
appear through transmissive materials using low-cost PMOLEDs.
By coupling our visual output with capacitive sensing, we enable a
series of applications across four types of everyday materials. To
validate the advantages of the approach, we conducted a techni-
cal evaluation using seven material conditions, four displays, and
content consisting of simple shapes, text and Ul elements. We also
solicited feedback on six implemented use cases in an evaluative
large-scale survey (n=1572). Finally, we conducted a user study with
11 participants that provides quantitative and qualitative feedback
on interactions with our display under different lighting conditions,
materials and applications.

1.1 Contributions

The contributions of this work are:

¢ Foundational large-scale surveys with 1499 and 1502
participants, which provide insights on who may be inter-
ested in hidden interfaces, and the most promising materials
and content types.

Hidden Interfaces hardware and Uls that implement on-

demand interaction using high-brightness, parallel rendering

of rectilinear elements on low-cost PMOLED displays. We
demonstrate scalable graphical UI elements and typography
with fluid animation enabled by high-speed rendering.

e Technical evaluation that characterizes the technique’s
performance in seven material conditions, comparing it to
three baselines (scanline rendering and two high-quality
AMOLED displays), with basic primitives, as well as a se-
lection of representative Ul elements and text. Our analysis
suggests that our method can achieve more than 3.6-40X
increase in brightness for rectilinear graphics on most trans-
missive materials for these types of content.

e Evaluative large-scale survey with 1572 participants

on the desirability of our implemented hidden interface use

cases.

Evaluative lab study with 11 participants that provides

feedback from hands-on experiences with our prototypes.

We report results from content being viewed under different

ambient lighting, performance measured in a targeting task,

and qualitative feedback on concept, use cases and materials.

2 RELATED WORK
2.1 Hidden textile displays

Hidden displays are often explored in the context of textiles so that
they can be discreetly embedded in clothing, for example, using
braiding [25], knitting [26], and weaving [5] to enable the inte-
gration of flexible, emissive optical fibers with textile fibers, using
manual techniques or through programmable industrial machines.
Such displays can appear and disappear while minimally impact-
ing the appearance of the fabric. Discrete LEDs have also been
manually sewn into textiles with conductive thread [3]. Arranging
discrete LEDs into graphical display matrices is possible, but inef-
fective and limited to low pixel densities, greatly constraining the
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possible expressivity. To add graphical display capabilities, other ap-
proaches include liquid crystal ink [38], thermochromic ink [7, 27],
and electroluminescent materials [15]. These techniques have other
challenges, such as no or low light emission, slow refresh rates, and,
most importantly, limited scalability of the fabrication methods.
Additionally, they usually do not inherently provide a mechanism
to hide the display when not in use. Our technique provides an
expressive graphical display, which can appear/disappear on de-
mand with fast refresh rates, and we leverage widely available and
low-cost PMOLED technology. While textile display research is
typically focused on material integration, ambient displays also
require low-cost, low-complexity and always-on capabilities.

2.2 Ambient displays

Ideas and research around ambient displays have been popular
in ubiquitous computing [21, 37]. E-ink has been integrated into
wearables, such as clothing [8] and nails [9], and been powered
wirelessly using Near-Field Communication (NFC) [6]. E-ink’s main
disadvantage is a slow refresh rate and high power consumption
during screen updates, making it less suitable for real-time interface
and interactions.

Living Wood [18] created an inspiring alphanumeric segmented
display underneath wood, but resolution and scalability is limited
by complex individual wiring to each LED. The limited expressivity
of the segmented display is also amplified by perceptual risks [35].

Ambient displays can also take non-graphical forms, such as
embedding custom-designed displays in everyday objects or walls,
using screen printing of electroluminescent materials [24]. Other
ambient displays follow the philosophy of tangible interfaces [17]
to communicate using movement or shape change [40]. The major
disadvantage of such displays is their limited expressivity. Even in
our proof-of-concept implementation with a 128x96 resolution, we
have more than 12 000 individually controllable LEDs in a dense
arrangement. It is, however, critical to balance complexity, expres-
sivity and scalability in ambient displays to match intended use.

2.3 Optimizing display performance for
specific applications

While many applications can leverage generic display configura-
tions and drivers, researchers continue to optimize performance
for specific applications through innovative software and hard-
ware. Many rendering techniques focus on environmental light
correction [23, 33] or image quality, such as resolution, contrast,
brightness, and depth of field. Computational techniques include
using image decomposition to improve image quality [30], whereas
custom hardware allowed multi-layer LCDs [19] to increase res-
olution and depth of field, or enable high dynamic range (HDR)
through projected modulated light [2]. Custom displays are, how-
ever, expensive to produce at scale — thus, there are advantages
in leveraging inexpensive off-the-shelf displays. Rendering tech-
niques have also been used to reduce OLED power consumption,
by selectively dimming parts of the screen where the user is not
looking [39]. Inspired by this research, we use a parallel rendering
pipeline that is particularly suitable for high-brightness rendering
of rectilinear Ul primitives on widely available and low-cost display
technology.
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Figure 4: Desirability rankings for hidden interface materials and content. Top: Material preferences for participants who feel
that it is important (+), unimportant (-) or neither (0) that smart device aesthetics match the user’s home (n=1499). Bottom:
Content preferences for participants who have (yes) and have no (no) experience using home devices (n=1502).

3 FOUNDATIONAL LARGE-SCALE SURVEYS
WITH 1499 AND 1502 PARTICIPANTS

To learn about the potential for hidden interfaces, we decided to
leverage large-scale surveys to get a broad representation of the
general population. Our goal was to understand the desirability of
hidden interfaces, various cover materials and content to display
— and how attitudes might vary based on home device usage and
interest in style and aesthetics.

3.1 Participants

We used Google Surveys [11] to deploy two surveys (due to limita-
tion of ten questions per survey) to the general population in the US
of all ages and gender, since that was the largest English-speaking
population that we could target with the tool to get broad represen-
tation (“Internet users reading content on a network of web-publisher
sites using Google Opinion Rewards for Publishers”) [11]. Further-
more, the US has the highest penetration rate for smart homes [34].
Survey 1 focused on attitudes towards specific materials that the de-
vice could be hidden under, whereas Survey 2 focused on attitudes
towards the types of content that such hidden devices could display.
For the 1499 complete responses in Survey 1, the platform reported
that 34% were women, 42% men, and 24% unknown, across all age
ranges (4%: 18-24, 13%: 25-34, 13%: 35-44, 14%: 45-54, 16%: 55-64,
16%: 65+, and 24% unknown). For the 1502 complete responses from
Survey 2, 30% were women, 44% men, and 26% unknown, across
all age ranges (4%: 18-24, 11%: 25-34, 12%: 35-44, 14%: 45-54, 17%:
55-64, 16%: 65+, and 26% unknown).

3.2 Results

We summarize the main findings in this section, but the detailed
statistical analysis is provided in Appendix A.

Specific materials. Desirability for devices hidden under plastic,
wood, mirror or textile (n=1499). The results suggest that people
who ranked design importance high also rated wood and mirror
materials significantly higher than others. See Figure 4, top.

Specific content. Desirability for different content (n=1502). The
results suggest that there was a statistically significant difference in
content type ratings for the whole population and between groups
with different home devices usage. Overall, text was ranked highest.
Text and image content were also both significantly higher rated

than video. Additionally, people who had used home devices rated
text, controls and images significantly higher than others. See Figure
4, bottom.

3.3 Discussion

Perceived importance of design led to higher preference for wood
and mirror materials. Today’s consumer devices that use displays
underneath material mostly leverage textile meshes or plastic, with
mirrored surfaces being less common. While we did not see an
effect for our general population or based on device experience, our
analysis did show that design preference influences how desirable
people find different materials. Especially, we identified that this
group more than others favored wood and mirror materials, as
shown in Figure 4, top. This insight suggests an opportunity to
explore displays that could penetrate wood surfaces, while also
being compatible with plastic, textile and mirrored surfaces.

