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A display connected to a digital computer gives us a chance to gain familiarity with concepts not
realizable in the physical world. It is a looking glass into a mathematical wonderland.
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Half-silvered mirrors in the prisms through which the user looks allow him to see both the images from
the cathode ray tubes and objects in the room simultaneously. Thus displayed material can be made
either to hang disembodied in space or to coincide with maps, desk tops, walls, or the keys of a

typewriter.
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The authors describe the design and prototyping steps they have taken toward the implementation of a
heads-up, see-through, head-mounted display (HUDset). Combined with head position sensing and a
real world registration system, this technology allows a computer-produced diagram to be

superimposed and stabilized on a specific position on a real-world object.
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We believe that one of the most powerful uses of virtual worlds will not be to replace the real world,
but rather to augment the user’s view of the real world with additional information. This idea,
introduced by Ivan Sutherland’s pioneering work on head-mounted displays, is often referred to as

augmented reality.
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This paper focuses on Mixed Reality (MR) visual displays, a particular subset of Virtual Reality (VR)
related technologies that involve the merging of real and virtual worlds somewhere along the “virtuality
continuum” which connects completely real environments to completely virtual ones. [--] An
(approximately) three dimensional taxonomy is proposed, comprising the following dimensions: Extent
of World Knowledge (“how much do we know about the world being displayed?”), Reproduction Fidelity
(“how ‘realistically’ are we able to display it?”), and Extent of Presence Metaphor (“‘what is the extent of

the illusion that the observer is present within that world?”).
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Within this framework it is straightforward to define a generic Mixed Reality (MR) environment as one in
which real world and virtual world objects are presented together within a single display, that is,
anywhere between the extrema of the RV continuum. [---] In simple terms, EWK defines how much we
actually know about objects and the world in which they are displayed. [-:] The term “Reproduction
Fidelity” refers to the relative quality with which the synthesising display is able to reproduce the actual
or intended images of the objects being displayed. [---] the Extent of Presence Metaphor (EPM) axis,

that is, the extent to which the observer is intended to feel “present” within the displayed scene.
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Some researchers define AR in a way that requires the use of Head-Mounted Displays (HMDs). To avoid
limiting AR to specific technologies, this survey defines AR as systems that have the following three

characteristics: 1) Combines real and virtual 2) Interactive in real time 3) Registered in 3-D
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we define an AR system to have the following properties: B combines real and virtual objects in a real
environment; M runs interactively, and in real time; and M registers (aligns) real and virtual objects with
each other. Note that we don’t restrict this definition of AR to particular display technologies, such as a
head-mounted display (HMD). Nor do we limit it to our sense of sight. AR can potentially apply to all
senses, including hearing, touch, and smell. Certain AR applications also require removing real objects
from the perceived environment, in addition to adding virtual objects. For example, an AR visualization
of a building that stood at a certain location might remove the building that exists there today. Some
researchers call the task of removing real objects mediated or diminished reality, but we consider it a
subset of AR.
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First, we argue that the RV continuum is, in fact, discontinuous: that the “virtual reality” endpoint is
unreachable, and any form of technology-mediated reality is, in fact, mixed reality. Second, we consider
the term “mixed reality,” and argue for the continuing utility of Milgram and Kishino’s definition, with
one small but significant change: Instead of requiring that real and virtual objects be combined within a
single display, we propose that real and virtual objects and stimuli could be combined within a single

percept.
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Augmented Reality (AR), Virtual Reality (VR), Mixed Reality, and Extended Reality (often - misleadingly -
abbreviated as XR) are commonly used terms to describe how technologies generate or modify reality.
However, academics and professionals have been inconsistent in their use of these terms. This has led
to conceptual confusion and unclear demarcations. [:--] we conclude that (1) XR should not be used to
connote extended reality, but as a more open approach where the X implies the unknown variable:
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Optical see-through HMDs work by placing optical combiners in front of the user’s eyes. These
combiners are partially transmissive, so that the user can look directly through them to see the real
world. The combiners are also partially reflective, so that the user sees virtual images bounced off the

combiners from head-mounted monitors.
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AR displays based on traditional geometric optics have a relatively simple design with a decent FoV
(~60°) and eyebox (8 mm) --- we assume 50% of half-mirror transmittance and the efficiency of other

optics to be 50% - the final combiner efficiency is about 4200 nit/Im.

