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Manufacturing Application-Driven Foveated Near-Eye Displays

Kaan Aksit, Praneeth Chakravarthula, Kishore Rathinavel, Youngmo Jeong,
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Fig. 1. Manufacturing freeform optical components is a slow, expensive, and labor-intensive task that restricts computational optical
designers to only existing components which may be sub-optimal, and limits their ability to iterate and explore new designs. (A) we
present a rapid manufacturing technique involving 3D printing, optical bonding, and vacuum forming as a prototyping tool for testing
and validating ideas before creating a nal product. (B) A sample optical waveguide built using our rapid manufacturing technique
shows that the properties of refraction and total internal re ection match our theoretical expectations with negligible deviations. (C) We
choose the optically challenging scenario of near-eye displays to evaluate both our manufacturing technique, and our computational
methodology for calculating interchangeable freeform surfaces for a given near-eye display optical layout. (D-E) We design and
manufacture a completely untethered near-eye display prototype. (F-G) We show that our proposal can provide optically correct depth
cues at various scenarios. In this particular case, bottom portion of the eld of view is at a closer optical distance with respect to rest.
(H-1) Our prototype is also bright enough to be used in direct sunlight conditions, with suf cient resolution for rendering text.

Abstract Traditional optical manufacturing poses a great challenge to near-eye display designers due to large lead times in the order
of multiple weeks, limiting the abilities of optical designers to iterate fast and explore beyond conventional designs. We present a
complete near-eye display manufacturing pipeline with a day lead time using commodity hardware. Our novel manufacturing pipeline
consists of several innovations including a rapid production technique to improve surface of a 3D printed component to optical quality
suitable for near-eye display application, a computational design methodology using machine learning and ray tracing to create freeform
static projection screen surfaces for near-eye displays that can represent arbitrary focal surfaces, and a custom projection lens design
that distributes pixels non-uniformly for a foveated near-eye display hardware design candidate. We have demonstrated untethered
augmented reality near-eye display prototypes to assess success of our technique, and show that a ski-goggles form factor, a large
monocular eld of view (30° 55°), and a resolution of 12 cycles per degree can be achieved.

Index Terms Near-eye displays, See-through Displays, Application Adaptive Displays, Computational Displays, Augmented Reality
Displays, 3D printed optical components, Waveguides, projection displays
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1 INTRODUCTION focus cues provided by the display. Mainstream strategies [33] for

Augmented reality (AR) near-eye displays (NEDs) promise to be tﬁ%ckling these chaIIer)ges in_volve dyna}mic dis_play mechanisms that can
next breakthrough mobile platform, providing a gateway to courfi€nerate accurate visuals in all possible optical depths, which greatly
less AR applications that will improve our day-to-day lives [80]. Td/'créases the complexity of the NED design problem. Other obstacles
ful ll the promise of immersive and natural-looking scenes, as d 0 que_&?pread gd_opuon of AR NEDs include providing price-wise ac-
scribed by Kress and Sterner [40], AR NED designers need to sof¢eSSiPility, requiring a reasonable amount of computation and power,
dif cult optical design challenges including providing suf cient resolu-21d Providing a thin and a light-weight form factor suitable for daily
tion levels, eyebox, and eld of view (FoV). A major impediment touse- All of these problems are still waiting to be addressed and even
achieving natural images and a key cause of discomfort is the vergeritB@ll Steps towards a possible solution requires large lead time, and a
accommodation con ict (VAC) [27], which is caused by a mismatcf’aSSIVe effortin place. - . . .
between the binocular disparity of a stereoscopic image and the optic?ln this work, we explore 3D printing as an option for rapid production

of optical components. To target solutions for near-eye display designs,
inexpensive interchangeable optical components can therefore be made
Kaan Aksit, Youngmo Jeong, Rachel Albert, David Luebke are with Nvididt0 arbitrary shapes using commodity 3D printers. This opens a path

