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Preface

“2018 9th China Academic Conference on Printing and Packaging and Conference
of Scientific Research Innovation”, one of the series “China Academic Conference
on Printing and Packaging” which is mainly hosted by China Academy of Printing
Technology, was held on 16-19 November 2018, in Jinan, China. The conference
was co-hosted by China Academy of Printing Technology and Qilu University of
Technology (Shandong Academy of Sciences) and co-organized by Beijing Key
Laboratory of New Technology of Packaging and Printing of China Academy of
Printing Technology, School of Light Industry Science and Engineering of Qilu
University of Technology (Shandong Academy of Sciences) and Printing
Technology Professional Committee of Chinese Society for Imaging Science and
Technology.

By far, “China Academic Conference on Printing and Packaging (CACPP)” and
its series of events have been held for nine sessions since the first session in 2010,
and have already become the most influential academic exchange activities in
printing and packing fields in China.

Scientific research and innovation is playing a more and more important role in
the development of enterprises and the whole country; the technology content is
higher and higher in printing and packaging fields. In order to promote the trans-
formation and application of research results in the actual production, the confer-
ence also hosted “Conference of Scientific Research Innovation” and set up the
exchange session between the enterprise technology demands and scientific results
of universities, to explore new ideas and new approaches of industrialization of
scientific research application, to widen research channel of the innovation technical
teams and the research institutes, to accelerate comprehensive collaborative inno-
vation in production, education, research and application, to create printing and
packaging industry innovation chain and to realize comprehensive promotion of
innovation capacity building in printing and packaging fields.

In recent years, the printing and packaging industry of China has been keeping a
stable growth. In 2017, the total output value of China printing industry has topped
to RMB 1205.77 billion, increasing by 4.6%, the speed of development has

Xiii
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bottomed out and rebounded, the trend of controlling quantity and improving
quality is obvious, the new kinetic energy keeps growing, and the new window
period effect is emerging.

The conference invited Kaida Xiao, Associated Professor from University of
Leeds, England, TC 8-17 Technical Chairman from International Light Association;
Jeroen Guinée, Associated Professor from Leiden University, the Netherlands; Aran
Hansuebsai, Associated Professor from Chulalongkorn University, Thailand;
Zhigeng Pan, Professor from Hangzhou Normal University and Vice Chairman
from China Society of Image and Graphics (CSIG) to make keynote speeches
“Colour Image Reproduction for 3D Printing”, “Life Cycle Assessment of
Packaging; Past, Present and Future”, “Printability of an Aqueous Based
Nano-Silver Ink for Fabrication of Conductive Lines” and “Research Development
of VR/AR and it Application in Publishing”. Moreover, the conference also invited
distinguished Vice Prof. Sun Jiazhen from Qilu University of Technology
(Shandong Academy of Sciences), Prof. Wei Wu from Wuhan University, Prof.
Changqing Fang from Xi’an University of Technology, Prof. Min Huang from
Beijing Institute of Graphic Communication, Associate Prof. Guodong Liu from
Shaanxi University of Science and Technology, Dr. Yanan Liu from China
Academy of Printing Technology as outstanding young scholars to make speeches,
respectively. At the same time, the participants had oral presentations, academic
exchanges and latest research achievement communication on colour science,
image processing, digital media, printing innovation materials, packaging innova-
tion materials, etc., on four panel discussion meetings.

The conference received 236 papers this year, among which 138 were selected to
be published on Lecture Notes in Electrical Engineering (LNEE) (ISSN:
1876-1100) by Springer.