Experience with home devices led to stronger preference for text,
controls and images. Home devices span a wide range of display
capabilities, from basic digital time displays to high-definition tablet-
sized screens. Our analysis helps inform the types of content to
support in hidden interfaces by showing that people who had used
devices rated text, Ul controls and images higher, and that video
was the least desirable content. See Figure 4, bottom.

4 EFFICIENT, HIGH-BRIGHTNESS
RENDERING FOR AMBIENT DEVICES

The large-scale surveys suggested potential for hidden displays
that present simple graphics and text. In this section, we discuss
how content-aware rendering enables low-cost and widely avail-
able matrix displays to gain the significant brightness needed to
penetrate everyday materials, unlocking their potential for use as
cost-effective hidden interfaces.

4.1 Popular special-purpose displays do not
emit enough light to penetrate materials

Products select displays based on both application needs and trade-
offs between cost and complexity. Thus, we continue to see prod-
ucts that use E-ink for E-book readers, LEDs for oven timers, and
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Figure 5: Parallel rendering activates multiple rows simultaneously to take advantage of redundancies in rectilinear graphics,
which can greatly reduce the number of frames needed to render contents. The Scanline content-agnostic rendering processes
each row, which limits the brightness since at most one row can be illuminated at a time.

Table 1: Simple rectilinear primitives require only 1 or 2 operations with parallel rendering, compared to the scanline tech-
nique, which requires iterations through all rows that make up the display height (h).

Primitive ‘ Parallel rendering

‘ Scanline (row-by-row)

Solid rectangle 1 operation

Hollow rectangle | 2 operations (horizontal + vertical lines)

Vertical line
Horizontal line

1 operation
1 operation

LCDs for microwaves. While many of those technologies are cost-
effective at scale, none of them have the emissive capabilities to
display images from underneath materials.

4.2 Cost and complexity of AMOLEDs is
prohibitive for ambient devices

While many of today’s consumer devices employ AMOLED displays,
active electronics greatly increase complexity and cost. AMOLEDs
are therefore mainly used in high-end devices, such as smartphones,
tablets and premium smartwatches, as their cost and manufacturing
complexity is prohibitive for ubiquitous computing devices. While
the cost and availability of premium AMOLED displays will improve
over time, they are still not ideal for every application or product.

4.3 PMOLEDs low brightness is the result of
content-agnostic scanline rendering

AMOLEDs achieve high-quality, flicker-free and bright graphics
through dedicated memory, which maintains per-pixel state.
PMOLEDs, however, are based on a simple design without per-
pixel memory, which greatly reduces manufacturing costs and com-
plexity. Thus, they continue to be used in basic devices where
AMOLEDs are too advanced, as PMOLEDs are a great match for
small, low-complexity Uls with limited resolution. The disadvan-
tage of PMOLED:s is that they require active display driver circuitry
that runs an update loop to select columns and power rows, con-
trolling how current flows through and illuminates specific pixels.
To display general-purpose content, existing drivers inspect the
framebuffer using the scanline technique (row-by-row), and select
which columns to activate for each row. For each display frame,
they thus need to iterate through all rows for the height of the
display. This process results in only one row of pixels turned on
at a time, which limits the instantaneous display brightness to the
luminance of 1 row of pixels (width X per-pixel luminance). The
vertical temporal multiplexing can also introduce flicker since all

h operations (all shapes)

rows except one are always turned off. See Figure 5, "Scanline”
(right).

4.4 Parallel rendering can boost PMOLED
brightness by several orders of magnitude

However, similarly to how multiple columns can be selected, we can
also simultaneously enable multiple rows. The parallel powering of
multiple rows replicates the column pattern across the rows, with
the potential for more light output and higher frame rate. This tech-
nique is most effective when it is applied to rectilinear, axis-aligned
geometry, such as rectangles, where there is inherent redundancy
of content across rows. A significant increase in performance is
thus possible if we can use rectilinear primitives as input to the
display driver, rather than framebuffer pixels. For example, Figure
5 shows how a rectangle outline can be rendered with just two
operations, when parallel rendering can activate all similar rows.
The corresponding scanline version will need a frame for each row,
resulting in as many operations as there are rows — height(display)
operations.

The architecture also supports unique brightness levels in each
operation through variation of the voltage differential between
rows and columns. Thus, we can control per-pixel brightness by
providing unique values in each activated column, and unique val-
ues in each activated row. For example, interpolating from [0..255]
for a column vector, and [0..255] for a row vector would render
a gradient fill from 0 (top, left) to full brightness (bottom, right),
in a single operation. Figure 3 shows a practical example of how
slide switches under veneer are rendered dim when off (top) and
brighter when on (bottom).

The technique is not strictly limited to lines and rectangles, even
if that is where we see the most dramatic performance increase.
Rounded shapes can be achieved by omitting corner pixels, requir-
ing 1 additional operation for filled rectangles, but no additional
operations for hollow rectangles. We can also add antialiasing pix-
els for smoothing, where we render four corner pixels in a single
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Figure 6: Slider, toggle, switch and cursor. Using primitives, we compose basic UI elements for continuous or binary input.

operation. Diagonal lines and circles benefit the least from our ap-
proach, given that their content has little redundancy across rows.
Worst case is when we need a unique row/column combination
for each pixel in a diagonal line across the width/height of the dis-
play, which would result in the same performance as the scanline
algorithm. Circles could, however, leverage their symmetry when
decomposed into vertical and horizontal lines to achieve at least
2X the performance of the scanline algorithm.

This work leverages the temporal and spatial advantages of
parallel rendering for significantly brighter graphics thanks to both
the drastic speed-up and the ability to illuminate larger areas of
the display in each frame, compared to a single row for scanline
rendering.

5 SCALABLE RECTILINEAR UI PRIMITIVES
AND CONTROLS

The survey results suggest a preference for Ul elements and text
over more complex content (e.g., video), which supports our empha-
sis on rectilinear graphics and Ul-focused application scenarios. To
fully take advantage of the parallel rendering of multiple rows, we
designed a system around rectilinear graphics that can be rendered
efficiently based on the redundancy across rows and columns. The
designer can thus balance desired display brightness with the num-
ber of on-screen elements, and further leverage aligned graphics to
exploit redundancies. Rectilinear redundancies also allow arbitrary
stroke thickness and effects. (See Figure 3). Graphics can be scaled,
stretched and moved freely on the canvas from frame-to-frame,
enabling fluid animations and pseudo-3D effects. The system is
designed for a small set of minimal UI elements to enable occa-
sional and sporadic interactions with on-demand interfaces and is
not suitable nor intended to be a complete UI framework with ad-
vanced compositions. We envision that each interface can provide
different basic controls, such as light switches, volume controls and
thermostats — but only showing one at a time.

5.1 Basic primitives: rectangles and lines

Rectangles and lines form our basic elements, which we render with
just 1 or 2 operations (See Table 1). For these primitives the speed-
up is (0.5 to 1) X the display height (h) compared to the scanline
approach. On our 128x96-pixel display, a hollow rectangle and a
filled rectangle can thus appear 48X or 96X brighter, respectively.
We can further compose rectangles and lines to form a basic set of
user interface controls for parallel rendering, as shown in Figure 6.

5.2 Sliders: continuous parameters

The vertical/horizontal slider is a widely used Ul-element. To con-
trol and visualize continuous parameters, like audio volume, we
combine a darker hollow rectangle (outline), partially filled with
a bright solid rectangle, as shown in Figure 7, which also shows
how we can leverage the ability to use different brightness levels
across operations. Per Table 1, composing a dark hollow rectangle
and a solid fill requires 3 operations. We support arbitrary stroke
thickness, since that just adds redundant lines, which we can render
in the same operation.

Additionally, we can use multiple bars to visualize, e.g., audio
spectrum during music playback or to control multiple parameters,
such as RGB/HSV color for a smart lightbulb. We can render n
horizontal sliders using 3 operations if they are all on a single row,
or using 2+n operations if they are all aligned vertically. The aligned
outlines are rendered in parallel using 2 operations. For sliders on a
single row, we can render all unique values in 1 operation, whereas
vertically aligned sliders require 1 operation for each.

