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B UL B ER T B ) TR R R VA R s 2
Ky EZm A" (XY ZW ), A HY RELm
K it B e T B R B A i T A e X R T
TEH R 2 T [ b B RIEAR 25 e v H 5k
it A TR B2 HRre SR . W\
B, 2o =R Oy v A B m RN I E IR
FI TR R SOk i Y i ELAE T TR R
XY 2 Wi £k =R

(,'7"2
1+ V(1 —(1+ k)
asa’y -+ ayxy+ -, (1)
K2 TR 287 R 5 25 5 c M 42 s e R R A
HE T B =2 )% an an . as P08 R IR R B
FIH XY Z 30 ARG R G, 5E 238 1 oK i 4 B &
AR B AR A 1 e T R R, TR R AR 250k
SEEAR TR
22 HEBEBALTAHUD ZREi&iTRE

TEAR B o R rp OGN R R T i B MR L B
A AR B A BB oty 2 B ek AR MR B RS M PGU 5 —
R, N g g . X E
HUD B R 3 2 g, 2 58 5L F 210 & KR 4t —
K EE A G RS, g B I S S 0 AR, w15 e
B —FE W IE O, ARG D, AR N R
BEES gL 28N BE o W8N B Y ik T LA ki
BB PGU B 7 B S . AR SCE of X L,
3 PGU ) 5 ik o AL, 78 /N 4252 IR 25 19 ) 15
PGU 5 — M W AEm /. T34 1 PGU
R ) B AR AR AS o] 58 DL 1706 i, B PGU B
SRR AT, RSB T R ST B TRAR T RRER /) | B A B
BB 08N, AR AR T T IR B3k M st Sl A T
M 3T A I AR TR Bl 5 B B Y[R B T R

z(x,y)z +axtay+t

K PGU BT 7R BRI RAF o an S 9 & A A8 AL A
WG, D) Bt 4% 52 B B R 080N A A 20N (0 — i
T 0T 77 i 3 A S R AR PR I 2 Z50R ) iR AT
JHE ., L BR8N TS BB I B A Ak, T L
Ay — B B PGU I HE B, 1 18 3 PGU fir iR R 1
Rt o AR B AR AR i, [ il im B imi g il i
B8 e % AR RE AE SR AU — U B PGU W BE BN
AR i, 38 3 AN AR GRS /N AT R AR DA T A5 ]
AR B T WA S8 [ 2 0 3852 I B ] A48 X
AR-HUD PGB 45 m B 25 7 3.6.5.10 m 34
B IE B R OGRS, 5 2~4 20 BT I 2 BE 5 3
6.5.10 m it PGU Wi & .

1: first mirror; 2: PGU position 1; 3: PGU position 2;
4: PGU position 3; 5: secondary mirror; 6: windshield;
7: image at a projection distance of 3 m;
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Table 1 Design parameters of projection distance variable AR-

HUD optical system

AR-HUD system parameter Parameter value

VID /m 3-10
FOV /[ ()X (*)] 15X5
Eyebox /(mm X mm) 13050
Wavelength /pm Visible light
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Fig. 4 Light traces on different mirrors. (a) Light traces on first mirror; (b) light traces on secondary mirror
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Table 2 Optical design evaluation results at the projection distance of 10 m

Evaluation project Standard value

Design value Clarification

Spot diameter /pm <100
Mesh distortion /% o
<5
Rotational distortion /() <+2
Trapezoidal distortion /% <5
Rhombic distortion /% <5
TV distortion /% <5
FOV /% <+10
MTF =>0.5@5 Ip/mm
Eyebox /(mmXmm) 13050
Aspect ratio distortion /% <+10

24.418 8 mm X8 mm

—0.5014 Eyebox center
—0.8371 Full eyebox
0.0379 —
0.0291 —
0.0061 —
—0.1538 —
—0.036 —
0.7471 —
13050 -

0.6154 —
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ek
Evaluation project Standard value Design value Clarification
o ) , <5 3.34 FOVoflto4
Dynamic distortion /(") )
<5 3.95 FOV of5t0 8
) , <5 3.26 Horizontal parallax
Binocular parallax /(") .
<5 —1.43 Vertical parallax