Here, we greatly acknowledge all the organizations that offered great support for
the conference, and they are: the Printing Technology Association of China,
Chinese Society for Imaging Science and Technology, School of Printing and
Packaging Engineering of Beijing Institute of Graphic Communication, School of
Printing and Packaging of Wuhan University, College of Communication and Art
Design of University of Shanghai for Science and Technology, School of Media
and Design of Hangzhou Dianzi University, College of Light Industry and
Engineering of South China University of Technology, Faculty of Printing,
Packaging Engineering and Digital Media Technology of Xi’an University of
Technology, Light Industry College of Harbin University of Commerce, College of
Packaging and Printing Engineering of Tianjin University of Science and
Technology, State Key Laboratory of Modern Optical Instrumentation of Zhejiang
University, School of Mechanical Engineering of Jiangnan University, School of
Light Industry and Chemical Engineering of Dalian Polytechnic University, School
of Packaging and Material Engineering of Hunan University of Technology, School
of Biological and Chemical Engineering/School of Light Industry of Zhejiang
University of Science and Technology, College of Engineering of Qufu Normal
University, School of Mechanical Engineering of Tianjin University of Commerce,
Food Science and Engineering College of Beijing University of Agriculture, School
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of Materials and Chemical Engineering of Henan University of Engineering,
College of Light Industry Science and Engineering of Nanjing Forestry University,
College of Bioresources Chemical and Materials Engineering of Shaanxi University
of Science and Technology, College of Materials Science and Engineering of
Beijing University of Chemical Technology, College of Material Science and
Engineering of Zhengzhou University, School of Food and Chemical Engineering
of Beijing Technology and Business University, Shenzhen Polytechnic, Shanghai
Publishing and Printing College, College of Communications of Taiwan University
of Arts.

We would like to express our gratitude to the 40 experts from China, Germany,
Britain, American and Japan for reviewing and recommending papers for the
conference with strict standards.

We also thank Springer for offering us an international platform for publishing.

We look forward to our reunion at 2019 10th China Academic Conference on
Printing and Packaging.

Jinan, China Edited by
October 2018 Beijing Key Laboratory of New Technology
of Packaging and Printing

China Academy of Printing Technology



Contents

Part I Color Science and Technology

Testing Performance of Whiteness Formulas . .. ...... ... ... ... .. 3
Yuzhao Wang, Xi Lv, and Ming Ronnier Luo

Spectral Power Distributions with High Gamut-based
Metric Values . . . ... ... .. .. 9
Zheng Huang, Hongyu Lin, Bisheng Wu, Weiming Wang, and Qiang Liu

Effect of Backgrounds with Different Lightness on the Color
Appearance of Printed Samples . . .. .......... .. ... ... .. .. .. .. 16
Ruili He, Min Huang, Chunli Guo, Yonghui Xi, and Yu Liu

Reviews on Observer Metamerism and Individual Color Vision
Variability .. .... ... .. ... 23
Qianwen Chen, Lu Feng, Yalin Li, and Shengyan Cai

Study on the Constancy of Color Vision. ... .................... 31
Haiwen Wang, Jie Li, Xiaoxia Wan, Ling Lu, Pengfei Wang,
and Yongwei Wang

Research on Digital Printing Color Prediction Model
Based on PSO-BP Neural Network. . .. ........ ... ... ... ..... 37
Siwei Lu, Qiang Wang, Ping Yang, and Weiyan Zhang

Research on the Atmosphere and Emotionality of Apparel Stores
Under LED Lighting Environment . . . ... ...... ... ... ... ... .... 44
Liang Sun, Jing Liang, Ze Liu, and Yuanming Zhang

Research on the Antagonism Mechanism of Human
Color Vision . . . ... ... . . . . . 50
Shengwei Yang, Xiangyang Xu, and Lingjun Kong

Xvii



XViii Contents

Study on the Faded Model of Painting Substrate Based on Chemical
Kinetics. . . . ... ... e 57
Ling Cai, Guangxue Chen, and Zhen Liu

Color Prediction Model for Flexographic Prints Based on Spectral
Reflectance . . .. ... .. .. ... 66
Dongwen Tian, Zhonghua Yu, and Jinghuan Ge

Natural and Preferred White on Displayed Images Under Varying
Ambient Illuminants . . . ........ ... ... ... ... ... ... ... ..... 72
Mingkai Cao and Ming Ronnier Luo

Testing Cone-Cell Response of Young and Old Observers
by Using Nearly Metameric Samples . . ..................... ... 80
Yonghui Xi, Min Huang, Ruili He, Chunli Guo, and Ning Ding

Effect of Printed Color Sample Separation and Color-Difference

Magnitude on Perceived Color Difference. . . ... .............. ... 87
Ting Xu, Guihua Cui, Lan Jiang, Ming Ronnier Luo, Fereshteh Mirjalili,

and Jan Morovic

Objective Colour Quality Assessment for Lighting . . .. ........ .. .. 93
Weiming Wang, Shuai Gao, Hongyu Lin, Ying Liu, and Qiang Liu

