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Research on Virtual Reality Head Rotation Gain Under the Influence of Pitch Angle

XIE Zehua'? ,FU Yueyao® , HE Yu'.XU Senzhe’ ,REN Yangfu''**,YU Ge' and ZHANG Songhai'*
1 School of Computer Technology and Applications, Qinghai University, Xining 810016, China
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3 Department of Computer Science and Technology, Tsinghua University, Beijing 100084, China

4 Technology and Engineering Center for Space Utilization,Chinese Academy of Sciences,Beijing 100094, China

5 Mathematical Sciences Center, Tsinghua University,Beijing 100084, China

Abstract Increasing head rotation gain in virtual reality significantly enhances user exploration efficiency. Due to spatial con-
straints, users often need to perform extensive head rotations to observe the entire scene, which may sacrifice comfort. Therefore,
applying head rotation gain enables wide-angle rotations in virtual scenarios,allowing users to comprehensively view the environ-
ment. We note that in exploring virtual reality scenes,users frequently need to look up or down.yet current research lacks suffi-
cient focus on head rotation thresholds in looking up or down positions. Consequently, this paper focuses on the differences in
head rotation gain among looking up, looking down, and looking straight, as well as exploring the comfortable head rotation
threshold ranges after incorporating pitch angles. By designing virtual scenes that guide users to rotate their heads at various pitch
angles and collecting feedback through psychophysical experiments, this study compares head rotation gains across different
states. The results indicate that introducing pitch angles significantly affects users’ perception of rotation thresholds, with notable

differences in comfortable rotation thresholds at various pitch angles.

Ff5 H 91.2024-07-08 3R & H 191 .2024-09-18

BT - E R T AR TR (2023YFF0905104) 5 [/ 5 H AR 34 (62132012) ; Jb 5t i BHE IR0 H (Z2221100007722001) 5 35 465 T T 5K
BB BRI G S5 %

This work was supported by the National Key Research and Development Program of China(2023YFF0905104) , Natural Science Foundation of

China(62132012) ,Beijing Municipal Science and Technology Project(Z221100007722001) and Tsinghua-Tencent Joint Laboratory for Internet In-

novation Technology.

WAEVEE AR (ryf21 @mails. tsinghua. edu. cn)



PR A5 OREARL A 5 M T ) 0L 2 Sk B A G A AT Y

213

Keywords

ME DL S AR W TRk L UL R R F 2 A
SR AL T UUR SR HE LR BT A O R T T R R
P RETE Ay MR R LI S TR A S b, A RATE
— i WL 32 3 77 30 B RE R T AR B S T S AT AE R
VSR B0 W S B UL ER AR o, S — L — Y S X R DT 4 3%
TR SR BRI, AT A A ) R A1 A R
FUUE S P iy A R RS2 8T BRI

S ) A7 A ARG 2 A HE A0 S b R AT O B R L 5
RN A 58 M I S T SR 20 SRR i ), AT i D
S BRI DL A S E 1 A A R P A ES A S
VAR By 2258 4 W £ 47 F , T E g 00 1 5 AT, S TE A R 1
P2 () N PR BT I 04 S0 BR AR 5 e Ab o 3 AT LS 3 S A B
/IN i1 BE B 1) 55 R 0L T A DI A A v A 2 A R S et fE
37 5 B AR

YRR Z TS T A TP A K WLE 5 16 R Sk
I (R XA A SR PR AT B BRI 8 A . 4R T
ETE H W AR 3 3 i i 0L B S PR 85 o el ek A [ )R A £ B
T LB Gy s J— Pl DL B EE R AT 0 Rl A BEIR AR
FCTF SEAM AL IR A0 0 AR 25 # Sk PR % 1

AR EBETFRNEMT

ARG TEAN WL SR B Sk 3 8 5% 18 45 A A6z 0 1)
B ARSI AFTE R R

2) PR ST S e B 6 i ) G N0 1) 7 A [ A A0 AT 4L A
B 1 22 5 DL R AR Ak s 35

3R FEA [ 531 (9 P A AT R R O e RR 285 e k
T8 e 8% 2 19 A I R ) 22

WS A2 B FEAR AL A0 AR 25 TR B4 Sk 3 e % 444 45 1 M 5
FRRSHERE Z R, REMAEAEEERNEKAET 2
718 H A TR B R A A A 3R A — LR R A T L T R B 22
SRR . B MR AR O 22 S A IR0 P X
(B A TR0 07 A 1] — 380, W90 B ZE AR AN A AR S o 1 ) %
TR T = G v O T A S A R ) SRR R T P A A P TR
Ko PRI FEBETE M 40030 52 07 T A 25 B AN [ 40 A Sk 350 e
19 B2 20 B Y 6 T R TR T T UL R p B A B
HEEEM,