3 PP EEE R 3 m B G A5 R

Table 3 Optical design evaluation results at the projection distance of 3 m

Evaluation projects Standard value Design value Clarification
Spot diameter /pm <100 42.004 8 mm X 8 mm
) ) <5 —1.2225 Eyebox center
Mesh distortion / %
<5 1.8776 Full eyebox
Rotational distortion /(") <+2 1.1764 -
Trapezoidal distortion /% <5 1.0882 -
Rhombic distortion /% <5 0.0633 -
TV distortion / % <5 0.6950 -
FOV /% <£10 —2.738
MTF >0.5@5 lp/mm 0.6661 -
Eyebox /(mm X mm) 13050 13050 -
Aspect ratio distortion /% <+10 3.5544 -
o <5 3.91 FOV of 1 to 4
Dynamic distortion /(")
<5 4.09 FOV of5t0 8
) . <5 3.81 Horizontal parallax
Binocular parallax /(") ,
<5 1.55 Vertical parallax
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Fig. 9 Spot diagrams under different projection distances. (a) Spot diagrams at the projection distance of 10 m; (b) spot diagrams at the

projection distance of 3 m
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Table 4 Maximum spot diameters in different locations of eyebox

FOV Maximum spot diameter of 10 m /pm Maximum spot diameter of 3 m /pm

(—62.64, 20.88) 19.631 73.200
(0,20.88) 15.857 64.852
(62.64, 20.88) 28.989 67.432
(—62.64, 0) 20.270 42.200
(62.64, 0) 28.552 43.340
(—62.64, —20.88) 124.406 46.136
(0, —20.88) 20.231 25.368
(62.64, —20.88) 38.781 35.256

i 4 a0 IR & e T A B 8 BE AR B OR (LR
F 100 pm, FZ /N T 138 pum (A HRFEIZ B 85 K 7] 43 B¢
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A — 62.64, 20.88 mm-tangential
EA— 0, 0 mm-tangential

0.5 BA— -62.64, —20.88 mm-tangential
A — 62.64, 20.88 mm-tangential

MTF value
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Fig. 10 MTF curves under different projection distances. (a) MTF at the projection distance of 10 m; (b) MTF at the projection

distance of 3 m
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Table 5 Minimum of MTF for remaining positions of eyebox

FOV Minimum MTF of 10 m Minimum MTF of 3 m

(—62.64, 20.88) 0.7152 0.5237
(0, 20.88) 0.7226 0.5655
(62.64, 20.88) 0.6489 0.5483
(—62.64,0) 0.7005 0.6588
(62.64, 0) 0.6121 0.6882
(—62.64, —20.88) 0.3052 0.6686
(0, —20.88) 0.7054 0.6661
(62.64, —20.88) 0.4869 0.6759

K11 7R 1 82 8 08 10 m A3 m I 2 ¢ 1 0
M W AR PR e AT B9 B R IR 48 /N T 500, A W] R AR
B A E IR .
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15 DL, A0 1) 2 25 AE 07 BRI WO TP B 8 . 23
A 12 3 2 R 3 B R0 I8 BT B e 5 R GE R Al

K12 fies P FEm (UD 5 B4 2] . i kAT BRESCR R
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11 S [l 45052 B 1 00 % g 22 141 . () $55E BE 88 Oy 10 m I 28 408 1 1 A i 228 15T 5 () #5652 B 88 g 3 IR 28 58 11 90 % g 28 14]
Fig. 11 Mesh distortion at different projection distances. (a) Mesh distortion at the projection distance of 10 m; (b) mesh distortion at the

projection distance of 3 m
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Fig. 12 UI simulation at different projection distances. (a) UT simulation at the projection distance of 10 m; (b) UT simulation at the