The Performance of Different Whiteness Formulas
for White Papers ... ........... . ... ... .. ... ... 102
Chunli Guo, Xiaoyan Zuo, Yu Liu, Ruili He, Yonghui Xi, and Min Huang

Measurement and Evaluation of the Surface Color
of 3D Paper Product. . . . ... ... ... ... ... .. ... 108
Mingming Cui, Xiaozhou Li, Guangyuan Wu, and Qian Cao

Evaluating the Quality of Color Profiles for Output Devices . ... .. .. 114
Ping Yang, Zizhao Wu, Yong Wang, Siwei Lu, Weiyan Zhang,
and Qiang Wang

Research on the Soft Proofing Technology Based
on Substrate-Corrected Colorimetric Aims. . .. ........ ... ... .. .. 120
Jinghuan Ge, Enyin Fang, and Dongwen Tian

Quantitative Analysis Method of Color Gamut Difference
Between Digital Image Originals . ............................ 127
Wenda Jin, Qiang Wang, and Jing Cao

Analysis on the Basic Color Database of Shaanxi Fengxiang
Woodcut New Year Pictures. . .. .......... ... .. ... ... ....... 135
Jie Du and Wanyi Mu



Contents Xix

Analysis of the Color of Qin Qiong and Jing De Door-God
Picture of Taohuawu and Fengxiang . ...................... ... 144
Jie Du and Yawen Wang

Review of Anti-counterfeiting of Prints Based on Infrared

SPectroscopy . . . . . .. ... 150
Ge Yang, Zhenxin Guo, Zengqi Bao, Jiawei Zhao, Dongsheng Jiang,

and Liang Yan

Research on Reproduction of Brand Colors Based on Hi-Fi Color
Printing . ... .. ... ... 157
Yan Liu, Ping Gu, and Songtao Li

Study of the Morphological Character of Spectral Reflectance
of UV Flexopress in Different Conditions . . . . ................... 163
Quanhui Tian, Bo Zhang, Ping Gu, and Shenwei Yang

Effect of Lens on Spectral Characteristics of Imaging System . ... ... 170
Lan Jiang, Guihua Cui, and Ting Xu

Color Correction Method of Digital Printing Based on Local
Polynomial . ... ... ... ... . ... ... . ... 178
Ping Dai and Jieyue Yu

Part I Image Processing Technology

Dual Anti-counterfeiting of QR Code Based on Information

Encryption and Digital Watermarking . . . .. ... .............. ... 187
Yijing Xun, Zhijiang Li, Xiaolu Zhong, Sheng Li, Jiawang Su,

and Ke Zhang

A Multi-metrics Integrated FR IQA Method Based on Machine
Learning. . . . ... ... ... ... 197
Zhenhua Pan, Jinhua Xiao, Liying Sun, and Yehong Chen

A Printing Image Restoration Method for Multiple Degradation
Factors . .. ... .. . 206
Xiaochun Li, Yuanyuan Zhang, and Ming Zhu

Objective Aesthetic Quality Assessment for Photos. . . . . ... ... ... .. 211
Qichuang Zeng and Quanxiang Liu

Design and Analysis of Switch Median Filters for Salt
and Pepper Noise . . . ... ... . . ... 220
Ming Zhu, Bowei Liu, Mengfei Wang, and Yu Lu

Color Transfer Based on Visual Saliency . ... ................... 227
Minghua Fan, Zhijiang Li, and Jiaxian Long



XX Contents

Small-Scale Image Inpainting on Mobile Platform . . . ... ...... .. .. 233
Chen Shao, Qiang Wang, and Shi Li

Multiple Reference Images Color Transfer Based on Improved
GMM Model. . . . ... . 241
Zhenshan Tan, Zhijiang Li, Yanhao Li, and Liqin Cao

Influence of Image Noise on Digital Photo Definition . . . . .. ... ... .. 250
Jing Geng, Congjun Cao, and Yonghong Qi