HMEXN 7|ot&sto] 7|85t AR CIAER|0|= MA|7t H| W™ thasHH
(8mm)E Zt=LCt -+ st=0|2 F2HEE 50%, LIHX| &stA2|l &
©F 4,200 nit/ImO|C}. (Xiong 2|, 2021)

07| M =S AMX| UEZZ Z=o|5lj0F 5t} Q| 21222 8Smme 7|5tash MA|7} EAF StHGH= O}0|EFAZE M &5t

Z¥o|Ct. HHH 17000 nit/ImO|2H= 0|2 Z|cHZtS 242 =20| 10mm MAIZE SALE S 7FAsH AH|Ast e7Ho| £XiCt
= xS st 2%H0]| 410{ “60%= CHZtzt 8mm OFO|EEA0| A 17,000 nit/lm”0[2t M o™ E2ICt Z&710| Z2tX|H 0]
X|Z= 9|0l =Lt

OFX|2F E2| 175.45 nit/Im= 4 Z0| Ct=Ct 2] M| E2 0|&HQl 71 of2i2f ¢to|1, 0|2 A= BHE0] M=
240ICt. &gt ’é‘é% .758 °‘01| =0 —?—%‘% O§7 |2 o EICt Tt XS0 AXb= Ot 2 815 7HXI7t UCh =2

il S =20lM 222 J7|Ct

2015 1240 2 E| D 20165 38 300 7HERtE0| &51= 0 —
X|IC}. LCoS OI0|3 2 CIAZ20|7t THE M2 3|E AXIZ 2 Fa|xt otofl Z40f ‘2 =Lt |fe| otof| S0{Zt
|

A
HEALZ B LR E Ho= O|SIL). =0 =E5tH £3 ZAXIE BiLt CHA| 2401 S22 LE20E AHEA =20l "=

OfE 2 50| L& mf, YArZH0] O ZfEC 3H B2 BIOZ LIV

X5t 100% =|S0t2Ct 1 ghs AAIZI0I2t 5t, 2B E nel {2[2 37| AO|0IM = arcsin(1/n)O|Tf. F2[E
o =
o

BiC} O] Z710] S0l Alofzte| Alste Hstct

o= O

SakEte] & I RIS SAIS SROICE ZHs WS B HIBH 2{0] LIBLAX] SSTh XILDHS el 2ot 24D

= — —_ L
Lt 7 U, f IS wl LS ofe| Bof2 AeICh 1 B2) 8 el U2 TN 22 4o
4ol o, m

ARRHRIX| G= G, & Ol0[HAE BhE == ULt

Ch7he QICk SIR2HS Tl Tf2t ChEC), 242 HRI0| B} IS HOR T2 T2 Helrk J2A £7] &/
TUHEHS MOfC B2 0} F0{0F T, TO| ST SHet Rolo EnHR0| B LiwtEICt

E20x 19 AjYS Tt 2tk



Alogzt 43 30 x =X 175, 2t oF 34

2t At oF 41 PPD

4 5798

7t 30002 (ZHEXHE
stA 5 MX| o422 0|]7t QICE O0|ARAZEQ| A HH2 547} OFL|2H & 27 2308 WAL 812 =
1268x7200|2H= 20| ga| oI E|X|at 0| WS et &7 2300 S0t LIEHS| Mo 47} BEX| Gh=Ch
1268x720x2i= f 183RU0|C}. & RAh= 22 RS MA| R0 2 @I[5HH of ECf.

g #—iIE 7tE FE1= 20161 S0 M ataE 9F 1.41 21=0[2F KU1, 2018 20i|M=
71718

22 7P| MOUT S5 7 EOR SIS0 146 2t20| LIRCE 0] Jh Bhs Selsls 3o
2020 22| 9 41 pDcr.s_Ar 2ol SFXI7} 7IMOICt ZRICHS AP X7 O] £0F 43IS CIZ mjel 712 El=8
HIAELS

Microsoft HoloLens: 1268x720 pixels per eye with 30x17.5° FOV = about 1.41 arc-minutes per pixel.

OO|32ATE S2#X: st22 =2 1268x720 30| 30EXx17.5E A|ofZto 2, sfAR oF 1.41 ZHE0|CL.
(Guttag, 2016)
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Alex Kipman claimed HoloLens 2 had 47 pixels per degree, but independent testing revealed it actually
delivered less than 20 pixels per degree --- Hololens 2 uses Laser Beam Scanning (LBS), which resulted

in a horrible image.
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Two Focus Planes For VAC -+ only 2 planes of depth --- The resolution is 1280x960.
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very high index 2.0 glass --- 2,000 nits peak brightness --- a significant accomplishment with a 70° FOV

-+ 22% transmission [meaning it] blocks 78% of the real world’s light.
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only 13 pixels per degree (PPD) spread over a 70-degree FOV --- SiC has an index of refraction of about

2.6 --- Typical waveguide glass has an index of refraction of 1.7 to 2.0.
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For a clearer comparison, consider a waveguide with a refractive index of n=1.9. To achieve a single-
pane full-color display with a 30° FOV, the grating period is calculated as P=370 nm. Under the same
Eye-box conditions, some blue and green components of ambient light diffracted by this grating enter
the eye’s reception area, indicating a potential for rainbow artifacts.
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2025)
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Z-Lens: 50° FOV, 1024 x 1024, >1,400 nits/WLED, 11 x 1T mm eyebox, 1.3 mm thickness. Maximus: 50°
FOV, 1440 x 1440, >3,000 nits/WLED, 12 x 12 mm eyebox, 1.7 mm thickness.
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the conflict between FoV and eyebox - results from the conservation of etendue (or optical invariant).
To increase the system etendue requires a larger optics, which in turn compromises the form factor.
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A human visual acuity of 20/20 amounts to 1 arcmin angular resolution, or 60 pixels per degree (PPD),

which is considered as a common goal for AR and VR displays.
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ClAZ2| 0|2 38 SEE 0{AZICE (Xiong 2/, 2021)
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to achieve ACR =10:1in a sunny day (~3000 nits), the display needs to deliver a brightness of at least
30,000 nits.
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The AVP’s peak center resolution is about 44.4 pixels per degree (PPD), below 80 PPD [Apple’s own

