B
OEE |
4

& x93

Opto-Electronic Engineering

Artical
2026 £4 B, 53%, F4 1

BRIGFE X R RITR

R AL e S ESA i)

B, IRk, REE, B K

TN BHE KR T 55 B TRk, T 254 215009

HE: LFHHRBAREMNEMFRFPONRERET 2R LR, LTRAAMAANRLINEEZHS, LHHEAL TR
ARSI PRI KR AL, ALREEMINE LRI TR AT EHOA R IR AN 0, WET SRR e ot
B RMG T, BERAR/IES, BMEfF5REL LR LN, HREZERETT ZERLEEOH. BREAY, &F
tafe BT T MR ZREAMBEWEERTR (p<0.001) , HERLRZEIFNLERELAZHEGEFRF R (p<
0.01) ; #£ 75% % 100% &y &Htafe BC A M, WikEMEAEEmmA 2R, AAmE, KX#t—FHET ok
SeHA R ERERETHLRRAERLENRE, LFMNERETRIF)REZE—K (r=0.885) . AXLERTAH
BT H iR X BT R AR T REER KB RREE,

KR LFH: RZA; ERAAT; el EMAFLRITHR

The English title and abstract appear at the end of the paper.

DOI: 10.12086/0ee.2026.250316 | CSTR:32245.14.0ee.2026.250316 | HEISHES: TN27 | XEAFRIEME: A

wE i, B, BENE, & ARREEX R SRR A S BT I K SEE AT [J]. L TR, 2026, 53(4): 250316
Han Q S, Xia Z P, Zhao G H, et al. An experimental study on the influence of color saturation on immersive perception in virtual

scenes[J]. Opto-Electron Eng, 2026, 53(4): 250316

]l

1 5

UTAER , JUT A TVAR R TE AR K I . 2
PRy 7 A AR AT A R o Sl i K AR5, P RT3k
PRI SRS, AITsRAe T OB A EAH ST
FEP LS DURIERE MO it oo T R E
R A I HEAR I, 23 ARG S
2R MERRWPU, 0T £ D K DR 90 1 5 1 0
SRS, DR SRt T SRR T S, S T e
BRAW AesS @AY, T B B P HEAT R S B
RS i A, O AR L AT AL B g e
TEGARRLHITT T, T B RERII AR . DR

B RRAME 2SR, WP T 2R S)
KBRS BT NZE W, JTF SRR 5]
ANEFRZYY . RSO T AR, R Hie
(LT S ISR R BT R s

DUR WA VA oo T8 D A B4, B ek
TP AR AU IR rh A T R P R R B AR B BOR B
H S ERCRAE A BRI R R RS 13T
AKX P B PE AR B B RS L o i HA PR
PEFERI® . R, ISR TR I B 5 PR A 72 T A T
ERC L EMISE Vw3 I (RT3 % Nt PSR o
T RS

TV B OAE T R AR 1R S 5em

WisHER: 2025-10-23; 1&EIHE]: 2026-01-28; FMAHAH: 2026-02-02; Mgk HHA: 2026-04-25
EEWH: EFEARREES (62002254); LIS ARFIEEES (BK20200988); VLA TS A BHIF S S BIHHRI5 H (KYCX25_3571)

*BEEE: BEIRF, xzp@usts.edu.cn
MR R 5©2026 H [E Rl e S £ AR BT i

250316 (Page 1 of 11)


https://doi.org/10.12086/oee.2026.250316
https://cstr.cn/32245.14.oee.2026.250316
mailto:xzp@usts.edu.cn

sl i, 25, Ot T2, 2026, 53(4): 250316

https://doi.org/10.12086/0ee.2026.250316

Bl BFFEAN IR A, SRR 1Y B bR O3 20 o 5
REIRE A L, IR YR L R,
TREZ IR RSE BT OEE T HP R i
5y, RIS R TR AR i A A ] sl g S R
HEHEZ BRSEh, AREHE (color saturation) #IA
SXRFICIR PRI 338580 AT G S