An Improved Image Denoising Algorithm in Wavelet Domain. . . . . .. 258
Zhongmin Jiang and Yingmei Zhou

Research on Adaptive Face Recognition Algorithm Under Low
IMlumination Condition . . .. ...... ... . ... ... ... ............. 266
Anning Yang, Qiang Wang, and Jing Cao

Research on 3D Printing Color Image Processing of Micro-lens
Combined with Micrographics . .. ........... . ... ... ......... 273
Yaojian Hu, Liyu Liao, Zhaohui Yu, and Yunfei Zhong

Image Quality Evaluation of Digital-Analog Imaging System . . . . . . .. 284
Yuliya Kim, Qiang Wang, and Jing Cao

Comparison of Grayscale Image Colorization Methods in Different
Color Spaces. . . ... .. 291
Ligin Cao, Yongxing Shang, Jianjun Zhao, and Zhijiang Li

Research on Evaluation Method of Scanner Imaging Quality ....... 301
Zhuoran Zhang, Qiang Wang, and Weiyan Zhang

High-Simulation QOil-Painting-Style Images Based on Stroke
Characteristics . .. ................ .. 309
Jing Geng, Congjun Cao, and Yonghong Qi

High-Efficiency Image Color Gamut Mapping Based on Spherical
Coordinates . . ....... ... .. .. ... 318
Shiwei Liu, Junfeng Li, Quanhui Tian, and Ming Zhu

Innovative Research on Image Processing Based on Replication
of Chinese Painting and Calligraphy .. ........................ 325
Jinglin Ma

Part III Digital Media Technology

Application of Augmented Reality in Product Package with Quick
Response Code . .. ...... ... ... ... . .. . ... . . 335
Haoming Li and Zhanjun Si



Contents XXi

Restricted Chinese Natural Language Analysis Based on Dependency
Grammar Model. . . .. ... ... 343
Yongxing Shang, Zhijiang Li, Liqin Cao, and Tian Song

HTML5-Based Tools Management Mobile Application
the Implementation in the WeChat Public Platform . . . . ... ... ... .. 352
Qingjie Lin, Caifeng Liu, and Wei Wang

Technical Research of Clearing Floating Effect in CSS Cascading
Style Sheets. . . ... ... . . 359
Jing Wang and Zhanjun Si

Research on Multithreaded Download and Local File Operation
of HTMLS Browser ... ............ . . . .. 365
Wei Wang, Aibin Huang, and Caifeng Liu

Application of Multi-target Tracking Technology
for Packing Box ... ... ... ... ... . . ... 370
Shenghui Li, Ruizhi Shi, Siyang Liu, and Dongling Zhao

Research on Mobile Terminal Augmented Reality Application
for Cultural Heritage . ... ............ .. ... ... ... ... ........ 378
Lichan Zhang, Qiang Wang, Jing Cao, and Yan Shi

Research on Addressing Method in XML File
Based on XPointer . .. ... ... 384
Chanyuan Fan and Zhijiang Li

Design and Development of Network Printing Exhibition. . . . ... .. .. 390
Yanxing Liu, Yusheng Lian, Yang Jin, Xiaojie Hu,
and Zhuangzhuang Xiong

Design and Implementation of Salary Management System

for Printing Enterprises . ... ........ ... ... ... .. ... . ... ... 396
Yuke Huo, Wenjie Yang, Peipei Ran, Chunli Guo, Yanxing Liu, Ge Yang,

and Shaozhong Cao

Design of Instant Messaging Software in Printing Enterprise
Based on Web . ... ... ... ... 403
Peipei Ran, Wenjie Yang, Yuke Huo, Zhongyue Da, and Shaozhong Cao

Design and Making of Sudoku Game Based on Unity3D ... ... ... .. 410
Xinhui Xie, Zhanjun Si, and Shan Zhang

Researching an Effective Interactive E-Book for Programming
Courses. . ... 416
Ying Hu and Huiqgiang Lyu



XXii Contents

Research and Design of Mobile Terminal APP for Fengxiang

Woodcut New Year Picture Based on the Protection of Intangible

Cultural Heritage . . .. ....... ... ... . . ... .. . .. . . . ... 421
Jie Du and Yujia Gao

