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ABSTRACT
Peripheral vision in immersive virtual environments is important for application fields that require high spatial awareness and veridical impressions of three-dimensional spaces.
Head-mounted displays (HMDs), however, use displays and
optical elements in front of a user’s eyes, which often do not
natively support a wide field of view to stimulate the entire human visual field. Such limited visual angles are often
identified as causes of reduced navigation performance and
sense of presence.
In this paper we present an approach to extend the visual
field of HMDs towards the periphery by incorporating additional optical LED elements structured in an array, which
provide additional low-resolution information in the periphery of a user’s eyes. We detail our approach, technical realization, and present an experiment, in which we show that
such far peripheral stimulation can increase subjective estimates of presence, and has the potential to change user
behavior during navigation in a virtual environment.

In the field of virtual reality (VR), stimulation of peripheral vision has shown to elicit more natural behavior,
perception and performance, i. e., reducing differences between immersive virtual environments (IVEs) and the real
world [8]. However, providing visual information of a VE
over the entire human visual field imposes challenges and
difficulties not only on HMD display technologies, but also
on computer graphics rendering techniques based on planar
geometric projections [11]. Moreover, recent display trends
suggest that even simple extensions of ambient light in the
periphery of screens [12] or HMDs [13] might help users feeling more present in VEs.
In this paper we present a peripheral low-resolution visual field extension for immersive HMDs based on LightEmitting Diodes (LEDs). We describe our approach as well
as our hardware and software implementation. We present
an evaluation of the effects of such peripheral stimulation
and discuss the results.
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1.

INTRODUCTION

Head-mounted displays (HMDs) can provide visual information of a virtual environment (VE) over a large portion of
the human visual field. For instance, the Oculus Rift DK1
HMD provides a visual field of 90 degrees and the Fakespace
Labs Wide5 HMD 150 degrees horizontally. However, the
currently used optics and flat display technologies do not
support stimulation of human far peripheral vision [11]. The
total horizontal binocular visual field of the human eyes approximates on average 200 degrees, with the vertical field
approximating 120 degrees [9]. Restrictions of the field of
view (FOV) in the real world are known to affect human
perception and change behavior, such as navigation and maneuvering performance [4] and spatial estimation [10].
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RELATED WORK

While most early HMD technologies only supported comparably small diagonal FOVs, i. e., about 30 to 60 degrees,
and current-state HMDs support medium peripheral stimulation of about 90 degrees ,e. g. Oculus Rift DK2, only few
HMDs were build that stimulate more, such as the Fakespace
Labs Wide5 with 150 degrees or Arthur’s 176 degree HMD [1],
neither of which encompassed the whole 200 degrees of the
human total horizontal visual field. Far peripheral vision
is important due to a higher sensitivity to optic flow and
motion detection than in foveal or near-peripheral vision,
as well as higher detectability of temporal changes and an
increased sensitivity to luminance in low-light situations, although visual resolution in such regions is largely reduced [9].
A large body of research has been focused on identifying effects of the FOV of HMDs on spatial perception, task
performance, presence and behavior. For instance, Bolte
et al. [2] found that a reduced FOV can change the user’s
behavior and increase the amount of necessary head rotations. Moreover, in an experiment conducted by Jones et
al. [5] they found using a Wide5 HMD and emulating different FOVs that a 150 degrees visual field significantly improved distance judgments in a VE compared to a reduced
FOV of 60 degrees and showed that even static peripheral
stimulation with white light in the far periphery of HMDs
resulted in more accurate distance and size judgments [6].
Investigating how presence is affected by the visual field of
virtual stimulation, experiments revealed a correlation between increased FOV and increased presence, but also in-

creased simulator sickness [7]. Even related work in nonimmersive display environments seems to agree that a larger
FOV increases presence and engagement, even if the FOV
is only artificially increased by using ambient lighting in the
periphery of screens [12].

3.

AMBICULUS PERIPHERAL DISPLAY
EXTENSION

In this section we first detail our conceptual approach of
extending the FOV of current-state HMDs, and then detail
our current implementation based on an Oculus Rift DK2.

3.1

Concept

Our hardware concept for the Ambiculus peripheral display expansion is to mount arrays of RGB LEDs around the
central display units of current-state HMDs (cf. [13]). Due
to the predominance of flat rectangular screens, similar to
or equal to cellphone-screens, used in recent HMDs we assume that the HMD has a rectangular shape in which optical
magnification lenses for the left and right eye are mounted
in front of the screen, thus partitioning the screen into a left
and right side. We place the LEDs in arrays with a width of
one to n LEDs in rectangular shapes around the screen area,
and add diffusors above the LEDs to diffuse the light and to
compensate for the spatially discrete light sources. Hence,
users wearing the HMD see the VE on the main display in
front of their eyes, and they receive light from the LEDs in
the far periphery. As the peripheral light is not transmitted
through the lenses of the HMD it is not subject to the optical
distortions usually found with non-pupilforming lenses [11].
By incorporating multiple layers of LEDs around the central
display it is possible to increase the peripheral resolution.
Usually, Ambilight setups in the home cinema market intercept the input image using video input signals and repeat
visual information from the screen’s edges towards the periphery using single LEDs or strips [3]. We tested this approach by attaching LED stripes inside HMDs and were a
bit surprised to notice that it seemed to suffice to increase
presence, which we observed anecdotally during informal pilot tests.