1 HRIK

L1 TEEEEHEAREA

TE R LB S, P 3l A B Sk S B R % 4 (Head
Mounted Display, HMD) Fl#/E F#p 6l 4% . 7T L A KR §
PLEREE . (H 2 B BSC 53 6] R0 B 1R 3 45 A 03RO A AR
A5 4 b BE 2R HG B S 2 ) T T 0 R 4L B, R X — 1)
BB E AR T 2R Py 5 B A% 3% R M AT E N
SE 1747 7 (Redirected Walking, RDW) . 7 f& 3% # A& J7 i,
Kelly 88 W98 T 32 3h 100 40 fa] 5% i 2 [m] 5657 HE 6 L B35 T 38
ST Y T i B ROE MR RE = A 2 7. But-

Virtual reality, Redirected walking,Rotation gain, Head rotation at pitch angle

tussi AEBIXE 75 42 AP B9 S250 VEAL R L 1% 2% B R 78 R
fy o IR N4 TET 3 B 7 100G T P 45 AT S 000R)E B (R 2
BT % . FE R AT E 5 16 » Hanson 20 & 7 —Fh 3k T 4047
WL R EY NS00 N A T — DG4l LXK 5017 28
FISh S B M 4 4 B, Nilsson 280 B 58 I %4 b T
oo T3 o B A2 2 ot IR i A B K T 44 R o A R 1 <
FH7RRFHEE AR 55 B AL,

T 1] A7 38 2 76 R 10 855 r 45 AL 5 B e o 1 4 T P Y
251K TSR N T 1 IS S A DR Tl 7/ LR 51 IR B S 5 2 N
Razzaque %' PEAN LI AR T 8 %2 [ 47 % H o SO0 B L3P
Bi vy — o 4 32 B s S R, n] S BT 7R L R AU R D
R 2 11y 3 25 18] TP PR R 58 B R 0L 4 S SRR Ol 57 4k [
GO 3D 23 [ L ¥ AR SE 3 T % H R . Steinicke %7 AL T
ANBTEARHE GO T 12 KRB b4 5 e 1] 5 5 00 58 gk
AR R TR A BB A% . Sun S0 09 T AT E BRI
HF /NI BRSS9 AT DL B i S s s A B i .

1.2 TEEEEARAREEHRR

178 2 M BOR A BIF 98 2 2 A3 4 45 U e 0 kvt
TER AR T I T WF 9 N DA 25 4 G O [ Y T 1] 1 4% 7 Ik
Ksl FH AT E ML . Razzaque SDTHR M T 3 XAt
B E M AT AE R M, B 5] 5 2 Pl (Steer-to-Center, S2C) . 5[ &7
58 (Steer-to-Orbit, S20) #15] 7 & £ H #5 (Steer-to-Multi-
ple, S2M) , 38 3 3¢ 4 5 W 7 ] 7 45 30 4 3 340 B i 5] S R [l
Z3 [a) WG B P . FE L SE IR AT B B9 O . Xu SFTU AR
T T T 0 R O e AT Y Ol — R AR R
BB P AT BE R 3h J [nl FVGL S, B8 TR AR BRI T

FXFZR P s Xu SR T M 2 P EE
AT Bk, WM T OE S R B T IR &, Fan
SECSTR Y P g s A AT BN A T S e S PR ) R E AT
FERRCE . David 21 F1 Sharif 20 % 3 T REW 7 R 4 31
75 (A R V0 B A9 R L% 72 . Hodgson 251 4R T 45 A4 £ H
FrATH L 51 5 0 52 ) 4T E R B (Steer-to-Multiple + Cen-
ters, S2MC) , Xu AE 4R BT R il R 18 25 30 7 T A0 RN sk T
W 15 14 T AT A B A O T T R AR T TR AR
55570 B2 A 25 IR A AR s & Xu R T A8 ) R 4
JrIR” ARG FH P R R R Rl 40 A D o A R A R A )
R4 AR B S/ NME RS 4R S T AR/ N R s AR IR R T
v R $U 37 B Y RIOR
1.3 ITEEEIHEARBEE®RN