How Conventional Printers Lead into Customized Web-to-Print . . . . . 436
Yungcheng Hsieh, Mingchw Wei, and Xinyi Wong

Study of Cultural Creative Merchandises of Museums
and Cultural Heritage . ............ . ... ... ... ... ... ..... 447
Mingchw Wei, Tzuhan Chen, and Yungcheng Hsieh

Implementation of Responsive Web Page Layout Based on Media
Query and Flexible Box Model . . . ............................ 452
Jingru Zhang, Caifeng Liu, and Aibin Huang

Part IV Printing Engineering Technology

Effect of Pretreatment Methods to Cotton Fabrics on Printing
Conductive Patterns . . .. ......... ... . . . . ... 461
Meijia Yan, Zhiqing Xin, Shouzheng Jiao, Feilong Li, and Luhai Li

Research on Inkjet Printing Three-Dimensional Electrode Structure
of Supercapacitors . . ....... ... ... . ... .. 467
Bo Cui, Fugiang Chu, Jiazhen Sun, and Chenghu Yun

Research of 3D Printing Self-support Technology
Based on DFM . . . . ... ... .. 473
Meng Li, Linlin Liu, Qiumin Wu, Xiang Liu, and Jie Ma

Application Research of Nano Silver Conductive Ink in Flexographic
Printed RFID Antenna . . . .. ............... . ... .. .......... 480
Zhenxin Guo, Ge Yang, Woye Zhang, Qi Liu, Lixin Mo, and Luhai Li

Research on Load Balancing Algorithm of Flexographic Printing
Job-Shop Based on Group Technology . .. ...................... 488
Huailin Li, Shisheng Zhou, and Rubai Luo

Research on Cutting-Bonding Process of Powder
Based 3D Printing Model . . . ........ ... ... ... . ... ... 495
Xiaochun Wang, Guangxue Chen, Jiangping Yuan, and Ling Cai

Research on Influencing Factors of Conductivity of Screen
Printed Circuits . ... ... ... ... . . 501
Xi Li, Aijing Gao, Lihong Cao, Fan Su, and Luhai Li

Research on the Factors of 3D Printing Forming Time
Based on G-Code File. . . .. ... ... ... ... ... ... ... ... .. ... 507
Qian Deng, Qinghui Tang, Siyang Liu, and Ruizhi Shi



Contents XXiii

Design and Realization of a Support Bracket for Medical Test Tubes
Basedon 3D Printing . . . . .......... . ... ... ... .. .. 513
Chunmei Li, Ying Xiao, and Liang Zheng

Research on the Printability of Pearl Inkjet Photo Paper
with Nano-copper Flexography Ink ... ........................ 521
Jinghan Liu, Lai Peng, and Yi Fang

Feasibility Study of Flexographic Platemaking Based on SLA 3D
Printing Technology . . ... ... ... ... ... ... .. . ... ... ... .. ... 528
Liang Zheng, Lingjun Kong, and Chunmei Li

Study on the Influence of Back Exposure on the Quality
of Flexographic Platemaking .. .......... ... ... ... ... ... .. 535
Lingjun Kong, Miao Tan, and Liang Zheng

Research on the Solid Screening with Microcell Technology
in the Flexographic Printing . . . .. ........... ................. 543
Enyin Fang and Jinghuan Ge

Design and Application of Intelligent Plate Making Process
for Box Packaging and Printing . . . .. ...................... ... 551
Yongfa Feng, Lihe Zhu, Zhihui Liu, and Xin Wang

Application of Situational Awareness Decision in Intelligent

Situation Printing System . . . . ......... ... ... . ... . .. 559
Rubai Luo, Shasha Gao, Huailin Li, Shisheng Zhou, Haoran Fang,

and Yumeng Liu

Design of Online Variable Data Printing Jobs Production System

Based on Cloud-Platform . .. ......... ... ... ... ............. 564
Rubai Luo, Xueying Fan, Shisheng Zhou, Yunjie Shi, Haiying Jiang,

and Yuxiang Zhu

Gravable Printing Plate Surface Defect Intelligent Detection
Method . . . .. ... .. 569
Yechi Pang, Zhuangzhi Ye, and Zhijie Li