5.3 Selection controls: toggles, radio buttons,
and switches

Figure 7 shows our implementation of Toggle and Switch, two com-
mon selection controls. The toggle can be used for both checkboxes
(multi-choice) and radio buttons (exclusive selection). We render it
with a dark hollow rectangle when not selected (2 operations), and
add a bright filled rectangle when selected (3 operations). For our
switch, we use a dark outline and fill it with a dark rectangle to the
left (off), or with a bright rectangle to the right (on).

5.4 Cursor: 2D selections

A 2D cursor could be useful for certain selections and controls. For
example, for controlling the color of smart lights, we could use the
Y-axis for brightness, and X-axis for hue. To support such interac-
tions, we use a crosshair, which can be rendered in 2 operations
(horizontal line + vertical line).

5.5 Scalable typography: animations, effects
and interaction with segmented characters

We enable parallel rendering of interactive text and digits in hid-
den interfaces by segmenting characters into shared rectilinear
components. We maximize the reuse of a small number of unique
row/column combinations such that the full character set can be
composed with as few operations as possible. We are, however,
not limited to specific resolutions or positions given that it is a
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Figure 7: Ul elements through textile. Top: Slider. The sliders move left when touching the capacitive touch sensor on the left
and vice versa. The sliders are composed of a dark hollow rectangle and a bright solid rectangle. Center: Switch. The switch
will toggle on/off when touched nearby. It renders dark when turned off and bright when turned on. Bottom: Toggle. Selection
boxes will toggle between filled/hollow (on/off) when the closest electrode is tapped.

matrix display. There are many possible strategies to implement
characters using segments, and to demonstrate the versatility of
the matrix display, we implement 7-segment characters to facili-
tate comparison with popular 7-segment LED displays, which have
fixed positions and resolution. Our implementation is a proof-of-
concept, which omits characters with diagonal strokes (e.g., "k", "v",
"x"), but it would be straightforward to extend the font with addi-
tional segments that trade brightness for resolution with additional
operations.

HIlLlI= di=" T

5.5.1 Optimized rendering of 7-segment characters. Individual 7-
segment characters require <3 operations, whereas a string of any
length requires <5 operations due to the redundancies across rows
and columns. Figure 8 shows how character sequences have <3
unique groups of horizontal strokes and <2 unique groups of verti-
cal strokes. Figure 9 shows a thermostat control with digits and bar
graph.

5.5.2  Scalable typography. There is no added cost in introducing
or modifying segments as long as they align with existing groups.

2= 3=

= D

= LT
HEY | = === o

HEY

Figure 8: Scalable typography: 7-segment characters. Individual characters can be rendered in 1-3 operations. Strings of arbi-
trary length require at most 5 operations, since there can only be 3 unique groups of horizontal strokes and 2 unique groups

of vertical strokes. See "907"/"HEY", operations 1-3 and 4-5.



CHI 22, April 29-May 5, 2022, New Orleans, LA, USA

Alex Olwal and Artem Dementyev

Figure 9: Thermostat control on veneer. The current temperature is displayed with digits, as well as mapped on a bar graph.

The temperature can be adjusted by touching the top or bottom.

Figure 10: Animating typography. Per-frame control of rendering parameters enables 2.5D effects. Here, the number "10" is
shown with scale, brightness and strokeweight increasing with "proximity" to the viewer. In contrast to fixed 7-segment LEDs,
our high-speed matrix display allows the font to be smoothly animated, enabling the text to scroll, bounce, scale, or zoom.

We can therefore dynamically vary strokeweight to make thin-
ner/thicker characters, change font size or adjust aspect ratio, e.g.,
to fit more characters onto the screen. Such changes can be applied
on a per-frame basis to animate text properties in real-time. This
flexibility is a major advantage compared to traditional 7-segment
displays where the segments are in a fixed size, shape and position.

5.5.3 Animations, Effects and Interaction. The per-frame-control
of font properties coupled with the high frame rate of the display
enables very fluid animations. These capabilities greatly expand the
expressivity of the rectilinear graphics, far beyond what is possible
on fixed 7-segment LED displays. We implemented three effects to
illustrate this expressivity:

(1) 1D Scrolling text. Scrolling ticker that smoothly animates
text going from right to left for showing longer messages.
Users can interactively control the speed. A fixed 7-segment
LED display would have to shift characters in large discrete
steps (the width of one digit at a time), which would interfere
with the perception of continuity.

(2) Text with 2D motion. Clock display that users can position
in 2D using touch interaction — by scaling the font size, users
can choose between larger digits showing hours and minutes,
or smaller digits that include seconds.

(3) Text with 2.5D motion. By leveraging per-frame changes
to scale, brightness and strokeweight, we realized a zooming
effect in our countdown display where numbers sequentially
"fly" out towards the user. (Figure 10).

6 IMPLEMENTATION

In our proof-of-concept implementation, we leverage a PMOLED
display (Truly) with 128x96 resolution that has all rows and columns
broken out to a flexible header. Unlike PMOLED displays in prod-
ucts, it has no driver chip, instead all row/column drivers are routed
to a connector for direct access. We use a custom PCB with four-
teen 16-channel Digital-to-Analog Converters (DACs) to directly

interface the 224 lines (14 DACs X 16 channels = 224 channels = 128
columns + 96 rows) from a Raspberry Pi 3 A+ over SPI. Software
creates each frame by writing row and column voltages to a frame-
buffer, which are then clocked out to the DACs (Analog Devices
LTC2668).

For touch interaction, we built a ring-shaped PCB surround-
ing the display with 12 electrodes arranged in arc segments. The
electrodes are connected to a capacitive proximity touch sensor
controller (NXP MPR121), which is interfaced over I°C from the
Raspberry Pi. Our software is written in Python. See Figure 9 for
an interactive thermostat with scalable text, graphical slider and
touch-based interaction.

A 3D-printed cylindrical enclosure encapsulates all components,
except the power supply. The enclosure is designed to also hold in
place different materials to allow characterization. Flexible materi-
als, such as textile, can be stretched over it, whereas rigid materials
are cut into circular discs. See Figure 11.

Capacitive Touch
Electrodes

PMOLED

Display
Positioner

Display Driver for
Parallel Rendering

Raspberry Pi 3 A+

7\

Cover Frame

Figure 11: The physical prototype is designed as a compact
stack of a Raspberry PI 3 A+ single-board computer, custom
PCB with analog DACs, custom PMOLED, and a ring-shaped
PCB with electrodes for capacitive touch.
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7 TECHNICAL EVALUATION

To evaluate our hidden interfaces capabilities we characterize dis-
play performance through four common transmissive materials
and compare with traditional scanline rendering on PMOLED and
two modern AMOLED displays.

7.1 Experimental setup for brightness
characterization through materials

To assess how well our approach enables hidden interfaces in tradi-
tional materials, we performed a technical characterization across
different materials with transmissive properties to quantify the
effects on brightness. We placed the display flush behind the trans-
missive materials and measured brightness on the other side with a
light meter (Speedmaster L-958D-U, Sekonic) 10 mm away from the
display. We measured brightness in lux (Ix), a unit that indicates
light intensity as perceived by the human eye. We report the max-
imum value from five measurements. Before each measurement,
we obtained the baseline lux value with the display turned off to
ensure consistent capture. The environmental light was kept dim
to provide a mean of 0.2 Ix, which is slightly above the light meter’s
minimum sensitivity. The displays were powered by a benchtop
power supply (SPD1168X, Siglent), which was also used to measure
the current consumption using its integrated meter.

7.1.1  Material conditions. We measured the brightness in seven
conditions — with no material and with six everyday materials (as

No cover Acrylic PETG

This work
Parallel PMOLED

Baseline 2

1.4" AMOLED
%\500 500 500 5
Ll Ll s L
S s Wb ha s b Wb 0 S b 0 b
x
- COCHlco s COMWow= Ny =

>10-40X >10-40X >10-40X

Parallel PMOLED (this work)

Wood veneer

® Scanline PMOLED (baseline 1)
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shown in Figure 12), where the choice of materials was informed
by the large-scale survey results and common use in home environ-
ments:

(1) No cover. (baseline)

(2) Acrylic, white translucent (AC915-W12L2404,
Plastic-Craft Products). 1.6 mm thickness.