FEIATIE T, Lin 517 & ER M FA7E SR A
JE KX ISR 3 BB A AN 7= AR B, O HaxX
S 32 B UG R BN BRI , $os C AR R EE TE Ak
B O] GERE AR AL . Weijs IR W& B, DR
TEAN R R 25 GG rb A 45 5 B SRR A4 5 5 (8 A
TNZL ) 1 RE P ER B rh e A% iR A J e S g, HLARR
WSS RIS /1IN SR~ G [ N TTEA R R 2
SErb il Bk S BN R B MRS K e Ab,
Rodriguez %" 42 ) T —Fh R TR (4 11 129 1Y 2 40
PUSL (virtual reality, VR) Sk B i/ a5 O HERESR , FF
AN [FVE e s i A R, BOR RS R AR
P SISk B AR L, O VR BSR4t 1 AT
SEORPBE

ST AT SRR X TUR AT R,
BTE R E AR S 52 BRI TTER T, SRR AR XL R
1 RAEIEZ RGBT, MATE e H IR, %
TGS FAAL T AR IE B B, X051 %
S TTRBALHE AN SR L . A SCELER
DURIER F 2 R, IS HAT R (Y Tt s A
DIHESHAH DGO T A e

A SCHE gL BT T TR E JC TR U037 TR AR
M ELESH, IR 1R B AE DR AR T AR
FHIEAT T VA . ZEOFFE Tk b, AR SCH T i I
(electroencephalogram, EEG) {55 R AEZMARAS, IF4l LA
VR (igroup presence questionnaire, IPQ) WA,
X SERAEAHATER G AT o RIS RS AR A R0
TURIER sz R, JEiE— A S TR B[R] i il
DUAREAY  SZAERY 4T P DU 4 (R T F0 2 AL AL
IR ML 7B . BTN AR R IT T H TR A R
RGMRAL BT PRI FHAL TR 2% B4

2 BRIBMESITRR

21 NRBERHSERERIEFE

NHRE 3 XCHR BRI A, R L o 8L ) = Ao
UM, rRIRANRIBR B (Z, 2k ) Uk, B

24 380 nm % 780 nm WY AT WLIGHE , MRS B B (6%
ERBAAUR T &AM X 5, B (aRim
SRR ) MR A (BB ML), et g, (it
R JE P 52 € 8D, T g R € ) S8 5 B i
NHR I EFHHIGE SZ BN SN OCIR WA SRR S
TG AR, BOEERE T ORI RE SIS, iR
ROEE A, @k L], AIRAEAEAE S 2Ot %
PE T ERRERORS B 0], s 1 TR,

Relative absorptance

Wavelength/nm

B 1 AREHEHTLE

Fig. 1 The range of color perception by the human eye
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Fig. 2 Virtual scenes under different color saturation levels
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Fig. 3 Experimental procedure illustration
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Table 1 The ANOVA results revealed the effect of color saturation on subjective immersion scores®

Subjective IPQ score

Influence factor

df

2

F Sig. n%

Color saturation 5

276.933 <0.001 0.888
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Fig. 5 Subjective immersion score distribution

Absolute Brainwaves = log,, (Zf_f PSD (f)) ) (18)
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Fig. 6 Objective immersion quantification score distribution
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Table 2 The results of the ANOVA analysis investigated the impact of color saturation on the objective scores of immersion®

Influence factor

Absolute band powers of Beta

df

F Sig. n

Color saturation 5

3.374 <0.01 0.088
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Fig. 7 Correlation between subjective and objective evaluations of
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Fig. 8 Objective immersion model fitting based on color saturation-
EEG fusion
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Fig. 9 Correlation analysis between model-predicted scores and actual
subjective scores
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An experimental study on the influence of color
saturation on immersive perception in
virtual scenes

Han Qishuai, Xia Zhenping’, Zhao Guohui, Cheng Cheng

College of Electronics and Information Engineering, Suzhou University of Science and Technology, Suzhou, Jiangsu 215009, China

Abstract

Objective Immersive experience is a core determinant of user engagement and perceptual quality in metaverse-oriented virtual reality
systems. Display characteristics play a central role in shaping immersion, as they directly regulate visual information delivery in near-eye
environments and mediate the perceptual coupling between users and virtual scenes. In immersive perception research, multiple display
dimensions have been incorporated into analytical frameworks, with field of view, resolution, and luminance commonly treated as
fundamental parameters due to their direct influence on spatial coverage, visual clarity, and contrast perception. Color saturation, although
closely associated with visual vividness, realism, and affective response, is frequently configured as a scene attribute rather than examined
as an independent perceptual control variable. As a result, the quantitative relationship between saturation modulation and immersive
experience remains insufficiently characterized, particularly under controlled display conditions. This gap limits the perceptually informed
optimization of immersive display systems. The objective of this study was therefore to systematically investigate the effect of color
saturation on immersive perception in virtual reality display systems and to develop an objective immersion quantification framework that
integrates display parameters with neurophysiological responses.