8 25 W0 7 V5 SR s P E AN TR B TR % i i 4 £% 04 J8k
Vo, B 3 A S 0 R P O SR B st R O B i bR KRR
T 3 35 B . Steinicke 251V Hll Freitag 45100 & X3l i3 5
IS HAE T T B W 25 e % 4 25 R M SR 4G 25 09 M . Esmaeili
S0V S A A R P 6 TS sl RN A T R R S R
[7i) 24 70 5= 350 20 A 1 4G 00 IS 0 7 1 0 T S 1) T R R 14 B
5. Ogawa 2038 W A8 S 4 20 0% 45 8 e A ksl 2 i 40



214

Computer Science FHEMLFI2: Vol. 52,No. 4, Apr. 2025

S5y sisshm 2R, HEEE AR FA £ 8RN R T
g TR WS B8R . Cho 250 4 S 36 & 3L 7R J 1) A
W17 B B, AR T 1 0 ST B R R SR AG: Y0 48 I 1A 174 SR
75 B EVE I K. Luo S50V R “ 47 Bt B3 " H A, & B
I 4 /N Sk 30 R B LET L RE YT OROF AL 25 1 B E LRl . Xu
SRS T AR AT A AR v Sk AR AT R B e N A L ]
TE #3825 25 S, FE F P S B 48 W OO0 TR A A0 b e AR H ) 3
J5 1. Kjenstad 25250 I 52 T A8 R 1 ARG BT SE B E
SE ) A5 AT Y 58 T 384 2 (R MY 3R 18 25 B0 L A AT K B e 1
5 (038 25 K SF AEFE GE T2 1 3 2 5 ol SR 25 0 B 2% K
T EME AN ., Kim 07 8% T 45 (8] B 5 0 fa] )2 e 7E
T 7 X ST RS 18 25 A (B BT R, B R DO [l 1 5 i R R
JE Ll A9 46 T30 7 A R AU B S o RS Bl mT AR S H B k8L 2
VFa) F) T 8 1 36 M S 4 PR P I R 0L A R i R 4 — 1)
A Z o DT RE 85 76 H 40037 5t e T B 42 . Gan SE0 K
T 8 AW % | 25 ] K /N R L S 45 S 11 400 3 3 L PR A
Tk 2 PR X P A 1 RO BB Y S &5 SR BUR L By
IF1) 37 37 R B8R S5 0 3 5t 22 i) ) 2 14 2 SRR ARG T 9 1A 7E I
A5 SR A e 35 R (E A RR AL 22 5 0
Van 55 WF5E T 84 25 0 2 35 A8 A0 0 5 AT A Y R e B
N IR R MR e o AR S = T e R G
BOBE 25 . 3 35 A0 Bh AR A AT LA BN R E AT E s 3h T
FEL R0 BE , (H R P (7 R SRR A I % AT . AL TR i T
DR RSO G Y = RS e o N S )
ER,

FEF P AR SR T B B 25 WF 9T P, Wang 500V & o Ak %2
T 3 25 0 PR SN I 4R PR S T AR AR B Y i
eI A5, Jaekl SV B EOR F P R AR R L 1 25 H B R
P37 R R L ORI AR R MR I B (. Jerald 250 18
AR SR 2D Y B A0 AT TR S A T Sk OB B O 1R A
B KOBERE W 2 . Bruder S0 iE— 2538 i 5280 43 M1 T AR B 4%
PEF B0 s 484 25 00 PR VE R . Zhang 255 & 3L, 78 B 407 S
HOLE 360° R AT AR H LA T35 LA A 2R 85, F B B4 25 1 4G
T 1 B T P45 5 (PSE) . Kim 25030 B84 T f 0l 25
V] /N - 38 25 B H A B2 W . Schmitz 4857 8 i 5250 &
AR 1S 25 8 7T BE S AR VR VTR, Brument 2509 B3¢
T B o T 1 A% (52 G P IR AT HL AR TR [l e
e TSR SRR L A R R B 3 25 AE A Y BE L R TN
Ty w5858, OF HLR P A IRIE % 3 B T AT 7 B 32 S i 2x T A
S5 HERE M 2% .