E-mail: kaksit@nvidia.com. towards building much simpler optical AR NED designs driven by the
Kishore Rathinavel, Praneeth Chakravarthula, Henry Fuchs are with UN®€eds of speci ¢ AR applications. Our work lead to the following
Chapel Hill E-mail: fuchs@cs.unc.edu. contributions:
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obtaining reprints of this article, please send e-mail to: reprints@ieee.org. ing, optical bonding ,and vacuum forming. We show that complex
Digital Object Identi er: XX.XxXX/TVCG.201X.XXXXXXX optical components such as diffusers, lenses, and optical waveg-

uides can be built for development purposes in a day using our
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Focus mechanism| See-through FoVv resolution| eyebox | formfactor | computeoverhead| gaze-tracking
Pinlightdisplays [51] light elds yes wide low small thin high no
Freeformoptics [34] light elds yes narrov moderate| moderate| moderate high no
HOE[37 light elds yes moderate low large moderate high yes
HOE[50 holographic yes wide moderate small N/A high yes
Focus tunable light engine [48] varifocal yes narrov moderate small bulky moderate yes
Multi-focal plane display [32] varifocal yes narrov moderate| moderate bulky high yes
Membrang24] varifocal yes wide low large bulky low yes
Varifocal HOE [1] varifocal yes wide moderate large moderate low yes
Multi-Focal Display [44 multi-focal yes narrov low large thin high no
Focal Surface Display [52] focal Surface no narrov moderate| narrov moderate high no
Thiswork staticfocal surface yes wide moderate large moderate low no

Table 1. A comparison of see-though accommodation supporting near-eye displays, including the virtual reality near-eye display implementation
of [52]. This table is modeled after those in Dunn et al. [24], Aksit et al. [1] and Matsuda et al. [52]. Our prototype demonstrates a unique combination
of a good form factor, resolution, FoV, and eyebox. Note that, in our chart, a moderate FoV is de ne as 40 - 60 , moderate resolution is de ned as 10
- 20 cpd, and a moderate eyebox is de ned as 5 - 10 mm. Moderate values are adapted from [15, 52].

sanding-free technique without requiriBg 8 weeks of lead over a spherical display surface. Recent work by Pereira et al. [65]
times, large investments, or intensive labor, proposed an algorithm that maximizes the optical ef ciency of light
going through 3D printed per-pixel optical waveguides, showing that
We provide a computational optical design methodology to creatgore complex display surfaces with millimeter scale pixels can be 3D
freeform projection screens for various applications, acceleratgginted. Unlike conventional xed pitched lenslet arrays, the work
by training a machine learning model. We show that the ex§if Tompkin et al. [78] proposed custom 3D printed content-adaptive
pupils in our designs can either be gaze-adaptive or xed,  |enslet arrays for glasses-free 3D display applications, reporting pixels
. _— of size0:4 2:5mm. Papas et al. [61] built a multi-view display using
To understand the demands of various AR applications, we deriEsiom 3D printed lenslet arrays and unstructured static printed pat-
depth characteristics for real-life scenes based on egocentric R@b}q‘ns. Other recent fabrication methods have focused on the surfaces
D datasets that are publicly available and from our own additiong} 3p printed objects, including reproducing speci ¢ characteristics of
data collection, we identify suitable applications accordingly, g ectance [53,85] or refraction [62]. However, existing solutions for
Ef_qsplay applications of printed optics do not produce suf ciently small
c,l?lxel sizes (micron scale) to support a practical NED design. Comple-
entary to printing optics for a NED design, the work of Mueller et
al. [57] describes a rapid prototyping of functional NED housing by
combining Lego bricks and 3D printed parts.
We design and manufacture a custom projection lens. We steefour manufacturing technique moves away from per-pixel waveg-
the projection lens in front of a projector. We show that a foveatd¢des. In our design, a single optical waveguide projects micron scale

display design candidate can be built by requiring only one displ&#x€ls onto a complex diffusive display surface rather than millimeter
mechanism . scaled ones found in the literature. Our process uses only a single 3D

printing medium, whereas previous 3D printed waveguides required
Overall, our proposal provides ease of replication, customizatid§!€ medium for the core and one medium for cladding. To the best of
signi cant cost reduction in production, practicality, and freedom ofur knowledge, our work is the rst to target NED applications using
design. Our proposal avoids the use of computation-intensive elemedgsPrinted optical components.
commonly found in other designs elsewhere in the literature, whi
tackling a challenging optical scenario of near-eye display designs.