‘retinal resolution’ target].
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about 5,000 nits (cd/m2) [to the eye] --- 40 pixels per degree --- 20 degrees (diagonal with square
aspect ratio) --- approximately 0.38W for the glasses (including the LED and display) with the display

and audio running.
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With a typical end-to-end lag of 100 ms and a moderate head rotation rate of 50 degrees per second,
the angular dynamic error is 5 degrees. At a 68 cm arm length, this results in registration errors of
almost 60 mm. System delay is the largest single source of registration error in existing AR systems,

outweighing all others combined.
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For short system delays (under ~80 ms), prediction has been shown to reduce dynamic errors by up to
an order of magnitude. Accurate predictions require a system built for real-time measurements and

computation. Using inertial sensors makes predictions more accurate by a factor of 2-3.
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After thresholding of the input image, regions whose outline contour can be fitted by four line

segments are extracted. [---] This result shows that accuracy decreases the further the cards are from
the camera.
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The total size of the map representation is order O(N?), where N is the number of features and the
complete SLAM algorithm we use has O(N?) complexity. This means that the number of features which
can be maintained with real-time processing is bounded—in our system to around 100 in current 30 Hz

implementation.
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We propose to split tracking and mapping into two separate tasks, processed in parallel threads on a
dual-core computer: one thread deals with the task of robustly tracking erratic hand-held motion, while

the other produces a 3D map of point features from previously observed video frames.

— Klein & Murray (2007)
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The vision-aided inertial navigation algorithm we propose has computational complexity only linear in
the number of features, and is capable of high-precision pose estimation in large-scale real-world
environments. [---] the final position error is approximately 10m in a trajectory of 3.2km, i.e., an error of

0.31% of the travelled distance.
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The accuracy of the system is typically below 1 cm in small indoor scenarios and of a few meters in large

outdoor scenarios (once we have aligned the scale with the ground truth).
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Visual-Inertial Odometry (VIO) — Combines camera input with IMU (accelerometer/gyroscope) data for

robust motion tracking without requiring external infrastructure.
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Head tracking: 4 visible light cameras. Eye tracking: 2 Infrared (IR) cameras. Depth: 1-MP Time-of-Flight
depth sensor. [:--] Holographic density: >2.5k radiants (light points per radian).

3| EafZ: ZIAIZ FHHEL 47, AlM =X Mo M Ftm|2t 271, Z10]: 1000t SfA H|SHA|ZH BEAl ZI0| MIA]. [-+-]
o
— Microsoft Learn, HoloLens 2 St=9[04

At 2oliM 2 4= QICh M= IMIch 2| CIX[ZUSRE|7| 2Lt 'EE| QI8E|= 2871 ¢17|4 1t
2= e=0| 2016 83 7|AIE 242 H2 2i0[1, 2 |9|“”l'f9| CHE 52 24712 HoMAM 282 53

E 28LI=0|H 2 7|&stt. 0|32 T E Q| 343y = == RERZE gL, 1MIcH S4 SHES0] HO[X|=
SIx FEEX| =0t SM= AOFZHO|L). TH[CHSf of |71k XEAO| A 7| & FEX[2t HAlEH

5 —_
ZAOICE 2M|EH2f 43°x29° EE| QIEE[X| 2 OIO[A=AZE Z4 SHES0| EAM0l= AloFZ &=0] gt IS4 27|

Mok 4N

i

2
= =2
40

ol
rir

EZ0M U 80|},

fl

OfE HIM 2= 242 24 S O YOERUCE 2023\ 62 5 HHE[D 2024\ 28 22 0|0 SAIFICE M AE
Zlo| int JefelE 2, R102Hs HE FOo| @ MA l=d M2|Qt st S=dot MESCt 1210 ofE2 0| X2
A2 RN 7|2 A0 SRACE SXIOlA ZX7ER] 1222 =L 52 M4e] 2lo| FiHztof E012 M2 HAY =
ClAEz|ole] o2 LIQ7|7IX|Q] FA| AlZtolCt,

O] A7} MlZ2| dE =12l 0|R= LA WEO|C) H|IH 2= &8t A|ART} OFL|2t HIE| 2 THAARCE AEX}7}
HiE SHRX R I EHE AT 122E] = X[ dolct

R1 streams new images to the displays within 12 milliseconds — 8x faster than the blink of an eye. [---]
R1 chip processes input from 12 cameras, five sensors, and six microphones to ensure that content feels

like it is appearing right in front of the user’s eyes, in real time.
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The headset’s driver takes previously rendered frames and uses sensor motion data to extrapolate or

warp them into predictions of what normally rendered frames would resemble.
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Deep neural networks identify and describe parts of the images that are likely to be recognizable over
long periods of time. Those parts are then combined across tens of billions of images to compute a 3D

point cloud. [---] This localization model consists of trillions of points and spans nearly all countries.