Methods A controlled experimental paradigm was designed based on a virtual reality near-eye display system to isolate the perceptual
effects of color saturation while minimizing confounding visual factors. Six virtual scenes were constructed with identical spatial structure,
interaction logic, object arrangement, environmental layout, and motion cues, thereby ensuring that any observed perceptual differences
could be attributed primarily to saturation manipulation rather than scene content variation. Color saturation was manipulated at six
predefined levels spanning low to high saturation conditions, while all other visual parameters, including luminance, contrast, resolution,
and viewing geometry, were held constant throughout the experiment. Participants performed standardized interaction—perception tasks
within each scene to maintain consistent cognitive demand, attentional allocation, and sensorimotor engagement across experimental
conditions. During task execution, electroencephalogram (EEG) signals were continuously recorded using wearable devices, enabling real-
time capture of neural activity associated with immersive perception under naturalistic interaction states. Following each task, participants
reported their perceived immersion using structured subjective questionnaires administered immediately after exposure to reduce memory
bias. This experimental protocol enabled synchronized acquisition of behavioral context, subjective evaluation, and physiological signals
under systematically varied saturation conditions. Statistical analyses were conducted to assess the effects of color saturation on subjective
immersion scores and EEG-based objective indicators. On this basis, representative EEG features were extracted and combined with
saturation parameters to construct an objective immersion quantification model capable of producing a continuous immersion index across
conditions, thereby linking display-level manipulation with perceptual and neurophysiological responses.

Results and Discussions Data analysis indicated that color saturation exerted an extremely significant influence on subjective
immersion scores (p < 0.001) and a highly significant influence on objective immersion evaluation results based on EEG measurements (p
< 0.01). Further analysis revealed a clear enhancement effect within the medium-to-high saturation range. Immersion increased
significantly as saturation rose from approximately 75% to full saturation, whereas lower saturation conditions were associated with
reduced immersion stability and weaker neural engagement. These results suggest that color saturation functions as an effective immersion-
enhancing factor when maintained within an appropriate perceptual range, likely by strengthening visual salience, scene vividness, and
perceptual presence without inducing sensory overload or discomfort. Importantly, the observed trends were consistent across participants
and scene configurations, indicating that the saturation—immersion relationship was not driven by individual preference alone but reflected
a more general perceptual mechanism.To bridge subjective experience and physiological measurement, an objective immersion
quantification model was constructed by integrating color saturation parameters with EEG-derived features. The predicted immersion
scores generated by the model showed high consistency with subjective questionnaire ratings, yielding a correlation coefficient of r =

Foundation item: Project supported by the National Natural Science Foundation of China (62002254), the Natural Science Foundation of Jiangsu
Province, China (BK20200988), the Postgraduate Research & Practice Innovation Program of Jiangsu Province (KYCX25_3571)
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0.885. This strong correspondence indicates that the proposed model effectively captured essential variations in immersive experience
across different saturation conditions. In addition to predictive accuracy, the model offers an interpretable mapping between display-level
color modulation and neural response patterns, supporting its use as an analysis tool rather than a black-box predictor. The results further
demonstrate the feasibility of employing lightweight EEG signals as a complementary tool for immersion assessment, reducing exclusive
reliance on post-experience questionnaires and enabling more continuous and objective evaluation of user experience.

Conclusions Color saturation is confirmed as a significant and quantifiable display parameter influencing immersive experience in
virtual reality systems. Increasing saturation within an appropriate range enhances immersion at both subjective and neurophysiological
levels, with particularly strong effects observed in medium-to-high saturation conditions. The integration of saturation parameters with
EEG signals enables objective and continuous immersion evaluation, offering a practical pathway toward real-time immersion monitoring
in interactive virtual environments. The proposed framework provides methodological support for isolating display-parameter effects and
offers actionable guidance for immersive display design and content color tuning in metaverse applications. More broadly, the modeling
approach establishes a foundation for adaptive display systems that dynamically adjust visual parameters in response to user perceptual
states, thereby contributing to the development of perceptually optimized, user-centered virtual reality experiences.

Keywords: metaverse; immersion; display system design; color saturation; virtual reality near-eye display technology
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