(3) PETG, clear (SainSmart PRO-3). 1 mm thickness. 3D-printed
(FDM: MK3S, Prusa), 15% fill and 0.2 mm layers.

(4) Wood veneer (SCV-20-MXDOM&EXOTIC, Sauers). 0.5 mm
thickness.

(5) Mirror: one-way vinyl window film with a mirror fin-
ish (SV006901000, HIDBEA). 0.2 mm thickness.

(6) Basswood sheet (111222333. Qj-solar). 1.6 mm thickness.

(7) Textile: Gray Linen Fabric (Dekoth) 0.4 mm thickness.
Textile mesh, similar to common smart speaker material.

7.1.2  Apparatus. We used three baselines to contextualize the per-
formance of the parallel rendering on our PMOLED. Our first base-
line is scanline rendering on the same PMOLED panel. We also
compare against two AMOLED displays since performance can
vary with size. Baseline 2 is a small, 1.4" modern AMOLED display
(TOP139AMOLEDO01.0, Wisecoco), designed for smartwatch use.
It was chosen as it is close in size to our PMOLED (27%x21 mm)
with its 35.3 mm radius and 400x400 resolution. Baseline 3 is a
larger 5.5" (140 mm) AMOLED display (16103, Waveshare) with
1920%1080 resolution. Both displays are driven by an HDMI driver,
connected to a PC. The displays are attached to an evaluation board

Basswood Textile

Mirror

Small filled rectangle Exposure: F22,1/5s,1S0100 Ambient light: 420 lux

500
50
. N 1

COMWconw
>5-20X

10
5 50
|| | ? “
. 1] la . 3 S
' o I os I

D.DIOASD.DI COWcw
>10-40X >10-40X

1.4" AMOLED (baseline 2) @ 5.5" AMOLED (baseline 3)

Figure 12: Top: An example showing the performance difference between parallel rendering on the PMOLED (this work) and
a similarly sized modern AMOLED (baseline 2), when displaying a small filled rectangle in seven material conditions. The
displays are covered by the materials used in our evaluation to illustrate the resulting brightness, diffusion and absorption.
Bottom: For each material, we show logarithmic plots comparing the parallel PMOLED rendering (this work) with the three
baselines for the four shapes (small/largexfilled/unfilled rectangles). The logarithmic plots reveal how our technique achieves
many times the brightness (>5-40X) of the baselines for most materials and shapes.
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Table 2: An overview of the measured brightness values (Ix) across four types of rectangles and seven material conditions
using PMOLED parallel (this work) and the three baselines: PMOLED scanline (baseline 1), and a small (baseline 2) and large

(baseline 3) state-of-the-art AMOLED display. Cells are color-coded if the brightness is >5X, >10X, >20X or >40X dimmer than
our technique. PMOLED parallel is brighter across all material and content, in most cases >5-40X brighter than the baselines,

making it a promising approach to enable cost-effective and expressive hidden interfaces.

[ Large unfilled rectangle

M Large filled rectangle

o Small unfilled rectangle = Small filled rectangle

1.4 5.5"
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23.00 13.00 1.00 0.77 0.90 43.00
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to allow current measurements and they provide direct interface
access without requiring an operating system. We used white color
for the rendered contents and kept the other pixels black.

7.2 Evaluation 1: rectangle primitives

We first performed our measurements using four variants of the
shapes used for our rectilinear Ul elements: Small 3x3 mm filled (1)
and unfilled (2) rectangles, large 15x15 mm filled (3), and unfilled
(4) rectangles. The unfilled rectangles had a 0.15 mm line thickness.

The parallel rendering was brighter than the three baselines
(PMOLED scanline and two AMOLED displays) for all materials
and across all shapes, as shown in Figure 12 and Table 2. The parallel
rendering was typically >10X brighter for all the materials, except
for the 1.5 mm basswood sheet since it blocked most of the light
for all techniques, even if we observe a 5-10X advantage for the
large filled rectangle. The difference was more significant with the
thinner 0.5 mm wood veneer with >5X the brightness compared to
the baselines. As the large-scale surveys indicated a preference for
wood and mirror materials, these results are encouraging since our

130 lux 110 lux
. »/;_
This work g =
Parallel PMOLED =
Baseline 3 =

5.5" AMOLED

Measured lux in comparison to' Parallel PMOLED (this work)

> 5X dimmer > 10X dimmer > 20X dimmer

technique provides a significant brightness boost for both wood
veneer (5-20X) and mirror (10-40X).

Figure 12 shows an example of how brightness, absorption, and
diffusion varies across the different materials for parallel rendering
on the PMOLED, and how it compares to a similarly sized AMOLED
display. The PMOLED has a pixel density of 6.4 px/mm, which
is quite a bit lower than the AMOLEDs — 11.3 px/mm for the
small (baseline 2) and 15.9 px/mm for the large display (baseline
3). To ensure consistent brightness comparisons across shapes, we
illuminate the same area on each display, lighting up more pixels
for the more dense displays.

The lux values observed for the large filled rectangle suggest
that our display can also perform well in sunlight, since outdoor
displays need to have a brightness of 1570+ 1x (500+ nits) [22].
As shown in Table 2, the large filled rectangle achieved 2000 1x
for PETG (FDM 3D-printed) and acrylic. Figure 13 shows how the
same content under wood veneer is affected by varying ambient
brightness, comparing our parallel PMOLED rendering with the

80 lux 7 53 lux 10 lux

Small filled rectangle Exposure: F2.8,1/160s, ISO1000

=
=

Figure 13: Display performance under different ambient lighting conditions. This example varies the ambient light from 130
lux (brightest) to 10 lux (darkest) to illustrate the effect on a rendered 3 mm? rectangle under wood veneer. Top: Parallel
rendering on PMOLED (this work). Bottom: Same content displayed using the 5.5" AMOLED (baseline 3), which in our lab
measurements was >20X dimmer.



Hidden Interfaces

large 5.5" AMOLED (baseline 3). The differences match our lab
measurements of >20X higher brightness for the parallel PMOLED.

7.2.1  Power consumption. While power consumption might not be
critical for wall-powered home devices, it is an essential considera-
tion for battery-powered scenarios. The power varied widely based
on content, so we report current consumption while displaying
the large filled rectangle. For each measurement, we subtracted the
current consumption of the display driver and the Raspberry Pi
3A+. On the PMOLED, we measured 227 mA and 253 mA current
consumption for scanline and parallel rendering, respectively. The
11% difference suggests that our approach does not significantly
increase energy consumption, while providing >1.5-20X brighter
visuals compared to scanline on PMOLED. The small and large
AMOLEDs consumed 79 mA and 174 mA, respectively. While our
technique had a 1.5-3X increase in energy consumption, it is still
more efficient, given the significantly brighter visuals (often 10-
20X). We do, however, believe that more optimized display drivers
could be beneficial to help reduce power consumption.

7.3 Evaluation 2: representative Ul elements —
number, sliders, toggles, and text string

To contextualize the findings from our technical characterization
with more realistic content, we also evaluated a selection of Uls
that could be rendered with 3-5 operations.

(1) Number "2" to represent the worst-case scenario for render-
ing a single 7-segment character, since single characters can
be rendered in one (e.g., "1"), two (e.g., "J") or three opera-
tions (e.g., "P"). The number had a height of 12 mm and a
width of 14 mm. (3 operations)

(2) 2x2 grid of toggles, with two filled and two unfilled, covering
a 17x17 mm area. (4 operations)

(3) 3 sliders, partially filled at 10%, 50%, and 90%, respectively.
The sliders were rendered over a 28X16 mm area. (5 opera-
tions)

W= g =Rl I}
TR IR

+1000%
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(4) The text “GOOD LIFE” represents our ability to render 7-
segment strings of arbitrary length using at most five op-
erations. The text was rendered over a 28xX8 mm area. (5
operations)

The brightness was measured using the previously described
experimental procedure, but we focused our comparison on parallel
PMOLED (this work) and the best-performing baseline, the 5.5"
AMOLED display (baseline 3).