NETSEL
s2sg sutol o| olaof ZX ZESI] 3518 HES ANt
JE

i A2 Aol B= =70l Z2H Urt.

oo

— Google, ARCore Geospatial APl ZHEX} 2A

O A29| ojo|= zHEA|9| 40| HHACH= Folct 2 J‘177}7(| AWIH= O] MM Ao M REJCE Ol2 2= 9|,
Bk, 1k, A9 °"91E Io% = ALt OfN| CHE ALEO] 22 71 EXE 2= W 7|17|0|M 22 X2|of & =~
ACE &7 =HO| 22X 2 BZtE EMets HE 44 3%”* Of Heto| &0 of ZYHUX|7} 2ESHEIL,.

ZohEtE 810l= %%* 20| tiE MB0 HZLC.

Ef7l 8= Ul ZEXICE AW, X227t Qs ROMEEAHSEIT) 12 WAIR AEZ|ER KO O 2, & E2HE
mfet X| =7t HS0AC £X| LR, 2= oFF, X120 S07HX| gb= Z2 Xoil= XI=7tF itk M, X=2| 2717t
2 5 Fx=2| FHN SFOoICt A=Dtct 2E0| 25| Hipls Ad2 ==0] EX| §1 23(5

—

dso i 22
QAHHO| ECt A, & +X(7F SEEIX| =0t M, MB|AZF AR QlZ2tof] SEECE LIO|ME2| X|2|S2t
2025 53 29¢ Al B2 ozt SAlol| = 2|At= 2AFE AFEO[ O] 2lRdof A3

Ml et = Eﬁl ZEAJSHOF BTt = ZALOM 22| 02| A TO[X|E SfelgioLt +3 Y&, 1k Foi, Ee
| XA AAIZE X R SA EME =7t 2 A OIM Aol BE =
Heteetn M= 27'(}7|)\f7 X2 1R EX 7t iC.

OfS1 7if RS StLto| 2 Y=t 2t 7|0l RS X BAS =XVt 0] 20| X2{= F20|Ct.

7|4 AHE sfzst A HUA
. X1 8oz = olstoilM S& | X[ 80LE[x =1t A 0|
0| Ezfg - sto|E2|= . _ ] _
i 19944 Q@X} oF 108} Zha, 2étut X7t @R, =] B gt
Eaz
2ol At St
HE ot=R0] Q10| 6AtR = AOF OIE-712 A ZA| A,
7|1Z05 - ARToolKit 19994 KM, CHoto 2 HMoh AH|Y, 720 w2 Ws}, op AR

EE T8t =7t X



714 AlE iz

c

zd Li7|

on

OFHeE AFE K| ®|AH, MAIZE | 2Fz7 EXE 29 HE,
£HOF SLAM - MonoSLAM 2003 /20074 305|2%, X2 A| E2|ZE | EXH oF 1007, g of 7
bS] 27|H 23 27t
EKI—EE EX|X *O”
= - = =ono T
Alzt-2He ol ER =z g 9lg, CEZE Y
=2 2=HEa - 20074 42 Myo=z 32Z20[Eo| 7 ue =
MSCKF i 5™, "oizkE olsiZ
0.31HME Q%}
E=Sin N L=t S RTT]) 7|=2|Q 15071 &, B=
W2 SLAM - PTAM 20074 114 Jlmaint s 2F, SEE | H glg, -2y g
28 70 |
MRARIFH D R B, TA| | THeb2 Hof 37| 0], ofe| &
CH 72 SLAM - ORB-SLAM 20154 T AAZE ALY 1ME|O|E O/E, 2 ols Mot S20|=
Olst =5 F|<F
H = XHH| Q10| RIS E =H
DHI2 SDK - Tango, ARKit, oo wm T T MTHEHE, MM B2 A| K=
2014~2018'H HH AE0 Al £, o7
ARCore AH A7 EB|ZE
T HlE A
Q& 7|X|2 gl
CIAIO|EOFR &=/, M X2 X3 MEHE H|2), Alof2zin
s A . me Mmm | 201620248 tol=ote 8, MM 2| | e HEE vIZH, Alokziat
2|, XA ZXIK]| 7HA, EAE M S5 e
IPETEIES
Azior =M 2Fo=2 Qx| 0= EHo| 7,
HIS?| MEY 20153~ Z2HE7| XA HA, =2 M5t | 220l A 5, XHS
Ao = BESH KX dENL
MTHEIE O HoixtES
sEEolN S, T2 5y, AlMe oxtel
AlZF =9 - ~ [E] MAMD} AIRXIE He ol
|2t =2 - VPS 2019~2022\4 ;I:f F2XIE e dH HSHC 0|ZE AR B4
oTr