We show a completely untethered application-adaptive AR N
prototype with interchangeable optics, ski goggle form fact
wide FoV, high brightness, and small computational and pow
demands,

e
&.2 Accommodation supporting near-eye displays

Accommodation supporting NEDs [33] address the problem of VAC by
2 RELATED WORK matching the binocular disparity of virtual objects with correct optical
Our proposal promises a design and manufacturing methodology fegal cues for various depth planes.
bu.'ld":jg an aclcommodatlon sgugpo_rtlng fc_)veated AR NIfED usw;g 3D Multi-Plane Displays Early on, Akeley et al. [2] demonstrated
printed optical components. printing is a process of manufactyr- i A . : : ;
ing 3D physical objects through various additive manufacturing (Ar\kge bene'ts of a xed-viewpoint volumetric desktop display using

techniques. We refer curious readers to Vaezi et al. [79] for a revi%\& multi-planes, which allowed them to generate near-correct focus
on various AM techniques, and Bickel et al. [9] for a review on th es without tracking the eye location or gaze. Recently such displays

state of the art on stylized fabrication. In this section, we provide & - been revisited with improved scene decomposition and gaze-
Y ) ' P caomingent varifocal multi-plane capabilities [54, 58]. However, such

cqmprehgnsive review on 3D printeq optics US.Ed for displays, alOH%plays have large power and computational demands, and complex
with a review on recent accommodation supporting NEDs, and CUNVR8rdware that would be dif cult to miniaturize. These constraints limit

displays. their usefulness to perceptual experiments identifying the needs of
2.1 Printed optics for displays future NED designs. The work of Hu et al. [32] demonstrated a time

ltiplexed multi-plane display in the form of ble AR NED with
The work of Willis et al. [88] investigated the feasibility of 3D printed. o o co N1H-Pians dispray in fhe form o7 a wearab'e w

. LS A p a narrow eld of view 30 40 ). Lee et al. [44] proposed a compact
optical components for sensing, illumination, and displays, and alﬁﬂjlti-plane AR NED composed of a waveguide and a holographic lens,

explored the possibility of using a per-pixel optical waveguide to relgyjnich gemonstrated a Fov 88 19 . Zhang et al. [93] proposed
light from an emmisive display to a light out-coupling planar surfacg, g4 ck of switchable geometric phase lenses to create a multi-plane
achieving dot-shaped pixels2 mm in size. The per-pixel optical ygitive light eld VR NED, providing approximate focus cues over
waveguides discussed in the work of Willis et al. [88] refer to an arrayl, g5 Fov. Both the works of Lee et al. [45] and Hu et al. [32]

of optical waveguides, each dedicated to delivering information carrigg, 1,onstrated time multiplexed multi-plane AR NEDs with FoVs of
by a single light beam to a single location to form one particular pixgly 5 40 respectively.