The parallel PMOLED rendering was brighter than the AMOLED
for all materials and shapes, except the basswood sheet, as seen in
Figure 14 and the table in Appendix C. For both displays, the 1.6 mm
basswood sheet did not let more than 4 lux pass through, which is far
below the comfortable legibility of 31 lux for indoor display [20]. For
all other materials, we observed a 3.6-9.3X brightness increase for
parallel rendering. Across all conditions, except the light-blocking
basswood, parallel rendering was 5-8.7X brighter for the text "2,
5.7-9.3X brighter for the 4 toggles, 4.9-6X brighter for the 3 sliders,
and 3.6-7.2X brighter for the text "GOOD LIFE". Therefore, with
a larger number of operations and more complex shapes, parallel
PMOLED rendering is still significantly brighter than the best-
performing AMOLED display.

7.4 Discussion

The technical evaluation suggests that parallel PMOLED rendering
can enable hidden interfaces using a wide range of everyday mate-
rials, such as acrylic, PETG, wood veneer, mirror and textile. While
the thick basswood sheet (1.6 mm) was not sufficiently transmissive,
the thinner wood veneer (0.5 mm) worked well. For the compatible
materials, we observed a significant advantage for parallel PMOLED
rendering both for primitives (small/large, filled/unfilled rectangles)
and for representative Ul elements. For the primitives, we observed
an improvement of at least 5X and in some cases exceeding 40X
over the baselines. For the representative Ul elements, we observed
an improvement of between 3.6-9.3X over the best-performing
AMOLED. It is encouraging that content-adaptive display driving
can make effective use of low-resolution, low-complexity PMOLED
displays. At the cost of around $2.5 in large quantities [1], they are

|
|
|
|
"2" (3 ops)

4 toggles (4 ops)

3 sliders (5 ops) "Good life" (5 ops)

No cover = Acrylic = PETG = Wood Veneer ® Mirror ® Basswood = Textile

Figure 14: Brightness experiment with representative shapes. Measurements are done across seven material conditions using
PMOLED parallel (this work) and large state-of-the-art AMOLED display. Photos of the shapes (f/22, 1/5s, ISO100, and 420 1x)

are shown above the measurement plots.
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Figure 15: a) Participants’ experience with different smart appliances or devices (they could select more than one). b) Distri-
bution of participants who rated how important it was that smart device design matched the style of the home. c) Mirror was
considered the most promising material for hidden interfaces (participants could choose more than one).
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Figure 16: Left: Distribution of desirability ratings for the six proposed use cases based on images and a video that participants
watched (see supplementary material). Right: Images shown in the survey to ask participants about the desirability for each
use case after having watched a video with interactive versions of these Uls. Each image shows a home device scenario and a
closeup of the Ul on our display under the corresponding material.

a viable and practical opportunity for ubiquitous devices, compared
to popular high-fidelity AMOLEDs, which are significantly more
expensive ($24.50 in large quantities over 1000 [31]).

These findings suggest that parallel rendering on PMOLED has
the potential for significantly better performance to enable hidden
interfaces in everyday materials, at a lower cost than competing
alternatives and without drastically increasing power consumption.

8 FEEDBACK ON IMPLEMENTED USE CASES
WITH 1572 PARTICIPANTS

The foundational surveys asked participants to imagine hidden dis-
play scenarios, helping inform our implementation. In this survey
we use video and photos of our interactive UI prototypes to solicit
initial feedback on potential desirability.

8.1 Participants

We leveraged Google Surveys [11] again to deploy a nine-question
survey to Android users of the Google Opinion Rewards app (re-
quirement when using video), and we targeted the general popula-
tion in the United States of all ages and gender. Figure 15a) and b)
summarize participants’ experience with smart devices/appliances,
and perceived importance of device style and aesthetics. Of the 1572
responses 45% were women and 55% men, across all age ranges
(18%: 18-24, 25%: 25-34, 21%: 35-44, 14%: 45-54, 10%: 5564, and
12% were 65+).

8.2 Results

After answering background questions, participants watched a one-
minute video with different possibilities for creating interactive

graphical displays that could appear through four chosen materials
(wood, mirror, textile and plastic). We summarize the main findings
in this section, but the detailed results from the statistical analysis
are provided in Appendix B.

Use cases. For six use cases, we showed participants an image
(limited by the platform to 300x250 pixels) of an appliance in a
home context next to a closeup of a UI on our display under the
corresponding material (See Figure 16). Respondents ranked the
desirability of each use case on a 5-point Likert scale. The analysis
shows that the mirror use case was rated significantly higher than
the thermostat, furniture and lightswitch use cases (See Figure 16).
The lightswitch use case was also significantly lower rated than
mirror, appliance and speaker.

Most promising material. We also asked participants which tra-
ditional materials they found to be the most promising for hiding
displays. Results are summarized in Figure 15c, showing that mirror
was rated as significantly more promising than the other materials,
and that wood was rated significantly higher than plastic.

8.3 Discussion

The smart mirror was considered the most promising use case and
material. The foundational surveys identified general interest in
mirror materials, but its popularity really stood out in this survey.
While only 19/1572 participants (#1%) had experience with smart
mirrors, 1058 (67%) identified mirror as one of the most promising
materials, and it was consistently ranked as the most desirable use
case. The ubiquity of mirrors in homes, combined with a clearer im-
age quality as compared to the three diffusing materials, might have
contributed to the positive rankings. Further research is needed for
further qualitative insights.
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Information display use cases seemed to be more preferred than
tangible controls. The results suggest that information display use
cases may be more promising for hidden interfaces. We showed a
progress bar on a dishwasher, a visual alert on a smart mirror and
sound visualization on a smart speaker. In contrast, the lightswitch
was consistently ranked lowest, followed by thermostat and fur-
niture controls. Users may prefer the tangible benefits of physical
controls, for example, when finding the switch to turn on the lights
in a dark room. Users might also already have accepted how devices
are installed and used in the home, being more reluctant to modifi-
cations to walls and furniture in contrast to devices and appliances.
Further research and studies are needed.

9 USER STUDY

The large-scale surveys provided a large-scale perspective on the
motivation for our use cases with thousands of respondents with
diverse backgrounds. Those results, combined with our technical
evaluation, informed our interest in further insights from in-person
participant feedback on content, materials and interactions with our
prototype. We concluded that an in-person lab study would be well-
suited to provide such complementary technical and qualitative
feedback from hands-on user experience and impressions.

9.1 Participants

We recruited 11 participants in the US from a local university, three
were women and eight were men. Two participants were 18-24,
and nine were 25-34 years old (we only collect age ranges at our
institution). The participants were students (5), engineers (4) and
researchers (2), and received no compensation.

9.2 Apparatus

We used the display hardware prototype described in Section Imple-
mentation with Python software adapted for our user experiments.
The display was positioned at a 27-degree-angle, 30 cm from the par-
ticipant’s eyes. An office lamp (LED bulb, 3000K) with a dimmer was
used to adjust the lighting to reach desired levels, as measured by a
light meter (SpeedmasterL-958D-U, Sekonic). The experiments used
three levels: dark (3-5 lux), normal (80-100), and bright (180-200 lux).
The experiments focused on the most promising materials from the
large-scale surveys: wood veneer (#4, SCV-20-MXDOM&EXOTIC,
Sauers, 0.5 mm) and mirror (#5, SV006901000, HIDBEA, 0.2 mm).
Additionally, we included textile (#7, Gray Linen Fabric, Dekoth,
0.4 mm) given its popularity in smart speaker products.

9.3 Study design

9.3.1 Legibility: possible and preferred content sizes under different
material and lighting conditions. This experiment shows content
on the display to the participant, as it is covered by three different
materials and under three different lighting conditions. The material
and lighting condition orders were randomized. These preliminary
experiments serve as an initial exploration of text visibility on our
displays using our proof-of-concept character set.