2 AEE Q7 YA =2 HIL = CHA| 2 H2 2|7t E2fHtrt

7|1E 3

OlF=0t7t MAISH EBf7 27 FEt: oF1UZ|0|E, 1E2| B2 B4

Q1Zt =o| &afl stA| 182 =2 0.017%

IR AAR AT (19943) +52U2|0JE] O|LH

AR AJAR AHX(1995~96H) 1=l oLy

ORB-SLAM AL} 1MIE|O|E] Ofst

ORB-SLAM O}2) 2 0|E

MSCKF =& Qx} 3.2Z20|E{0f| 2 100|E, 0.31HME
2%t 0.5% |X|of st x| 102|= olst

605]|2=x AZHOFRTHO)

22 16.67HE|=



I|E 7k

HIE Z2 X0 M ZXIER] XA [P ES

EHO| OFX|9f N &2 20l M 2T O|RZ M= 2T H|WE|X| =0t 22 Af2[0l| = A2 RiSl4= Z2HE IS

stolstx| 23
Jo| ARE 2 1) 7P HF RS 2X7} QUL X2IS ]9 TX| Rt HECH £ FAOIM 1K BX2 Sl
25t 8122 B[S SCh O ZHS HOIL} B TMO B 4|2 M of Eirt

g= <
ZA 220 F2 Ml 8702 22 A= 14 £X 0|80l SA
ARCore Geospatial API2| HAl gtz olnl x| 27} = Z_‘f i = - [ -
SME 27} 4 OiAl 7o RE 27128t Hect
i i i 2 0 -AR| MEEo| O]E-E T LA IZIE 34 EA0M
Azt £Q| A|ARIS| HElT 4R . .
AR 23ict ME|DE] FEtT 27| 2K
ZA| 227 URLO| 2|CIO[E 3 404. 90|A% &, ThRS
_ =
Niantic Lightship VPSS| S X|& 40 Mot o - o
X|2|3zt 2elo| sk 7 BE 0|80l

Azuma & Bishop 1994 gl=82

24| 51=9)0] 20| Al0f2t 82| QICh 43°x29°2} TACH

E2U=X 2M|CH Z4! AloFzt
30°x17.5° 25 &8 87}

I:

28712t 24717t &H REZ|1 OO|TZATE ZA EM0|=

TAIcH B 20| AIBH 2|7 TH4 St it
™ HA'

OiEE =2k R L2[0|E O RLIEX| SESHA| =0t 5N
o

ARKit-ARCore2| & = - oo
& X[oigh 25t Feh @Rt HISIHCE

m.
_I.
fo
i

E2HUX SEHHFF| B AIH 21 EX0fl sl M&0| gict
Mg =23 A E He &= NeRF2} 3D 7hRA|QF AZ2HE AEQ| +=X|= &tQISHA| ZICH

ZAF ZAE 4 H2ZICE 2 TAE M RS £ 4 Q= AE{olA URL Z21E M20tO 2 SJSICH T2 A 1Xt
=029 Xt StHENCE OFZ=012| 1997H AMH||0|, FHERF RIS AEQ| 1999 =2, MonoSLAM, PTAM, MSCKF, ORB-

SLAM| 22 S X &6 SQIHCH binl FE WH RAXE ZMOE FHojof 5= B20| 20| LTt ¢

N

tEst= Ol XIS ChAd 22

tu
40
rir
n

m, Eof A7 ZO|Tf. THot SLAM2 37|18 BEL}. HESYHX|, AH|Q FtH[E), 2t0|C7t 0| M X[ZE Ok
HAHEOM=E =5 X7} H=Ch

=M, HIEZ FHOILE. PTAM O[2ff 2= SZH 7|5 Y4/0] FH0| H|uH HHY A2 TH|SiC). vzl 252l
o AZ0It Fel7LHH E Hee, 28X +H2 0| MRS YH2Z 7L,



Sim|, ZHO|C}. Ofe| ZAEM 2 &t A[ARO| AYE MOHL}. O3t AX|7F SESH= ZH2 WAAF FHH 2R
=X Ho|Z Hr}
o1 OTlE=E O

CHAM, w#2Ch ORB-SLAMS| X7 Hn 25 ALK 1MIE[D|E{ 2t OF2| 4= DIE{Ct. 7| =H0| 275h= YR F
At5l= 0|4 R}O[7} L.