3.2

Realization

As an exemplary implementation of a low resolution peripheral display, we decided to utilize RGB LEDs with an
integrated WS2812B Controller1 . We implemented the peripheral light capture as a Unity3D plugin and we used our
own protocol to transmit the rendered pixel data through a
virtual serial port to an Arduino Nano board. The Arduino
Nano board uses the Adafruid Neopixel library2 to transmit
the color data to the LEDs (also called pixels). This allows
the transmission of any signal and any color, which, for example, can include a warning light in case a user comes close
to a collision with a physical obstacle in a head-tracked IVE.
In our current implementation we used RGB LEDs from
a strip with 144 LEDs per meter at 10 mm width with 5 V
and 60 mA at maximum brightness. We included 50 LEDs
(see Figure 1b) into the frame of an Oculus Rift DK2 HMD,
and used an external power supply to supply the LEDs with
power (see Figure 1a). Additionally, the scripts allow decoupling the LED output from the visual output, giving de1
2
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Figure 1: a) The Oculus Rift DK2 with peripheral
display extension prototype and diffusing foil. b)
Schematic illustrating the placement of the LEDs

velopers the possibility to display warnings or change the
atmosphere of a scene with the illumination.
The current prototype supports a far peripheral visual
output with a resolution corresponding to the number of
LEDs in the grid (see Figure 1a), increasing the FOV to approximately 118 degrees. The LEDs were diffused and color
values were optically calibrated to ensure the LED brightness does not surpass the HMD screen brightness.

4.

EXPERIMENT

In this section we describe the experiment that we conducted to evaluate the peripheral display extension described
in Section 3. We address the following research questions:
Q1

Can peripheral stimulation increase the user’s sense
of presence?

Q2

Does light in the periphery change the user’s behavior
while navigating through a VE?

4.1

Participants

We recruited fifteen participants from our department for
our experiment (2 female, ages 20 – 52, M = 30.1). All of
them had normal or corrected vision. Seven subjects reported that they have participated in an HMD experiment
before. The mean duration of the trials wearing the HMD
was about ten minutes (30 min with questionnaire and instructions).

4.2

Materials

As illustrated in Figure 2a, users wore an Oculus Rift
DK2 HMD using the Oculus DK2 IR camera to provide six
degrees of freedom optical tracking. The participants were
seated in an MWE Lab Emperor 1510 chair and used a computer mouse as input with their dominant hand. We implemented view-directed steering with the speed controlled by
the mouse. By pressing the left mouse button participants
moved forward, the right mouse button moved them backward, and pressing no button allowed them to stop and look
around with head-tracking. The Oculus Rift DK2 offers a
nominal diagonal FOV of approximately 100 degrees at a
resolution of 1920 × 1080 pixels (960 × 1080 for each eye).
The visual stimulus consisted of a 3D forest scene in bright
daylight (see Figure 2b), which was rendered with Unity3D
on an Intel computer with a Core i7 hexacore at 3.5GHz
CPU, 32 GB RAM and two Nvidia GeForce GTX980 in an
SLI array. We used the traditional edge-expansion approach
to compute the ambient light for the LEDs as described in
Section 3.

(a)

(b)

Figure 3: Results of the presence questionnaires:
The y -axis shows the presence score and the x axis shows the conditions. a) Witmer-Singer PQ.
b) Slater-Usoh-Steed PQ.
(a)
and WS-PQ, as well as demographic data and we collected
additional subjective impressions and comments.

4.4

Results

We had to remove one participant due to simulator sickness and two participants because they did not understand
the task and performed erratic movements, since it was, as
they commented, their first time wearing an HMD and they
wanted to test the device limitations.
(b)

Behavioral Measures
Figure 2: a) Photo of a participant during the experiment with annotations. b) The visual stimulus,
including one of the gates the participants were instructed to traverse.