(1) Minimum character size. A random character (number or
letter) was shown. The size was increased in steps by the ex-
perimenter until the participant could recognize and verbally
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confirm the shown character. Each participant performed 90
trials (10 repetitions X 3 materials X 3 lighting conditions).

(2) Preferred UI sizes. One of three Ul elements was shown on
the display (bar graph, toggle, three-letter string). The exper-
imenter adjusted the content size until the participant said it
was their preferred size. Each participant performed 27 trials
(3 content types X 3 materials X 3 lighting conditions).

9.3.2 Interacting with a hidden interface. This experiment uses a
more realistic hidden interface for interaction with contents under
the mirror material, which was the highest rated in our large-scale
surveys. Participants were asked to match a prompted target tem-
perature by increasing/decreasing a simulated thermostat control
using touch, while monitoring corresponding changes of displayed
digits and a bar chart. The target value was randomized to 10-20
steps below/above the current value and participants performed 10
trials under normal lighting. We were primarily interested in giving
participants an informed experience for our qualitative feedback
form, although we measured performance to understand how the
experience varied across participants. Therefore, we did not include
a baseline, given that our emphasis was not on how well our touch
interface performed.

9.3.3 Qualitative feedback: Feedback form. Participants filled out
an extended form that combined questions from the three large-
scale surveys. In addition to the questions and viewing the video
with the concepts, they were also able to provide more detailed
open-ended feedback.

9.4 Analysis

We performed repeated measures analysis of variance (ANOVA)
and pair-wise post-hoc comparisons using paired samples t-tests
with Bonferroni correction for the legibility and interaction tasks.
For the surveys, similarly to the large-scale survey analysis, we
performed KW tests and pair-wise post-hoc comparisons using
MWU with Bonferroni correction.

9.5 Legibility and interaction

9.5.1 Legibility: minimum character size. ANOVAs for each of
the three brightness levels suggested a significant effect of ma-
terial on character size (Fy,,1(2, 20)=159.77, F,,ormai(2, 20)=153.89,
Fyright(2, 20)=192.00, all P<.001). Post-hoc analyses suggest that
MIrror (X gqrk=8.26, Xpormai=8-35, Xprighs=8.79) allowed a signif-
icantly smaller character size (all P<.001), whereas no effect was
found between textile (X 74k =20.76, X porma1=20-82, Xpyign, =21.84)
and wood (Xg4rk=20.20, Xporma1=21.45, Xpright= 21.75). ANOVAs
for each of the materials suggested an effect of brightness on mini-
mum character size for wood (F,,,04(2, 20)=3.91, P=.04), although
that effect was not present in the post-hoc analyses. No effect was
seen for mirror (Fpirror(2, 20)=0.71, P=.50) or textile (F;exsi1e(2,
20)=1.98, P=.16). See Figure 17, left and Table 3, left.

9.5.2  Legibility: Character error rate. Occasionally, the characters
were identified incorrectly. Overall error rate was 2.93%. The letter
’g” had the highest error with 6 misidentifications, followed by 'd’ (4
errors), and ‘e, ’a’ and '8’ with 3 errors. Letter ‘g’ was misclassified
twice, and p, 3, 9, 7, s, n’ once. Wood and textile had 14 and 12

misidentification errors, respectively, while the mirror material had
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Figure 17: Legibility experiments for the three materials (mirror, wood, textile), grouped by the three environmental lighting
conditions (dark, normal, bright). Left: Distribution of minimum character sizes (10 repetitions per condition). Right: Distri-
bution of preferred character sizes for bar graph, text (three-letter string), and toggle.

Table 3: Effect of material on minimum character size and preferred Ul element sizes. ANOVAs and paired samples t-tests show
that the mirror material enabled significantly smaller sizes than textile or wood materials. (***: P<.001, **: P<.005, *: P<.05)

Minimum character size

Preferred Ul element size

dark normal bright dark normal  bright
F(2, 20) 159.77 153.89 192.00 35.98 60.93 41.27
trextile/mirror(10)  **16.10  **17.51  ***16.19 **6.86  ***10.05  ***7.32
trextile/wood(10) 0.59 -0.67 0.10 0.32 -0.64 1.30
tmirror/wood(10) ***-19.60 ***-15.20 ***-18.76  ***-8.88 ***-8.82 ***-6.93

only 3 errors. The number of errors did not differ significantly due
to brightness level, with 7 errors made in low brightness and 11 in
both normal and high brightness.

9.5.3 Legibility: Preferred Ul element size. ANOVAs for each of the
three brightness levels suggest a significant effect of material on
preferred Ul element size for the bar graph, toggle and the 3-letter
text string (Fygrk (2, 20)=35.98, Fyormal(2. 20)=60.93, Fyyigns (2,
20)=41.27, all P<.001). We observed a similar effect as for the min-
imum character size, as also these post-hoc analyses suggested
that mirror (X g4k =36.79, Xnormai=37-85, Xprighs=40.48) resulted
in a significantly smaller preferred element size (all P<.001), while
no effect was found between textile (x;,,£=61.70, X p0rma1=58-91,
fbright:62~85) and wood (X 74, =60.58, X, 07 mal= 60.30, Ebrightz
60.15). ANOVAs for each of the materials did not show an ef-
fect of brightness on minimum character size for any material
(Fmirror(2, 20)=2.70, P=.09; F,,504(2, 20)=0.02, P=.98; F;oxti1e(2,
20)=1.85, P=.18). See Figure 17, right and Table 3, right.

9.5.4 Interaction. It took participants approximately 5 seconds on
average (x=4.98, SD=1.74) to increase/decrease the value by 10-20
steps. A step change took less than 0.5 seconds on average (x=0.38,
SD=0.13). We observed a 16% error rate where participants indicated

completion while their final value deviated from the target value by
+1(15/18), £2 (1/18), or £3 (2/18). Participants 4 and 10 represented
more than half of the errors (10/18) with 6 and 4 errors, respectively.
Figure 18 also suggests that participant 4 was distinctly slower than
other participants.

9.6 Survey and ratings

All participants had experience with a smart home device and they
all found it desirable that device aesthetics matched the existing
style in their homes. Most of our participants (9/11) also found it
desirable that displays and devices could appear on-demand.

9.6.1 Material preferences. A KW test found a significant effect
for how participants rated material desirability (H(3)=9.21, P=.03),
but that effect was not present in post-hoc analyses using MWU
tests. The results from the user study do, however, align with the
popularity of the mirror material in the large-scale survey. In fact,
the average score for mirror was more than twice as high (x=1.91)
compared to wood (x=0.91), plastic (x=0.82), and more than four
times that of textile (x=0.45).

For the separate question on the most promising materials, where
participants could select multiple materials, mirror was again the
most popular (10/11), followed by wood (7/11), plastic (6/11) and
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Figure 18: Interacting with a simulated thermostat on the hidden display, time distributions for the 11 participants. Left: Time
to make one step value change. Right: Overall task time of changing a value by +10-20 steps.

textile (5/11). A KW test did, however, not find a significant effect
(H(3)=5.375, P=.15).

9.6.2 Content preferences. We ran a KW test for the desirabil-
ity of the different content types, which revealed a significant ef-
fect (H(4)=25.62, P<.001). Posthoc analysis with MWU tests found
significant differences when comparing basic content (text, input
controls, icons) vs. image-based content (images/video); text vs. im-
ages/video (MWU,¢xt/images=106, P=.04; MWU ¢xt/0ideo=105,
P=.04), input controls vs. images/video MWU¢ontrols/images=10,
P=.01; MWU_,onsrols/video=11, P=.02), and icons vs. images/video
(MWUjcons/images=108, P=.02; MWUjcons/video=107, P=.03). The
analysis shows that text (x=2.36), input controls (x=2.36) and icons
(x=2.27) were significantly higher rated than images (x=0.36) and
video (x=0.36).