The registration problem is far from solved. Many systems assume a static viewpoint, static objects, or

even both. [--*] Much more work needs to be done to increase the domains in which registration is

robust.
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The fovea sees only the central two degrees of the visual field--- approximately half the nerve fibers in
the optic nerve carry information from the fovea, while the remaining half carry information from the

rest of the retina.
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We exploit the falloff of acuity in the visual periphery to accelerate graphics computation by a factor of
5-6 on a desktop HD display (1920x1080). Our method tracks the user’s gaze point and renders three

image layers around it at progressively higher angular size but lower sampling rate.
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We present a foveated rendering system which synthesizes images with progressively less detail

outside the eye fixation region--- our system reduces the number of shades by up to 70%.
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Foveated rendering is a performance optimization based on the well-known degradation of peripheral
visual acuity. It reduces computational costs by showing a high-quality image in the user’s central

(foveal) vision and a lower quality image in the periphery.
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Variable-rate shading—or coarse pixel shading—is a mechanism that lets you allocate rendering
performance/power at rates that vary across your rendered image. --- When coarse pixel shading is

used, depth and stencil and coverage are always computed and emitted at the full sample resolution.
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Vergence-accommodation conflicts hinder visual performance and cause visual fatigue.
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Meta’s Half Dome prototypes used liquid crystal lens stacks creating 64 discrete focal planes, but no

production products currently available using these technologies.



=W, Z2ME. varifocalo| =HHE F7|= Y20[2HH, FME CIAZY|0|= =0 S0{E= M XIHE Melst=
X 20|Ck Lanman2} LuebkeZ} 2013 FACM Transactions on Graphics,0l] A& 2ot ZHMZEH C|AZE||0]7} O]
AZe| 7|E&Ho|Ct,

TEE T 2oj 00| A2HX HAS E= HOICk 2 AXT} TZ) B2 B4 RS N CH2 Wake| YHoR
340t HILHC, f=0| ST0f 042 o] HHO| SAlo| S|, M= 0f= 72lo ZHS Lo w2t AR
SHIE 2 ufet 20| MYHK|ZLL SZICH
Sol QEtst TAPY AT 89| QoA 0| G40l TS Xilsts 20t M CIAZR0|S HAISIC) -
RHEIRO| AR T WPl QoA TH S| MHEH A2 Toithrt - 7ol SHIZ 47, T, Yot AlxY,
2ot 50| 20| EHAE RIZaict

We present near-eye light field displays that support continuous accommodation of the eye throughout
a finite depth of field --- depicting sharp images of virtual objects within a viewer’s natural
accommodation range --- nearly correct convergence, accommodation, binocular disparity, and retinal

defocus depth cues.
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Here we introduce a holographic AR system that overcomes these challenges using a unique
combination of inverse-designed full-colour metasurface gratings, a compact dispersion-compensating

waveguide geometry and artificial-intelligence-driven holography algorithms.
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Optics: See-through holographic lenses (waveguides). Holographic resolution: 2k 3:2 light engines.
Holographic density: >2.5k radiants (light points per radian). Eye-based rendering: Display optimization

for 3D eye position.
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[Application SpaceWarp] achieved up to 70 percent additional compute in initial testing. :-- motion
vector and depth data required by AppSW can be much lower resolution [than the color buffer].
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[AR is] a system that incorporates three basic features: a combination of real and virtual worlds, real-

time interaction, and accurate 3D registration of virtual and real objects.
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At first, it is empowering to be able simply to look at what you want and have it happen. Before long,
though, it becomes like the Midas Touch. Everywhere you look, another command is activated; you
cannot look anywhere without issuing a command. The challenge in building a useful eye tracker

interface is to avoid this Midas Touch problem.
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The results indicate that the HL2 exhibits millimeter-level errors compared to Vicon’s tracking system in

Task 1, spanning in a range from 2 mm to 4 mm.
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However, because of the lack of tactile feedback, 10 collidable fingertips can cause unexpected and

unpredictable collisions with holograms. We suggest only putting a collider on each index finger.
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When an object is within arm’s length (roughly 50 cm), the rays are turned off automatically,

encouraging near interaction.
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The concept of point and commit for far interaction was created and defined for the Mixed Reality
Portal (MRP). In this scenario, a user wears an immersive headset and interacts with 3D objects via

motion controllers. --- We apply the interaction model of rays and attached them to both hands.
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The predicted eye-gaze is approximately within 1.5 degrees in visual angle around the actual target.
Slight imprecisions are expected, so developers should plan for some margin around this lower-bound

value (for example, 2.0-3.0 degrees may result in a much more comfortable experience).
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With spatial input, you can simply look at a button and tap your fingers together to select it, keeping
your arm relaxed on your lap.
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R1 streams new images to the displays within 12 milliseconds — 8x faster than the blink of an eye.
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To protect user privacy, the system handles camera and sensor inputs without passing the information
to apps directly. --- the system provides a way to automatically alter a view’s appearance when someone

looks at it, without your app ever knowing what the user is looking at.
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HoloLens has a “see it, say it” model for voice input, where labels on buttons tell users what voice

commands they can say as well. ==

where you want to place it and say “over here”.

you could look at a hologram and say “put this” and then look over
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---the first high-bandwidth neuromotor interface with performant out-of-the-box generalization across

people.
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— Kaifosh, Reardon, CTRL-labs at Reality Labs(2025)