E 12 REFEEEEN UL ER () BEIEE N 10 m i R5 0 UL EE ; (b)

projection distance of 3 m
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Fig. 13 Variable distance curves. (a) Distance from M1 to PGU varies with projection distance; (b) length of PGU varies with

projection distance
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Table 6

T SR T BT R GEAE 3~10 m £ B B L
PN T ol B AL BBORE B4 O 3, i O B R O
7.784 m N Y PR BEAT B B B AR LR 6. A6
AL, B A S RO AT A e BRIk Rr LA T
3~10 m & [ N, AE 550 8 A0 2 fE 52 B 2 BEOR
HUJESHE 8

Bk 7.784 m B B G SR BT 45 R

Optical design evaluation results at the projection distance of 7.784 m

Evaluation project Standard value

Design value Clarification

Spot diameter /pm <100
<5
Mesh distortion /%
<5
Rotational distortion /(°) <+£2
Trapezoidal distortion /% <5
Rhombic distortion /% <5
TV distortion /% <5
FOV /% <410
MTF >0.5@5 lp/mm
Eyebox /(mm X mm) 130X 50
Aspect ratio distortion /% <410
<5
Dynamic distortion /(")
<5
<5
Binocular parallax /(")
<5

27.386 8 mm X8 mm
—0.5204 Eyebox center

0.9214 Full eyebox

0.1737 -

0.1483 -

0.0133 -
—0.2006 -

0.3560 -

0.7423 -
130X50 -

0.9646 -

3.32 FOVoflto4

3.04 FOV of5to 8

3.21 Horizontal parallax
—1.51 Vertical parallax

B 14 JR R T 52 HE B o 7.784 m i (1 45 51 1A
SANE RMS R/ TR R, HHER/NT
100 pm AL FEAF AR, 0] LAIPI A5 FI TR 25 3/ o

SR BN 7.784 m i, B & AN [R) A B Y 5 BE
B KA W 2% 7. AR, 7F Bl MLk B0 4% 52 E B

TR s AR BB Al £k 0 S 80T 1S 0 R R TR SR AT S
K.

15 R T E N 7.784 m B .0 1 35 1)
MTF Kl . af AFHH, MTF i 22 7 & H K 9K W6 2 18
51p/mm &b K F 0.5 f i EK .
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Table 7 Maximum spot diameters in different locations of
g eyebox
8
™ Maximum spot diameter of
FOV
7.784 m /pm
IMA: -63.670, 21.223 mm  IMA: 0.000, 21.223 mm  IMA: 63.670, 21.223 mm
(—62.64, 20.88) 41.112
(0, 20.88) 36.476
(62.64, 20.88) 54.644
(—62.64, 0) 32.248
IMA: -63.670, 0.000 mm -0.000, -0.000 mm IMA: 63.670, -0.000 mm (62.64, 0) 43.642
(—62.64, —20.88) 82.678
(0, —20.88) 40.112
(62.64, —20.88) 57.070
MBI BN 7.784 m i MR & AN Y MTF
-63.670, -21.223 mm IMA: 0.000, -21.223 mm IMA: 63.670, -21.223 mm MBS, FIR L LER I OISR TR
FI14 BB 7,784 m I A 16 Jiens 7 BULERE Jy 7.784 mibf i G AL Y

Fig. 14  Spot diagrams at the projection distance of 7.784 m R AR ], 0] DL 2 OB TG AR I il R BT 2K

M — -63.63, 21.21 mm-tangential M — 0, 21.21 mm-tangential h
g M — 63.63, 21.21 mm-tangential M -63.63, 0 mm-tangential
= B— 0, 0 mm-tangential B 63.63, 0 mm-tangential
C: 0.5 —B— —-63.63, —-21.21 mm-tangential B 0, —21.21 mm-tangential
E M — 63.63, -21.21 mm-tangential M- -- 0, 21.21 mm-sagittal
M- -- -63.63, 21.21 mm-sagittal B —-63.63, 0 mm-sagittal
M- -- 63.63, 21.21 mm-sagittal 63.63, 0 mm-sagittal
M-+ 0, 0 mm-sagittal M- - 0, -21.21 mm-sagittal
M- - -63.63, -21.21 mm-sagittal
M- -- 63.63, —21.21 mm-sagittal
1 1 1 1 1 1 1 . . 1
0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0
Spatial frequency /(cycle * mm™)
K15 #SHEE N 7.784 m B (9 MTF i £k
Fig. 15 MTF curves at the projection distance of 7.784 m
#8 MREARFNEMTF i i /MA
Table 8 Minimum of MTF for different locations of eyebox
FOV Minimum MTF of 7.784 m
(—62.64, 20.88) 0.7034
(0, 20.88) 0.7156
(62.64, 20.88) 0.6378
(—62.64, 0) 0.7253
(62.64, 0) 0.6718
(—62.64, —20.88) 0.5138
(0, —20.88) 0.7034
(62.64, —20.88) 0.6159