9.6.3 Use case. The average ratings for the different hidden inter-
face use cases suggested that smart mirror was the most popular,
although a KW test did not find a significant effect (H(5)=7.45, P=.19;
Xmirror=2.18, fappliance:l'55> fspeaker:l':%) Xthermostar=1.36,
fIight‘swit‘ch:1~27’ ffurniture:1~18)~

9.7 Discussion

9.7.1 Material affects minimum and preferred size of contents. The
results from the preliminary legibility experiment suggest that
the material significantly affects the minimum character size and
preferred UI element size. The mirror material enabled significantly
smaller font sizes compared to wood or textile, since the mirror
material diffuses less light, and characters appear more clear. That
characteristic is also a plausible explanation for why participants
were satisfied with smaller Ul elements on the mirror material,
while preferring larger ones with wood and textile. We observed
no statistical significance difference between textile and wood.

Based on these findings, we see an opportunity for automatically
adjusting rendering style and content size based on the cover mate-
rial to maximize legibility, since we support scalable graphics and
stroke thickness without sacrificing the high brightness.

We did not observe an effect of brightness levels on minimal
character size or preferred Ul element size, which might suggest

that the rectilinear rendering techniques perform similarly in dark
and bright environments.

9.7.2  Reducing the character misidentification errors. Occasionally,
characters were misidentified in the preliminary legibility exper-
iment. It is not unlikely that material irregularities in the textile
weave and wood grain could have been the cause of error. Occa-
sionally such irregularities align with character strokes, interfering
with their visibility. For example, g’ was misclassified three times
as ’c’, due to not being able to clearly see the right vertical stroke. A
possible solution is to have a completely uniform material; however,
that might not be practical from a manufacturability, aesthetics or
cost perspective. In the future, it may be interesting to explore
strategies to dynamically shift the characters and/or adjust stroke
weights. The movement could be minimal and imperceptible to
the eye, which may alleviate blockages due to materials imper-
fections and non-uniformity. The scalable and dynamic nature of
our display is a significant advantage over 7-segment and discrete
LED displays, where shifting or stroke adjustment is not possible,
making it challenging to compensate for irregular cover materials.

9.7.3 Interactions with thermometer Ul. Our data suggests that
most participants were able to successfully control the simulated
thermometer with reasonable performance. These findings indicate
that our prototype supports the exploration of intended ambient
device scenarios where a hidden interface could appear on-demand
for brief interactions. Upon discussion, the experimenter had ob-
served that errors arose mainly from the capacitive touch sensing
occasionally losing its calibration, which made it too, or not suffi-
ciently, sensitive to the participant’s touch. The sensitivity issues
and a resulting slower performance was especially significant for
participant 4.

9.7.4 Qualitative in-person feedback. The preferences and ratings
by participants with hands-on device experience reinforced the feed-
back from 1572 survey respondents who had watched a video of the
device and concept. The lab study confirmed the potential for mirror
as the most promising material and the smart mirror as the highest
rated use case. As in the evaluative large-scale survey, information
display use cases (smart mirror, appliance, speaker) received higher
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average scores than tangible controls (smart lightswitch, thermo-
stat and furniture), even if those differences were not statistically
significant for the 11 participants. Participants did, however, rate
the importance of text, icons and input controls significantly higher
than images and video. That feedback suggests that rectilinear ren-
dering is well-suited for hidden interfaces, given its emphasis on
simple vector-based UI graphics.

Participants also provided comments about the most positive
and most negative aspects of the approach at the end of the study.

e Seamlessness. Participants appreciated the potential for
seamless, integrated control of home devices: "magical to
make controls appear in walls or common objects [P4]", "can
make control very convenient [P8]".

e Appearance. Another positive theme was related to appear-
ance: "makes every surface elegant [P8]", "would make certain
objects appear more elegant [P4]", "simplicity [P10]", "aesthetics
[P11]".
Discoverability. Participants found discoverability both
positive ("guests [...] can’t access my thermostat if they don’t
know where it is" [P6]) and negative: "difficult for people to un-
derstand the existence of interfaces [P11]", "invisibility might
reduce the product functionality and our understanding of its
functionality/existence [P5]".

Material interference. Several participants expressed con-

cerns with the diffusion of wood and textile: "the dispersion

of the light [P4]", "could be a hinder to user visibility [P7]", "not
that clear behind some materials [P8]", "pattern [...] diffuses
light [...] makes some numbers difficult to read [P9]".

10 LIMITATIONS AND FUTURE WORK

Our technique targets simple Uls that can be represented with rec-
tilinear graphics. By leveraging parallel rendering, we demonstrate
very bright displays that can project through materials. The use
of rectilinear primitives, however, limits possible content and con-
strains the Ul to a specific design aesthetic. While we show how
typography can be efficiently represented using segmented render-
ing with significantly more expressivity than fixed 7-segment LED
displays, we are also interested in representations of more general
text, fonts and images. At that stage and with a more fully developed
character set, we would be interested in end-to-end psychophysical
evaluations of typeface properties, materials and visibility using
more advanced methods, such as visual search tasks and adaptive
staircase procedures [10, 36].

Future work could also investigate more advanced decompo-
sitions of vector graphics and natural images. Additionally, we
observe that increased Ul complexity adds operations, which re-
duce the overall brightness. For Uls where different screens have
different complexity, consistent application brightness will require
additional considerations, such as using global minimal brightness
levels. Longitudinal deployments will complement the results from
our large-scale surveys and lab evaluations by allowing us to go
deeper into understanding user adoption and behavior with hidden
interfaces.

In future work, we are also interested in exploring the technique
on larger displays and with capacitive touch sensing overlaid on the
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display, instead of around it. While the proof-of-concept implemen-
tation that we use is based on a large array of DACs, more efficient
designs could be engineered based on FPGAs (field programmable
gate arrays) or ASICs (application specific integrated circuit). Such
designs would significantly reduce the size and the cost of the ar-
chitecture, and would enable simple serial or ?C communication
from basic microcontrollers.

Our large-scale surveys targeted the US since it was the largest
population that we could deploy to with the survey tool. Addition-
ally, the US has the highest penetration of smart home devices,
which helped us get a large number of respondents with relevant
experience. However, in the future, it will be helpful to expand to
other geographical regions to understand how our results would
apply to other populations.

11 CONCLUSION

In this work, we enable interfaces that can be embedded in tra-
ditional materials and appear on demand. Our large-scale online
surveys and lab evaluation suggest unmet opportunities to in-
troduce hidden displays with simple, yet expressive, dynamic and
interactive Ul elements and text in traditional materials, especially
leveraging wood and mirror materials to blend into people’s homes.

Hidden Interfaces leverages parallel rendering of rectilinear Uls
to enable the significant brightness necessary to project through the
materials that we use to hide the display. The low-complexity opti-
mization of widely available PMOLED displays makes our approach
particularly suitable for ubiquitous and ambient computing, where
scalability and cost are critical considerations. The technique does
not require display modifications, as it can be straightforwardly
implemented in a modified display driver integrated circuit.

We present an interactive hardware system to implement hid-
den interfaces in different materials, such as wood veneer, plastics,
textiles, and mirrors. We leverage our prototypes in technical char-
acterization of the technique’s abilities to project high-brightness
visuals through a range of transmissive materials. The technical
evaluation suggests that our technique can render rectilinear graph-
ics with a significantly higher brightness than what is possible with
both traditional scanline rendering and modern AMOLED displays.
In most cases, our technique achieved a brightness improvement
of >5-40X for primitives and 3.6X-9.3X for representative UI el-
ements across different materials. It is particularly encouraging
that our technical results suggest that we can meet our surveys’
and lab study’s interests in design-friendly materials such as wood
veneer (>3-20X brightness) and mirrors (>4-40X brightness). We
acknowledge that our technique is not general-purpose, but at 10%
of the cost of comparable AMOLED and with unique brightness
that allows simple graphics to penetrate wood veneer, mirrors, tex-
tile and plastic, we believe that it unlocks unique opportunities for
ubiquitous computing.