on a screen surface. The work of Brockmeyer et al. [11] extende
the approach of 3D printing per-pixel optical waveguides to curved Light Field Displays Light eld NEDs promise nearly correct
surfaces, with their prototype providing pixels at a millimeter scaleptical accommodative cues, but this comes at the cost of signi cant
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resolution loss. Lanman and Luebke [43] introduced a VR Near-Egpherical light sources as inputs (a display with many pixels), and relies
Light Field Display (NELD) that uses microlenses as the relay optias our fast-pace cost-effective manufacturing process.
showing a prototype with a FoV &2 160 , leading to a reso- )
lution of 2 3cpd. Huang etal. [35] developed VR NELDs further2.4 Foveated Displays
demonstrating a prototype with a diagonal binocular Fo¥ 10 , lead- |n our proposal, we evaluate 3D printed optical components that can
ing to a resolution of  4cpd). The work of Akit etal. [3] created a project foveated images, and we also explore the steering of projected
VR NED using a pinhole mask in front of an AMOLED display, andmages on a diffusive projection screen for foveation purposes. There-
demonstrated full-color images with a diagonal binocular FO83f  fore, we review relevant optical hardware in the foveated display liter-
with 2 3cpd. By using a see-through sparse backlight mechanisature. The earliest example of a gaze-contingent visual stimulus was
the work of Maimone etal. [51] introduced a single-colorAR NEDpresented by Reder in 1973 [68], paving the way for further research
prototype with a diagonal FoV of 110and a resolution of 2 3cpd.  into foveated imagery. Later on, the rst proposal for foveated display
. ) . ) . . hardware appeared in the works of Baldwin et al. [5] as a variable reso-

Varifocal Displays = Another solution for solving VAC is a varifo- |ytion transparency magni ed by large concave mirrors. A year later,
cal display, which dynamically changes the optical properties of thge \ork of Spooner et al. [73] showed an another style of desktop size
display. Although varifocal displays offer large computation bene t§gyeated display hardware, which combines two different displays to
they require precise gaze tracking. Liu etal. [48] used a tunable lefide high resolution images at the fovea, and low resolution images
system combined with a spherical mirror, demonstra8gof diago- i, the periphery. To our knowledge, the work of Shenker et al. [71] is
nal FoV with10  14cpd, which switches depth froBID to innity  the rst to realize the concept of combining two different displays in a
(' 0:1D) within 74ms. Another study by Konrad etal. [66] also took\ED con guration, in the form of a steerable foveal inset waihicpd
advantage of an electrically tunable lens system, and demons@ted ye5o|ution created using ber-optics and pancake type optical relays.
diagonal Fo\(. The solution of Konrad etal. aIIowed.depth SW'tCh'nEater, the work of Howlett et al. [30] followed the path of combin-
from 10D to in nity ( 0:1D) within 15ms, and provide& 6cpd. jng two different displays in a NED con guration to build a complete
Dunn et al. [24] provided a monocular FoV®f60 and a fast varifocal glepresence system with cameras. Rolland et al. [69] combined two
mechanism 0800ms that switches depth froBD toin nity ( 0:1D).  gjisplays using a beam-splitter in a NED setting. In their design, a
Most recently, the work of Asit et al. [1] proposed using Holographic pigh-resolution inset witl24 cpd resolution is relayed to the fovea of
Optical Elements (HOEs) as a part of an AR varifocal NED systeqpe eye using microlenses with a FoVi8:30  10:05 , while a lower
offering a FoV of60 with 18cpd, .hovyever the varifocgl mechanism is;egolution display a6 cpd spans across a FoV®® 39 through a
not fast enough410ms) when switching fronsD to in nity (- 0:1D).  magni er lens. The work of Godin et al. [26] describes a dual projector
layout in order to realize a stereoscopic desktop-sized display with a
xed foveal region. Most recently, Lee et al. [44] proposed a compact
\R NED comprised of a waveguide and a holographic lens that com-

Static and Dynamic Holographic NEDs Holography promises
an accurate representation of four-dimensional (4D) light elds, ho
ever the _Iimitations of such dis_play_s in(_:lude a small eye_box, Iar% es two displays. Their design has a Fo\88f 19 and eliminates
computational demand, large calibration times, and the design trade-tﬂ needs of a gaz.e tracking hardware. We refer curious readers the fol-
between limited resolution or a bulky form factor. Static hoIogranR :

encoded into HOEs have been used in various NED types as optngﬁé@ge;ﬁégfiﬁi%%;ﬁg? g::gi?czg[ggpé%agi?d computational bene ts

combiners [37, 44,50] or projection surfaces [1], although the static Rather than combining two different displays into one to provide