K17 R T 2 BE 8 7.784 m i) vht WL 37 1Y MRS5S . H T LUIE B, B 33T /9 22 B HUD R 48
UL BB, 854 & 17 Fge 4 0] LLAg R G B B AR B VLS B R AR A5 B i 2 S AR A T e o
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Fig. 16 Mesh distortion at the projection distance of 7.784 m
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Fig. 17 Ul simulation at the projection distance of 7.784 m
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Fig. 18 Optical path for changing the distance from first mirror to secondary mirror
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K19 PGU A sl it i
Fig. 19 Optical path for PGU immobile

K20 [AE &8 PGU 5 — 988 10 G % B
Fig. 20  Optical path for moving PGU and first mirror
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Fig. 21 Schematic of volume measurements for three schemes. (a) Only move PGU; (b) move first mirror and PGU; (¢) only move first
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Table 9 System tolerance allocation

Tolerance Radius of Spacing /mm X direction Y direction Amount of rotation  Amount mf rotation

parameter curvature /mm offset /mm offset /mm on X axis /(%) on Y axis /(%)

Windshield 1 0.2 0.2 0.2 0.2 0.2

First mirror 1 0.2 0.2 0.2 0.2 0.2
Secondary mirror 1 0.2 0.2 0.2 0.2 0.2

F10 SRFRB AR

Table 10 Results of Monte Carlo analysis

Percentage /%  MTF at projection distance of 10 m

MTF at projection distance of 7.784 m

MTTF at projection distance of 3 m

98 0.71970370
90 0.72321333
80 0.72533448
50 0.73112707
20 0.73555387
10 0.73672822
2 0.73776523

0.72347328 0.67672304

0.72753425 0.67933063
0.73193082 0.68074754
0.73735927 0.68370849
0.73930492 0.68634830
0.73998048 0.68755508

0.74067423 0.68949523

4.6 HXEFRFEKNTFTE

JEAF BT A5 RALRRYE 2 2%, 52 Br i ] 18 A
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W Az AL AR 2 8] BE B B I A (6 (PV) L 4n 1] 22 Fip
s, Ho A 22 Ca) B 7R O AR A B A AY it
I 45 1, 15 22 (b) B s D BUAR B 5 52 B T B
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Fig. 22 Results of free-form curved-mirror face form test. (a) Curved-mirror face form composed of ideal point cloud data; (b) deviation

of ideal face form and actual face form
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Fig. 23 Reflectance test results
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Fig. 24 Light path diagram of reflectance testing equipment
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Fig. 25 Windshield stand. (a) Overall shape structure; (b) windshield installation
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Imaging results. (a) 45-point test image; (b) white field test image

Fig. 26
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Design and Optimization of a Head-Up Display System with Variable
Projection Distance

Sun Yihan', Wu Shenjiang', Wang Bo’, Chen Xiaowei’, Zhang Yiming'
'School of Opto-Electronical Engineering, Xi’an Technological University, Xi’an 710021, Shaanxi, China;
*FORYOU Multimedia Electronics Co., Ltd., Huizhou 516006, Guangdong, China

Abstract

Objective Head-up display (HUD) systems reduce driver visual fatigue and improve driving safety. Existing HUD only
alleviates visual fatigue by reducing the times a driver looks at the dashboard. However, conventional augmented reality
heads-up display (AR-HUD) system can usually only image at a fixed projection distance. When drivers approach an
object, it is perceived that the image passes through the object. This causes drivers to constantly distinguish the distance
between the object and the virtual image, which will lead to visual fatigue. Indeed, there is a need for a new type of HUD
that makes the projection distance variable. Existing designs use an off-axis three-mirror system, by adjusting the position
of the first mirror to achieve the projection distance variable. However, it will change the down angle and also need the
picture generation unit (PGU) with variable angle of light output. This will increase the cost and design difficulty. It is

necessary to study another way to realize the function of variable projection distance.