K S &8s AROIAT 27 §l0] ZrSEITh. 7Helst= Ea0M MElo = ZHSHICE

otg0fl Q1 H|O|E] 27} O] F=F2| 27{Ct. MAIE= FHIHXL 47} CI=Ct.



x| &h& AWA FIA} HERZ AZ &It

7| 6,627 209y

Of Ak T AR 4900 249

L5 XA 1629 7Y
Nature A|I&22| 3= EWIOH 2t 162HOl|A 6,627HNEX|CE &= XpMSE FIEXF 27} £ X2| X2 Aof| Felgt
It UCt o] MMl BMUXME St AH| &5 ZelZtE SA|0 7| =50k 37| wf=Z0|Ct. ME 20|22 20l=
H|&0| 2 E H|stst .:.OIEr. J2|1 FollM & s XH0|7t HEZ O] 2 XH0|2F HEICE
SIEH|O] A2 ZE|ZEZIE|M HelEl 18 FX|2f Z10[Ct

@-% 7k

3 === 4871

g 167 L= (bipolar)

HE2E 2 kHz

LOo|= 2.46 yVrms

HiE 37| 45

o174 / 2l S2EA DM/ 407 Oy
‘52 Nature AME X2 H0{0F tCt. Z2|Z2IESF AR 2| 20| Ct=7| WZO|Ct.

X|= Nature 7| £(2025)

L M BN SIS =g 0.663]

Ol HAN HE =2 0.883]

| 2&20.9 £Hoj

7Helst 1t 202X 7HQlst HIO|E 2 2Xt LEE 16% 2L
Zielst 1te| gheks WAISH= 20| 2361t 0|7*2 CHI=0] 16% RE Z0| OtL|2} X LFE0] 16% LHZF
Z{0|C}. 6,400H = s&st HE HEAM T 202X] 7HQ! HIO|E{7t OBFE2| @F HAE 7HMZCH= M&0|Ch
Z2|Z2IETS Z[CH 30% &Atolzts CHE IIE% AReOE £ 72 4oH of EICh

Input bandwidth can be further improved up to 30% by personalizing SEMG decoding models to the

individual.
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Currently, SSA supports local multiplayer games in a single room.
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[getHorizontalAccuracy returns] the radius of the 68th percentile confidence level around the

estimated horizontal location.
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The idea of a reflector sight originated in 1900 with Irish optical designer and telescope maker Howard
Grubb in patent No. 12108.
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The optical see-through head-mounted display used in Sutherland’s VR system was a stock item used
by U.S. military helicopter pilots to view video from cameras mounted on the helicopter’s belly.
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allowed the slaving of the optics to a radar or helmet sight
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“Eighty-two publications were identified, with 21 included for review.”
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“An orthopedic augmented reality device provides visual guidance during orthopedic procedures, where

the use of stereotaxic navigation is utilized.”
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“‘whether those small differences will prove clinically important is unknown--- we recommend against

the widespread use of these systems”
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At the time of the acquisition, Vuforia had approximately 80 employees and historical annualized

revenues which were immaterial to our financial results.
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Our principal products and services are enhanced by a collection of enabling technologies, including
Saas versions of our Creo CAD and Windchill PLM software, artificial intelligence software, our

ThingWorx Internet of Things software, and our Vuforia augmented reality software.
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The Magic Leap 1 uses a liquid crystal on silicon (LCOS) display for each eye.
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Hand tracking: Two-handed fully articulated model, direct manipulation. Eye tracking: Real-time
tracking. Eye-based rendering: Display optimization for 3D eye position.
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Focus area (27° x 27°): 1920 x 1920 px per eye at 70 PPD uOLED; peripheral area: 2880 x 2720 px per
eye at over 30 PPD LCD. Eye tracking: 200 Hz with sub-degree accuracy; 1-dot calibration for foveated

rendering.
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Technology: 2x MiniLED LCD w/ Quantum Dot layer + >500 zone FALD. Pancake lenses enabling a 40%

thinner enclosure versus Quest 2.
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R1 streams new images to the displays within 12 milliseconds — 8x faster than the blink of an eye.

RI2 M Gebs 1222 = QHol| C|AS2(|0|2 TSIt = AW LC} 015 Hf =L,

0II

O #=X|7t =2ko| 2Z0|Ct. 7HHIEIZE B HAS =0 == F7|MHKQ| XS Ho| 7 ol 2 HEH 1, RE
! )|0|T{0f| 7.5040| 2 20|E §tA L|X|2 TH=E O}0|3 2 OLEDSQ} ZEHE|0f, IIAAZ SHHE E8f| 20|29 2N E

A E_l_-?l_ S

= —

9IS 4 Yl 2F0| XS TZHCL FOIM Fjol2 4chet LED 20| SZ0 HOIX| o HEIS 0t NS 94D, 3
AlM0] M} E|0] 712 ER|7 222 ChilstEz ZHEES 7t giCh AlMat £2to= 0S MAHIE Z2f5t= £|=9
FF MZO0|ct HPZ2% 3 OLEDO]| HE|22] MIXE Hof ZHE2At2| =5 2R 0| M5t EyeSights, 72 2aiA7t
B AMEA nE] ZX|of st StE0 N SE o= Siglrt