holograms in these displays do not provide 4D light elds. On the Oth%veated imagery, our proposal experiments with steering a single
hard,sdy?alml_l_c Etoll\?gga?ht'c VRS’CII\EADS ct?_nhbe achleve(;j uhsTg Phagkilay per eye, where each display is equipped with a custom foveated
05n0y52p?2|a Igbl' 0 ula ors (I'k fs) Wf'C can %nco .g ologramg g design and linear mechanical stages. Our mechanism for steering
[50, ! ], ena INg & glasses-like form a_ctor, andawi e RiV)( is based on mechanical actuators, resulting in increased power demands
Inspired by the recent static and dynamic holographic NEDS [1, 24 sjower steering due to the extra bulk. On the other hand, our
50, 52, 89], we propose a ski-goggles form factor AR NED desigl}q,osa| promises less computational demand, fewer design trade-offs
with wide FoV and application-dependent accommodation support. ik respect to other display hardware found in the NED literature, and

Table 1, we also provide a comparison of the characteristics of Othgl, yromises to avoid the perceptual issues that arise from the integrity
state-of-the-art NED prototypes found in the literature. and alignment of dual display per eye hardware.

2.3 Curved and Freeform Screens 3 APPLICATION-DRIVEN NEAR-EYE DISPLAYS

Our proposal promises a diffusive freeform projection screen surfade seek to target the requirements of the human visual system (HVS).
that can mimic the depth properties of a target depth curvature. Théree HVS has a binocular eld of view of 190 [83]. Maximal human
fore, we look into the literature to identify the state-of-the-art incurvedsual acuity under ideal conditions is65 cpd at the fovea [76,86,87],
or freeform screens. Researchers have explored desktop-sized s@tiwugh it quickly drops to abo5 cpd at35 eccentricity in the
curved displays [8, 10, 31, 41, 84] and very large format, immersivegriphery [75]. Moreover, human depth acuity is similarly at its peak
static curved displays [7,28, 39, 77]. Thesecurved displays are tapthe fovea and drops linearly with greater eccentricity [19].
ically cylindrical or spherical in their surface prole. The work of Towards this goal, we have landed on an optical design for AR
Brockmeyer et al. [11] demonstrated a static desktop-sized dispkgplications as shown in Figure 2. Our base optical design consists of
which achieves a freeform surface pro le, inspiring our work. Rea specialized light engine, a freeform projection surface producing a
searchers have also shown manually con gurable exible displayarget depth plane that is determined by the desired AR application,
that use Organic LEDs [90], thin electroluminescent Ims [59], an@nd an off-axis semi-re ective curved beam combiner. We explain our
electronic-ink [25]. Recently, a dynamically shaped changing displaptical layout by following the light path, starting from the projector.
was demonstrated by Leithinger et al. [47]. For a more exhaustive e also discuss our analysis of the depth levels in real-life scenes
vey on non-planar displays, we refer interested readers to the followititat guided our design, and explore an extension of our work towards
papers: [4,46,67]. To the best of our knowledge, we are the rst tastom projection optics for foveation purposes.
claim usage of 3D printing to create freeform projection screen surfaces o .
for AR NED designs. 3.1 Projection light engines

Relevant to our work, previous body of work on caustic based lefisie freeform projection surfaces in our proposal are illuminated using
design [21,70,92] demonstrated freeform lens calculation process usamgjection displays, referred to as light engines. A simpli ed equivalent
a single collimated light sources as an input, high precision expensivea light engine is an emissive pixelated display coupled with projec-
machinery, and among with large optical paths. Our design proce&s optics. Projection optics generate a eld curvature [81], causing
differs as it takes advantage from machine learning, uses multigach pixel of the emissive display to be imaged with sharpest focus at a
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Fig. 2. The optical layout for our Augmented Reality Near-Eye Display with freeform projection surfaces. We computationally optimize the shape of
the freeform projection surface for a given target depth curvature. Images on the freeform projection surface are relayed to a viewer’s eye using an
off-axis curved beam combiner.

speci c distance, thereby forming a 3D surface. The eld curvature of
a complex optical system witim+ 1 surfaces can be described as