Methods Unlike traditional co-axial zoom optics, for HUD with variable projection distances, changing focus is not the
only way. Changing the object distance and size can also realize it. We use changing magnification to realize variable
projection distance and only change the position and size of the PGU. This is because, like looking in a mirror, as the
object distance is larger, the virtual image is farther away. Furthermore, the distance between the PGU and the first mirror
decreases at the same time as the projection distance decreases. Since none of the images of PGU emitting by the way of
parallel light, as the PGU is closer to the reflector, the image reflected by the mirror is smaller. As the projection distance
decreases, the tensor angle of the virtual image relative to the human eyes decreases. This design does not cause the down
angle to change, and there is no need to use the PGU with a variable angle of light output. The off-axis three-mirror system
generally determines the initial structure by calculating the curvature and optical spacing of the co-axial tri-reflector system.
Then we adjust the off-axis angle and optimize the free-form mirror. It is complicated to obtain the different position
parameters of the PGU through theoretical calculations. The theoretical data also need to be modified in combination with
simulation, which will increase the workload. We design “macro” to obtain the relevant parameters directly through
simulation to improve efficiency. The optimization is based on the projection distance of 10 m to optimize the free-form
surface and determine the off-axis angle. The change step of the projection distance is 50 mm, and the change step of the
image source size is 0.01 mm. We use random sampling to verify the function of continuously variable projection distance of
the virtual image. The image quality evaluation includes transverse vertical (TV) distortion, rhombic distortion,
trapezoidal distortion, grid distortion, dynamic distortion, binocular parallax, image tilt, aspect ratio distortion, MTF,
spot diagrams, and field of view distortion. We evaluate the image quality in detail to better assess the imaging situation
after actual manufacturing and guide suppliers to improve their products. The above information is represented in the tables
and simulation diagrams.

¢

Results and Discussions We use “macro” to obtain parameters related to the continuous variation of the projection

distance. The image quality is analyzed when the projection distance is 10 m and 3 m respectively. The image quality is
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analyzed by random sampling to randomly select any projection distance within the changing range. The RMS radii of the
spot diagrams in the three cases are all within the Airy spot and less than 25 pm. In addition, the grid distortion, TV
distortion, rhombic distortion, and trapezoidal distortion are all less than 5%. Dynamic distortion and binocular parallax
are less than 5. The field of view distortion and aspect ratio distortion are less than 5% . Mutually using parameters of a
projection distance apart 50 mm does not result in a dramatic change in image quality. In the range of the variable projection
distance, the image quality meets design requirements. The designed projection distance can be continuously varied and the

change step of the projection distance setting is reasonable.

Conclusions The AR-HUD with variable projection distance can further reduce the driver’s visual fatigue and improve
driving safety. The means of equipment and software correction can affect the criteria for assessing image quality, but the
design direction is the same. The design value of each distortion parameter should be as small as possible when conditions
allow. This can give the actual manufacturing enough tolerance range. Within the space constraints of the car, we need to
trade off dynamic distortion and mesh distortion. Under limited conditions, it is not possible to consider both distortions at
the same time. In general, the focus should be on controlling dynamic distortion rather than mesh distortion. Appropriate
distortion can be corrected by software. Compared to several design approaches, this design does not pose the risk of down
angle perspective changes. The method of this design is applicable to all kinds of HUD systems based on the off-axis
three-mirror system. In addition, we give the optical detection methods for reference. While our HUD architecture is

relevant, the method of realizing variable projection distances is general in nature.

Key words optical design; head-up display; optical zoom; projection distance; off-axis three-mirror system
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