MICHE =X|= BFEA| Z2|5H0F St = MITHE M0 M= Xt=z7tH B4, 3240| =29| FE IQI0|Ct
512 M2 =EH2024) M5 FHFEH(EE Z4)
= 3la 2,300CHOHE 34) 2,300k
ok AR oF 3,660x3,200(iFixit &%, OHZ 0|S7H) | SL AL
StA IO|X| 7.5um(0Z S4)) 7.5um
Aoy 92% DCI-P3 92% DCI-P3
FAE 90/ 96 / 100Hz 90 /96 /100 / 120Hz

M2, 820 CPU(Es 4 + E& 4), 1020
Q! SoC GPU, 16201 Neural Engine, E&tH| 22|
16GB, CH2AZ 100GB/s

M5, 1020 CPU(super 4 + efficiency
6), 1020{ GPU, CHY % 153GB/s

R1, |2 2| CHI= 256GB/s, A} Cf kXt

HX SoC Rl £
X1 12ms
600~650 Aol w2t HE) + QF
27 HIEL2] 355(?00” EHES) + 23 750800g(26.428.222)
g

HHE{ 2| 2 2A|1ZH/ B 25412 2t Z|ch 2.5A12H/ G& Z(Ch 3A[ZE



2 M2 ZEH(2024) M5 FHEBHEE Z4])

7t ZA[7} $3,499 20261 62 $3,699(256GB) & QlA

T4 = 256GB/s= A= MEO| 2R E=Ct oE
M29| CHYIZ 2 128H|E HA 7|2 100GB/s0| 1,
Zlo| Ztolct 2| xto| = Z=4JaHoF orcr 20244 1
750~800g2 EA|SH=E, 0| Xto|7t #HE =3 04

rEE OH

Al MY HO|X[&= O] 242 R1 &=0]| A =Ct H|I™ Z20f S0{Zt
& M5 H|0|X|= 153GB/s2 M=LCt. & 256GB/s= MM 8¢ ME
] ZAl OF710|E 2 600~650g, 2026 92 513l H|0|X|=

M2 2R 2N SEFLUX|= &eI5HR| ZCt

ﬂJ*°

;i

gt 9 3,660x3,2002 O Z2| £X|7t OFLICE iFixit0] 202414 22 7Y 2aH P4t M M=st 7ol 1, ofZ0]
SHQZ Ashs A2 2,3002 ot 7.50t0| 22 0[H b L|X|EO0|C AOFZHE 0iZ0]| 2rEst & GiCt of
100°x73°2t= 20| 22| EX|2t EX Q| AMZ|=Tt Lot M3} FHo 20t F 7S},

—

HoAr

A= FAR Atsat 817|Ch E20]| 5= =4 O3, A0|S= AZAE 353g F HIEE], = AlZHEXE AL
AlZto] i #ES =Lt EyeSight= BIE|Z2{2 3lHE EEsts #2¢ 051 sid=7F ZOtA iFixitO|
K|ZCt dof St ofL| 22 B2 S2lof|l M= FtH2te| =& &HA17F JtH2 E2f et

2024 - AHE|{ZA SM[CH, 2260342 58 78

ALHO| 2024 92! 17 Snap Partner SummitO|A] 27i5t0 ZH2 < JHEEX0| A HHZE A| =
QEIO|HEHLC 0 =2 MY,

!

ot &

rlo
oi

2 OFF A2 LCoS 00|32 Z2HME 9| &5,
Ct O] Ltk F1Z= HE0f| AFXOIC HE o)
HtZ & 4= QICH QM2 & Stz ofL 2t A =2 R IHE WEZ R0 &2
FH 7|of w2t #l= EIETV AS2 = A ZARY O M = &0]

I'ﬁ

Y IHO| Lt FZ=7FMA

b2 =220 o[t BtE m|E
Al7|3, ElEts S718H= &
2elct

F

ok! IHIO

!

10
.

r:
r|.||0 |:O

The Optical Engine delivers a 46 degree diagonal field of view with a 37 pixel-per-degree resolution -
similar to a 100 inch display just 10 feet away. *-- Spectacles deliver up to 45 minutes of continuous
standalone runtime. --- An astounding 13 millisecond motion-to-photon latency renders Lenses with
incredible accuracy.
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Our breakthrough refinement of silicon carbide has enabled an approximately 70 degree field of view,
the widest FOV in an AR glasses form factor to date, while enabling an optical stack which minimizes

stray light effects such as rainbows.
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Meta Neural Band is the product of years of surface electromyography (EMG) research with nearly
200,000 research participants.
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A see-through waveguide with billions of nanostructures provides a large, vibrant 51° field of view,

equivalent to a 115-inch cinema screen placed about ten feet away.
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