2 LW

A ST R I b P 7R AL RS AL O AP
B S T8 15 % 10 (L IF X HE 2 A 76 S TR0 A0 A7 152 A B 22
o LI B E A 2AFC AR 55 IRBE LI 45 (8 , I AR 95 1 45
L 8 S B s A v Sk R SRy B e 1) RO B X Sk
A G 19 £ BE BEAT OB /N o B0 Sk U R A48 19 Sk AR i
e RGP R E R G 5P ISR R B — A A . 2k

i i 2 WO i P AT AN 1 R .
BE D mERe i a5

1. private void Update()

3. headRotation<-3f Btk 3 2 2 7% 25 1Y E % S0 (A 5
4. v3<J% headRotation % i Bk 7 ff 5
5. Gy FhBERE M <<180)

6. |

7. v3=<—y e % fA A gain FEF 5

8. )

9. else

10. {

11, v3<y HiiEH: f — 360°AY 22 4K J5 Il gain A ;
12. )

13, SR B ol 7 4% 00 E B AU < I ARS8 25 1Y v3 IR EAT G 4
14.}

BT R SRR R it 1 Sk 3 2B R S 0 B B i
BUR K RIS TE v b A0 08 5% 2O T I A B f6 48 23, T8 i — 0
B T e 5 P 1 (B S T S s = B 0 0 T LA g A
FH P 7 45 6 Sk W Tie e R0

FH R E T 7 AL B A — 45 L — 30°, ff
=15 F 40 0% A0 15°, A 30°, MR 45°, e &% 14 25 (6 1)
WHESR 0.5~1.5, KK 0. 1, BAMBMEERE 6 kK, B4HH
PR 6 A, BAEE T AT 11 5 E AR
BLH G . BH T 58 MG ORI P AT 740 R B OF B
W5 SSQ 1, UK B AR T DL i 45 RS2

S0 TR Sk AR TE [ E AR B B PR AT 25 A e e, S R
BB TRIR M R B 5 B P R R A . A 1) BTR
P T EROC A S Gk BAED 38 5 P 455 00 4R ah 25 o B 35
BT Ca SR b ) BT DL AR A AR A I Sk S B A Ca
SRR,