1 _ ™ner N
Rp FiNe1n’

@

i=0

wheren; represents the refractive index andepresents the radius
of curvature for thé!" surface. For a simple thin lens, the eld curvature
can be calculated as

Rp = N fihin; (2)

Wherefin represents the focal length of a thin lens, amdpresents
the refractive index of a thin lens material. However, the eld curvature
of a light engine can also be designed in various ways: to achievé&ig. 3. There are two options for optical path folding in our proposal.
at surface, telecentric lenses [82], separated thin lenses, eld- atten&ketches show (Left) an optical waveguide design merged with our
lenses, or meniscus lenses can be used [81]. The point spread fundfiegform projection surfaces, (right) traditional birdbath optics with beam-
(PSF) describes the response of an imaging system to a point souffditers.
Assuming a circular lens or an effective circular aperture with coherent
illumination, the PSF of a light engine is theoretically limited in spot
size, which can be described using the diffraction-limited Rayleigh’s For the waveguide approach, the light rays emitted from the light
resolution criterion, engine arrive at a prismatic interfa@ which has a tilt ofQy, as
annotated in Figure 3. Rays at the interfac&dfefract and propagate
_ 244151 inside the medium. At the interfac®, rays arriving with an angle
Wo = DL @) of incidence larger than the critical angle tend to re ect as dictated
by Fresnel coef cients, and causing a phenomena of Total Internal
wheref is the effective focal length or throw distand®, is the Re ection (TIR). Re ected rays fron8l arrive at the nal projection

effective aperture size, and represents the wavelength of the lightfreeform surface annotated wig in Figure 3. Curious readers may
A pixel on an emmisive display has an active area that emits lighid a review on applications of waveguides in NED designs in the
called pixel spread, which is typically one of the limiting factors deyork of Cameron et al. [16].
termining the maximum resolution of a NED design. Our design may
produce variable pixel spread over the freeform projection surface d&8 Beam Combiners

to discrepancies between the surface height and the eld curvaturegifr design use standard spherical beam combiners in conjunction with
the projection optics. Light engines that are based on focus-sweepjgre complex freeform projection surfaces to avoid complex beam
lenses [36], or scanning lasers [29] provide an improved constant spginbiner designs or multi-element optics directly in front of the display.
size over a wider range; however, such solutions typically come with our assessments, we observed that a larger radius of curvature for
trade offs such as loss of contrast for sweeping lenses or limited Minspherical beam combiner leads to larger eye relief, and therefore
imum spot sizes due to maximum scanning mirror sizes. Our opticako a larger projection volum® as depicted in Figure 2. To avoid
layout proposal is compatible with those alternative solutions as wellict tolerances in manufacturing we recommend curvatures in the
. . range of40 80 mm, which maximizes the volume without falling
3.2 Optical Path folding below a thickness o mm or exceeding a thicknessesl&mm. Our
As our design relies on freeform projection surfaces, placing the lightoposal is applicable for other forms of off-axis curved beam combiner
engines directly behind the curved projection surface would lead sorfaces [14].
both an increased eye relief and a larger form factor, although in some L
cases this may not even be physically possible due to the anthropgrft- Freeform Projection Surfaces
etry of the average human. Therefore, one can use free-space b&aing the ray tracing model in Figure 2, we investigate on the required
splitters, mirrors, or optical waveguides to fold the optical projectioshape of the projection screen surface using a xed shape off-axis beam
path. Both the waveguide and beam-splitter approaches are applicalgmbiner. We simulate rays starting from sample points at various
to our optical layout, and the physical arrangement of both designs émeget depth curvatures spanning different optical de®héx; y; z),
depicted in Figure 3. Pv (XY, ), Pe(XY;z), reaching to a planar exit pupil with a size of
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Conventional Mode Gaze-adaptive Mode
£
= }2.7mm }2.8 mm
2 Y2.6mm Iz 6 mm
2 }2.1mm 2.2mm

length’(mm)

Fig. 4. Calculated freeform projection surfaces for various depth ranges in conventional and gaze-adaptive mode. These surfaces are designed for
our wearable prototype using a spherical beam combiner with a 76:4 mm radius of curvature. In the conventional mode we optimize these surfaces
for a xed nominal gaze condition, whereas in the gaze-adaptive mode we optimize points on each projection surface by rotating the eye to points of
interest in the visual eld of view.