The evaluative large-scale survey with 1572 participants, who
viewed images and videos of our prototypes, provides further sup-
port for the potential of our implemented interfaces — especially
the strong interest for smart mirror use cases and materials — which
was further reinforced by an in-person lab study with 11 partici-
pants. The lab study also helped us characterize performance, indi-
cating that parallel rendering is effective across different materials
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(wood, textile, and mirror) and lighting conditions. We found that
materials impacted the minimum viewable character size, where
mirror materials enabling a significantly smaller size than wood or
textile.

Hidden Interfaces demonstrates how control and feedback sur-
faces of smart devices and appliances could disappear when not in
use, and appear on the user’s proximity or touch. We hope that this
direction will inspire the community to consider other approaches
and scenarios where technology can fade into the background for a
more harmonious coexistence with traditional materials and human
environments.
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12 APPENDIX A: STATISTICAL ANALYSIS
FOR LARGE-SCALE FOUNDATIONAL
SURVEYS

This section provides detailed results for the statistical analyses of
the two surveys (n=1499 and n=1502) discussed in section 3.

We analyze statistical significance on the non-parametric dataset
using Kruskal-Wallis H-tests (KW), and Mann-Whitney U-tests
(MWU) for pair-wise post-hoc comparisons with Bonferroni cor-
rection. For many questions, we analyze how participants’ positive
(+), neutral (0) and negative (-) attitudes for an independent vari-
able affected different dependent variables, but we always evaluate
against the full Likert-scale range.

12.1 Specific materials. Desirability for devices
hidden under plastic, wood, mirror or
textile. (n=1499)

12.1.1  Material ratings. A KW test found no significant difference
(H(3)=1.26, P=0.74) between ratings for the four materials’ desir-
ability as hidden displays (Xmirror=-0.00, Xp1qssic=-0-04, Xt extile="
0.04, X,y 00q=-0.03).

12.1.2  Materials X Design preference ("How important is it that
smart device aesthetics and design blend in or match the style of exist-
ing objects and furniture in your home?"). We performed a KW test
for the three design preference groups on each of the four materials
and found a significant effect for all — plastic (H(2)=14.15, P<.001,
x-=-0.29, x0=-0.01, x+=0.05), wood (H(2)=47.60, P<.001, x_=-0.39,
%0=-0.04, X4+=0.26), textile (H(2)=6.86, P=.03, X_=-0.14, Xo=-0.05,
x4+=0.05), and mirror (H(2)=29.88, P<.001, x_=-0.36, x¢9=0.01, X} =
0.21). Post-hoc analysis did, however, not find any effect for textile.
For plastic, The MW tests revealed a difference between negative
(x-=-0.29) and neutral (x(=-0.01) participants (MW_, U=101604,
P=.03). Post-hoc analysis found differences between all design at-
titude groups for both wood (MW_,, U=48504, P<.001; MW_,
U=99162, P=.002; MW+/O U=191452, P<.001) and mirror (MW_/+
U=50918, P<.001; MW,/O U=99933, P=.004; MW+/O U=182925, P=
02).

12.2 Specific content. Desirability for different
content. (n=1502)

12.2.1 Content ratings. A KW test found a significant effect be-
tween the five content types (H(4)=19.55, P<.001, X .o psro1s =0-20,
Xicons=0.21, Fimages =022, Xrext=0.24, ¥ ide0=0.04).

Post-hoc analysis revealed a difference between text and video
(MW text/video U=1214948, P=.004), and images and video
(MW i mages/video U= 1203333, P=.03).

12.2.2  Content X Home device usage ("Do you use or have used any
of these devices?"). We ran a KW test for the two device groups on
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each of the five content types. People who had used home devices
found text (X0=0.05 < Xye5=0.41), controls (X;0=0.04 < Xys=0.34),
and images (X;,0=0.06 < Xy¢s=0.35) more desirable, as revealed by
the KW tests (Hyex:(1)=21.51, P<.001; H,optr015(1)=17.30, P<.001;
Himages(1)=3.19, P=.07) and post-hoc analyses (MW ;¢x; U=316412,
P<.001; MW ¢op1ro1s U=312420, P=.002; MW ;1 ages U=309232, P=.01).

No significant effect was found for video (Hy,;4¢0(1)=3.19, P=.07,
Xn0=-0.03, Xyes=0.10). While the KW test found an effect for icons

(H(1)=9.93, P=.002, X1,0=0.09, Xyes=0.31), post-hoc analysis did not
(MWicons U=304457, P=.09).

13 APPENDIX B: STATISTICAL ANALYSIS
FOR LARGE-SCALE EVALUATIVE SURVEY

This section provides detailed results for the statistical analysis of
the survey (n=1572) discussed in section 8.

As previously, our analysis is based on Kruskal-Wallis H-tests
(KW), and pair-wise post-hoc comparisons using Mann-Whitney
U-tests (MWU) with Bonferroni correction.

13.1 Use cases: smart appliances, furniture,
speakers, thermostat, mirrors,
lightswitches

13.1.1  Use case desirability ratings ("How desirable would it be to
you if the use case had display/controls that could appear from un-
derneath traditional materials?"). A KW test found a significant
effect (H(5)=66.88, P<.001) between ratings for the six use cases
(Cmirror=0.57, J_CapplianceZOA& fspeaker:0-47’ Efurniture:0-36=
Xthermostar=0-35, Xlightswitch=0.29). Mirror was highest rated
with post-hoc analysis suggesting a significant difference when
compared to lightswitch (MWU i1 r0r/1ight switch=1401435, P<.001),
furniture MWUfryrnirure/mirror=1091895, P<.001), and thermo-
stat (MWU, ey mostat /mirror=1103193, P<.001).

The lightswitch was ranked lowest and significantly lower than
the mirror, appliance (MWU . p1iance/lightswitch=1342393, P<.001)
and speaker MWUspeaker/lightswitch= 1337395, P=.001).

13.2 Most promising material

A KW test identified a significant effect (H(3)=382.23, P<.001) and
post-hoc analysis revealed that mirror was rated as significantly
more promising than other materials (MWU ;1107 /w00d=923550,
MWUmirror/plastic:860670) MWUmirror/textile:881892’ all
P<.001). Additionally, wood was rated significantly higher than
plastic MWU,,00d/plastic=1298472, P=.02).

14 APPENDIX C: EVALUATION 2 OF
REPRESENTATIVE UI ELEMENTS
Table 4 provides detailed results for the brightness characterization

with additional representative user interface elements as described
in Section 7.3.


https://H(3)=382.23
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https://H(2)=6.86
https://x0=-0.04
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Table 4: Brightness experiment with representative shapes. Measurements are done across seven materials using PMOLED
parallel (this work) and a large state-of-the-art AMOLED display. The X times dimmer in comparison to this work is color-
coded from low to high as yellow to red.

4 checkboxes 3 progress bars Text: "2" Text: "Good life"
(4 ops) (5 ops) (3 ops) (5 ops)

Parallel IR X times Parallel IR X times Parallel SR X times Parallel ISR X times
All values in Ix PMOLED WAVY/[e]8=68 dimmer PMOLED WAVY/[e]8=68 dimmer PMOLED WAVY/[0]8=6R dimmer PMOLED WAVY/[0)8=6R dimmer
No cover 800.00 110.00 7.27 900.00 180.00 5.00 300.00 43.00 6.98 360.00 50.00 © 7.20
Acrylic 450.00 57.00 7.89 600.00 100.00 6.00 200.00 23.00 = 8.70 160.00 23.00  6.96
PETG 560.00 60.00 9.33 ‘ 640.00 110.00 5.82 200.00 26.00  7.69 170.00 26.00 6.54
Wood Veneer 53.00 9.30 5.70 70.00 14.00 5.00 25.00 4.00 6.25 16.00 440 3.64
Mirror 150.00 21.00 7.14 170.00 35.00 4.86 50.00 10.00 5.00 43.00 10.00 4.30
Basswood 3.50 2.20 1.59 3.30 1.60 2.06 1.40 2.00 0.70 1.40 2.00 0.70

Textile 170.00  21.00 | 8.10 200.00 37.00 5.41 53.00 9.30 5.70 53.00 10.00 5.30
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