Ca) IRFAMD 0 % Sk #63 BE 7 31

() -4 11 52 56 37

Bl SE b S A R

Fig. 1 Principle of experimental scenes and angles
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F 1 —45°,—307, — 15" 0" BE T Lo B 2k gy 28 B AF - 25 %6 \PSE 1 75 %
Table 1 Threshold values for psychological measurement curves at angles of —45°,—30°, —15°,and 0°:25% ,PSE and 75%
User 45° 30° 15° 0°
25% PSE 75% 25% PSE  75% 25% PSE  75% 25% PSE 75%
1 0. 84 0.92 1.00 0.94 1.11 1.28 0.93 1.04 1.14 0.82 0.95 1.07
2 0.53 0.99 1.46 0. 90 1.25 1.59 0.69 1.12 1.56 0.18 0.95 2.08
3 0. 81 0.94 1.07 1. 10 1.24 1.38 0.90 1.15 1. 40 0.92 1. 15 1.37
4 0.65 0.90 1.14 0. 30 1.34 2.37 0.42 0.92 1.41 0. 90 0.91 0.91
Female 5 0.67 0.76 0. 86 0.98 1.43 1. 88 0. 65 0.92 1.19 0. 84 1.15 1.46
6 0.63 0.98 1.32 0. 44 1.08 1.72 0.17 0.71 1.25 0. 44 0.90 1. 36
7 0. 84 1. 15 1.47 0.91 1.19 1.46 0.88 1.12 1. 36 0.92 1.06 1.20
8 0.83 1.24 1.64 0.93 0.98 1.04 0.92 0. 96 1. 00 0.35 0.98 1.62
9 0.45 0. 89 1.32 0.79 0.88 0.96 0. 84 0.95 1.05 —0.13 0.71 1.55
10 0.58 1.08 1.57 —1.44 —0.16 1.13 0.21 0. 80 1.39 —0.03 0.75 1.53
1 0.83 1.04 1.25 0.82 0.97 1.12 0.63 0. 88 1.13 0. 81 0.99 1.17
2 0.81 1. 35 1.90 0.93 1.18 1.43 0.63 1.03 1.43 0.77 0.98 1. 20
3 0.57 1.70 2.82 0.33 1.27 2.21 0.19 1.08 1.97 1.05 1. 60 2.16
4 0.48 0.91 1.35 0.02 1.96 3. 89 0.50 0.97 1. 44 0.33 0.90 1.46
0.91 1. 15 1. 38 0.83 1.08 1.34 0.87 1.10 1. 32 0. 89 1.19 1.49
Male 6 1.01 1.21 1.40 1.02 1.46 1.90 1.03 1.32 1.62 0.83 1.25 1.66
7 0.61 0.83 1.05 0. 39 1.10 1.82 0.90 0.95 1.01 0. 88 0.94 0.99
8 0.78 0.88 0.98 0. 60 0.81 1.01 0.57 0.74 0.91 0. 44 0. 64 0.83
9 0. 44 0.69 0.94 0.24 0.54 0. 84 0.46 0.70 0.95 0. 38 0.62 0.87
10 0.73 0.93 1.14 0. 88 1.29 1.70 0.74 1.02 1. 30 0.91 1.09 1.27
Male avg 0.72 1.01 1. 30 0.68 1.06 1.45 0.71 1.01 1. 31 0.70 0.99 1.27
Female avg 0. 80 0. 96 1.12 0. 84 1.04 1.24 0.80 0.98 1.16 0.83 1.01 1.19
All avg 0. 69 0.98 1.28 0.72 1.07 1.41 0.71 0.99 1.28 0.67 0.99 1.30
2 157,30 AS°ff T Y. I 4k th 2R BR{EL 25 26 \PSE I 7526
Table 2 Threshold values for psychological measurement curves at angles of 15°,30°,45%,and 0°:25% ,PSE and 75 %
User 15° 30° 45°
25% PSE  75% 25% PSE 75% 25% PSE 5%
1 0.91 0.98 1.06 0.79 0.90 1.01 0. 64 0.83 1.01
2 0.30 0. 84 1.39 0.03 0.78 1.53 —0.17 0.58 1.32
3 0. 86 1.07 1.28 0.95 1.09 1.23 0.82 1.00 1.18
4 0.63 0. 80 0.97 0.57 0.83 1.08 0.62 0.93 1.24
Female 5 0.49 0.82 1.15 0.62 0.76 0. 89 0.55 0. 69 0.82
6 0.50 0. 80 1. 10 0.63 0. 85 1.07 0.59 0. 89 1.19
7 0.92 1. 14 1. 36 0. 64 0. 85 1. 06 0.58 0.91 1.25
8§ —0.41 0. 80 2.01 0.72 1.07 1.43 0.72 1.09 1.46
9 0.67 0.92 1.17 0.66 0.88 1.09 0.68 0. 85 1.02
10 0.02 0.74 1.45 0. 50 0.94 1. 38 0.12 0.79 1. 46
1 0.71 0. 89 1.08 0.81 0.93 1.06 0. 80 0.93 1.06
2 0.68 1.06 1.43 0. 80 0.98 1.17 0.74 1. 26 1.78
3 0.90 1.27 1. 65 0.38 1.09 1. 80 0. 84 1.25 1. 65
4 0.44 0.75 1.06 0.37 0.68 0.98 0. 64 0.92 1.21
Male 5 0.82 1.06 1. 30 0.87 1.05 1.23 0.82 1.13 1. 44
6 0.94 1.22 1.49 1.01 1.23 1. 44 0. 84 1. 14 1. 44
7 0.91 1.00 1.10 0.53 0.91 1.30 0. 38 0.79 1.19
8 0.51 0.81 1.12 0.73 0.88 1.03 0. 85 0.97 1.09
9 0.48 0.68 0.87 0.48 0. 64 0. 80 0.23 0.57 0.91
10 0.92 1.10 1.28 0.77 1.01 1.25 0.67 0.92 1.17
Male avg 0.71 0.98 1.26 0.67 0.94 1. 20 0. 66 0.98 1.29
Female avg 0.77 0. 95 1.13 0.77 0.92 1.07 0.75 0.92 1.09
All avg 0. 65 0.95 1.25 0.66 0.91 1.17 0.62 0.92 1.23
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