20mm 20mm A sample rayROshows this path in Figure 2. From for a given target depth point represented with py and pz, C 1

the exit pupil, we trace target rays backwards to the off-axis beaorresponds to the inverse of the covariance matrix for a provided

combiner, which has a tilt ofigc with respect to the optical axis astraining set Pﬁ(x;y,z), P,S,(x;y,z), Pg(x;y,z), (XY 2), Pu(xy;2),

shown in Figure 2. The tilt is chosen such that the re ection of thg- (x;y;2)), kT represents the transpose of a vector that contains the

target rays are on or above the typical height of the eyebrows [91]. Afmilarity measures between depth points used in traiRir(e; v, z),

example re ected ray is annotatedR&in Figure 2. Pv(xy;z), Pe(x;y; z) and a given target depth point represented with
To determine the location of the freeform projection surface we ng,, p, andp,. The similarity measure that we used in our training is a

the 3D point locations, where the re ected target rays are closest to eaghheralized Radial Basis Function (RBF) kernel of the following form:

other, forming the smallest possible spot size for a given set of rays.

Given the the starting sample poiRg(X;y; z), Bu (X Y; 2), Pe(XY; 2), k(ab) = e %ﬁﬂ )

the point candidates on the freeform projection surface are therefore ’ '

PO Y:2), A (X Y:2), PR(xy;2). We restrict the eye relief to arange in whichs represents a free parameter. We tsnentil we obtain a

of 35 55mm to accommodate assembly using either a direct opticgod estimate for our test data. Note that similarity measures vector

path or an optical path folding method. calculated for each estimatiokl, and the inverse of the covariance
The optics of a NED typically contain aberrations that cause angulgyatrix for a given training datasef, 1 are both based on the intro-

deviations of ray bundles as a function of changes in gaze and elfed RBF kernek (a;b). Using this regression model, we generate

position. Recently, Mercier et al. [54] pointed out that the alignmektimates for projection surfaces represented in the form of dense point

of focus planes can be affected by gaze changes due to the opticgiefids rather than running a ray tracing-based optimization for each

a multiplane NED. On the other hand, the most recent literature g4rget point in the space, which also saves a designer from a hassle

3D foveated desktop displays with accommodation support [38, 7¢f going into porting code to GPU as most of the modern machine
suggests that the fovea is the area most sensitive to depth differene@sning libraries are already GPU accelerated.

In light of these recent ndings, we expand the concept of pupil-swim
to our optical design methodology by approximating the freeform prd:5 Target Depth Fields

jection surface in a gaze adaptive way. Rather than optimizing the yetermine the optimal freeform projection surface for various aug-

entire surface for a single gaze condition at once, Figure 2 shows hm’&nted reality contexts, we explore depth characteristics of real-life

we keep the rotation cent® xed in space and rerun our ray tracing ;oo This kind of analysis can illuminate the accommodative de-

model with the target depth point determined by the gaze Condltl(ﬁ[]"ands required in various augmented reality use cases. We therefore