We analyzed the results with a paired-samples t-test at the
5% significance level.

time

4.3

Methods

Half of the participants started with the peripheral LEDs
turned on and then completed the second part without peripheral LEDs, and vice versa. To complete a trial, the
participants were instructed to pass through ten gates in
the virtual forest scene. Upon traversing the last gate the
trial was completed. The participants were informed that
it was not a requirement to complete the task as quickly as
possible. Since the participants were seated and not able
to turn 360 degrees comfortably, the gates were placed to
allow the users to walk in a general forward direction with
a maximum of 45 degrees head turning (see Figure 4). The
dependent variables were the time needed to complete the
trial by passing the final gate, the distance traveled in the
virtual world, the head movements in meters, the overall
angle of head rotations.
As a measure of presence and simulator sickness, users
were asked to fill in a set of subjective questionnaires. Before completing the trials, participants were asked to fill
in Kennedy’s Simulator Sickness Questionnaire (SSQ) and
an Immersive Tendencies Questionnaire (ITQ). Afterwards,
participants were instructed to put the HMD on and follow the on-screen task instructions. After reaching the final
gate, participants had to take the HMD off and answer a post
SSQ, a Slater-Usoh-Steed (SUS) presence questionnaire as
well as a Witmer-Singer Presence Questionnaire (WS-PQ).
Then, participants had to put the HMD on again and after
the second trial they had to fill in another post SSQ, SUS,

distance
head translation
head rotation

LED
on
off
on
off
on
off
on
off

M
224.13s
202.54s
578.28m
541.12m
9.07m
6.33m
4071.5◦
3026.8◦

SD
43.74s
29.18s
61.17m
14.15m
5.87m
3.39m
2454.4◦
489.8◦

t(11)

p

1.958

.076

2.407

< .05

2.223

< .05

2.009

.070

Questionnaires
We found no significant difference in the average increase
in SSQ scores during the trials with Ambiculus (M = 13.09,
SD = 34.74) and without Ambiculus (M = 2.49, SD = 8.18)
in the experiment (Z = .65, p = .52).
We analyzed the WS-PQ, SUS and SSQ questionnaires
with a non-parametric Wilcoxon Signed Rank Test at the
5% significance level. The WS-PQ indicated that there was
no statistically significant difference between the Ambiculus
enabled (M = 73.50, SD = 12.62) and disabled (M = 66.25,
SD = 12.30) presence scores, but a trend (Z = 62, p = .07).
The SUS questionnaire indicated that there was no statistically significant difference between the Ambiculus enabled
(M = 4.94, SD = 1.23) and disabled (M = 3.99, SD = .96)
presence scores, but a trend (Z = 62, p = .07). We analyzed
the ITQ with a non-parametric Mann-Whitney U Test but
found no significant difference in ITQ scores (start without Ambiculus = 61, SD = 11.40; with Ambiculus = 57.86
SD = 23.34; U = 17.00, n1 = 5, n2 = 7, p = 1.00).

further supported by using visually faithful rendering for the
LEDs in the periphery, on which future work should focus.
Moreover, future work may focus on the potential to provide optic flow stimuli with multiple layers of LEDs in the
far periphery, which might be sufficient to affect self-motion
velocity estimates while moving through a virtual environment due to the high sensitivity of the periphery of human
eyes to visual motion.
Figure 4: The paths the participants’ walked in the
experiment. (red) Ambiculus deactivated. (Green)
Ambiculus active.

4.5

Discussion

We collected additional informal comments, which overall indicated that participants enjoyed moving through the
virtual forest more if the peripheral light was turned on and
less if it was turned off. The quantitative behavioral results support this notion, in particular, considering the time
spent in the virtual world and distance traveled and participants performed more movements with their head in the
real world, i. e., translations and rotations. This is an indicator that the user’s behavior is influenced by the added
peripheral stimuli, as illustrated by Figure 4. When asked
to reflect upon their behavior and indicate reasons after the
experiment, some participants commented that they had a
higher sense that the virtual world actually spanned entirely
around their head such that it felt more natural to move
around in it. Another participant mentioned that the peripheral light encouraged to look around and especially the
difference between bright and dark places was very present
and caused ambiance.
We assume that by adding even low resolution peripheral
visual stimuli, the participant’s desire to explore the scene
was stimulated, likely due to the increased sense of presence. The results of the presence questionnaires support
these comments and show a trend that the participants felt
more present in the Ambiculus condition.
During the debriefing, two participants mentioned that
the additional light in the periphery increased simulator sickness symptoms. The results of the SSQ questionnaires support this statement, although the differences between the
two conditions were not significant and have to be considered in future work.

5.

CONCLUSION

In this paper we presented an approach to provide peripheral visual stimulation for HMDs which is based on RGB
LEDs that are structured in an array around the main HMD
screen. The implemented solution is intended to be opensource, allowing interested parties to use the plugin and
sketches to replicate the device. Although the approach
does not support a high resolution comparable to that in
the central fields of an HMD, we found in an experiment
that it nevertheless had benefits for subjective estimates of
presence. Moreover, we observed that the peripheral light
changed the behavior of users while navigating through a
realistic virtual 3D scene.
In the described experiment we computed the peripheral
light by repeating the border colors of the displayed images
towards the periphery. Although the results are encouraging, we believe that spatial awareness and presence might be
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