Note that the location df. can be personalized depending on the intef- ] P o i
pupilary distance of the subject [23] of the way the NED ts on thaV2e Several scenarios such as Walking indoors, Social interac

subject_’s head._For thes‘? simu_lations, we accomr_nod_ate the worst-cas\t;‘/e compute the average depth maps for a number of scenes as shown
scenario by using an exit pupil 8fmm 8 mm which is the largest in Fig 5. For the rst three columns, we use egocentric RGB-D datasets

possible aperture of the human eye under scotopic (dark-adapted) Mvided by FIIT Egocentric RGB-D dataset [60], NUS3D-Saliency

ditions [22.]' In Figure 4, we SimUIate.diﬁerem required surfapes usi ataset [42], and EgoDexter [56]. Additionally, we capture our own
both classical and gaze adaptive optical design methodologies to reple ontric RGB-D dataset for the of ce workspace case. Our dataset

sent several rectangular planar virtual images at various depth Iev\ﬁ s collected using an Xtion Pro Carmine RGB-D sensor with the
Therefore, it is also possible to generate freeform surfaces based o nNI and OpenCV APIs

eyc_arlocatloT of ?n usle rll i f froef eci ¢ In our calculations, we take into account the depth sensitivity of the
o accelerale caicuiations of lreeform projection surtaces, VY—'?VS, such that the peak depth sensitivity is at the fovea, with a linear

identify an alternative regression-based model. Using a small nuhe ; ; :

. ] A > gular fall-off rate into the periphery [19]. The average depth map is
bgr _Of pomtoca'ndldates ona freeform projection surfa&(ix,y,z),_ therefore based on the following formulation:
Pu(Xy,z), PE(x;y;2z) and their corresponding target depth points

(XY 2), Bu(x Y, z), PE(XY;2), we trained a Gaussian Process Re-

gression (GPR) model that follows the general form ci=p s diij); ®)
2 3 2 37 where the visual depth sensitivity functianis de ned in terms
pg Px of peak depth sensitivity at the fovgathe angular linear fall-off in
4 p%5 =k'c 14p5 ; (4) depth-sensitivitys, and the angular distancki; j) from the fovea. We
pY Pz de ne a weighting functiorw as:
wherep?, pg, andp? represent an estimated projection surface point w=g C; ©)
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Fig. 5. The process of generating average depth maps from a dataset of depth images. Labels at the bottom of each column indicate the dataset
used. Labels at the top of each column indicate the application or situation in which the dataset was collected. Datasets used in the rst three
columns are FIIT Egocentric RGB-D dataset [60], NUS3D-Saliency Dataset [42], and EgoDexter [56].

wherec represents visual depth sensitivity, amdepresents gaze
locations or gaze heat maps. If gaze information is not available in
a given dataset, we rely on saliency prediction maps generated using
code provided by [20]. Finally, we arrive at weighted average for a
given dataset as:

p= P, ®)

Wi

) o ) Fig. 6. A foveated lens can distribute pixels of a display in a non-uniform
and we calculate a weighted standard deviation for a given datasetzaion by intentionally introducing pinchusion distortions to the gener-

s ated nal images.

wii(pi )2,
—

©

3.6 Foveated projection optics

The Depth of Field (DoF) of the HVS provides a depth volum&Ve also explore projection optics as one possible extension of our sys-
inside which the scene is acceptably sharp. The size of this volume ¢am. Foveated displays present a higher resolution image at the location
be0:4 D to 1:2 D for eye aperture diameters in the rang8ofim to  of the user’s gaze and progressively less detail with increasing eccen-
2 mm, respectively [17,18]. The average standard deviations for ttiity, reducing the total number of pixels required. We use projection
datasets in Figure 5 suggest that the activity of walking indoors hasgjgtics to distribute pixels in a non-uniform fashion over a projected im-
variation that falls within this DoF range. The social interaction activitgge. In a typical light engine, the pixel locations are distributed evenly
poses a challenging scenario for our approach in the bottom portiorthe focus plane and can be expressed as a normalized distribution
of FoV, but a large portion of the scene could still be static in deptihom 1to 1. To create a foveated light engine, we apply an exponent
The other two activities, working at a desk and the of ce workspact the evenly spaced distribution (if. 1:::0:::1¢%), obtaining the best
include more close distance interactions and therefore may require tpassible PSF at the centd; Q) with fewer pixels in the periphery,
or three static surfaces to be optically combined in order to provide the depicted in Figure 6, very similar to Pinchusion distortions. Our
required accommodation support. intended design is a single add-on lens in front of a projection light
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