Research on Fractional Lower Order Feature Extraction of Bearing
Vibration Signals Under Alpha Stable Noise Conditions . ........ .. 580
Qiangian Xu, Kai Liu, and Zhuofei Xu

Study on the Operational Characteristics of Offset Press . . . ... ... .. 587
Peng Liu, Zhuofei Xu, and Heping Hou



XXiv Contents

Part V Packaging Engineering Technology

Development and Application Prospect of Functional Packaging
Materials .. ... ... . 597
Hui Liu, Dongli Li, Wencai Xu, and Yunzhi Chen

Application of Functionally Integrated Modified Atmosphere

Packaging Design in Preservation of Nanguo Pears at Room

Temperature. . . .. ... ... ... 603
Jiachun Ma, Da Yang, Min Zhang, Dongli Li, and Wencai Xu

Effects of Edible Chitosan Coating on Postharvest Quality

of Zigui Navel Orange . ............ ... ... .. . ... .. ... 609
Jinli Li, Yuye Zhong, Shaoyun Huang, Ting Guo, Li Cheng,

and Houbin Li

Study on the Cold Storage Agent for Food Insulation Packaging. . . . . 620
Fangfang Lu, Baoying Wang, Qingbao Wei, and Jingzhou Wang

Design and Development of Alcohol Packaging Anti-counterfeiting
System Based on Augmented Reality Technology. .. ... ....... .. .. 629
Wenjie Yang, Li Liu, Yating Wang, and Yunfei Zhong

Study on the Cushion Performance of the Cushion Material
Composed of EPE and Honeycomb Paperboard. . .............. .. 636
Xiaoli Song, Gaimei Zhang, Yue Cao, and Qiyang He

Study on Life Cycle Inventory Analysis of Folding Carton ......... 644
Mengting Li, Guorong Cao, and Lizheng Zhang

A Survey of the Most Acceptable Handle for Express Boxes . ... .. .. 652
Yingzhe Xiao and Huiwen Meng

Automated Box Buckling Strength Analyses with Finite

Element Modeling. . . ........ ... ... .. .. ... ... .. .. 660
Shane Johnson, Liping Kang, Haihua Ou, Zeeshan Qaiser,

and Jorge Macort

Experimental Study on Material Matching for Corrugated Board
Box of Lithium Battery ............ ... ... . ................. 666
Chenyang Liu, Lijiang Huo, Wanping Zhan, and Yizhe Tian

Stress Analysis of the Glass Cup in the Process of Falling
Based on the Finite Element Method . .. ... ... ... ... ... ... ... 671
Xiaoli Song, Gaimei Zhang, Lizheng Zhang, Yue Cao, and Changhe Li

Analysis on Stress of Laptop and Cushion During Drop

Using Finite Element Method . . . . ............ ... ............. 678
Gaimei Zhang, Xiaoli Song, Fan Su, Yue Shi, Yue Cao, Yi Jiang,

and Xue Han



Contents XXV

Part VI Paper and Related Technology

Influence of Nano-silica on Inkjet Paper Coating . .. ............ .. 689
Huanmei Wang, Yunzhi Chen, and Zhengjian Zhang

Study of the Influence of Styrene-Acrylic Emulsion for Advanced
Calligraphy Paper Performance . . .. .......... ... .. ... ... ... .. 697
Xiaoxiu Hao, Ziyu Xing, Tong Wang, and Changhong Liu

Preparation of a Surface Sizing Agent of Dialdehyde
Chitosan/Cationic Starch and Barrier Property . . ... ......... .. .. 704
Yong Lv, Ci Song, Qiugian Xu, and Yusheng Yu

Study on the Correlation Between Surface Properties of Paper
and Printing Tonal Gradation by Grey Correlation Method . . ... ... 710
Li Cheng

Facile Strategy for the Fabrication of Superhydrophobic Coatings
on the Surface of Paper . ... ... ... ... .. ... ... ... ... ... ... 717
Qing Wang, Guangxue Chen, Zhaohui Yu, and Mingguang Yu

Research on the Influence of Optical Properties of Paper
on the Ink-Jet Printing Color . . ... .......... ................. 723
Yonghong Qi and Bogi Wu

Standard Test Analysis of Edgewise Crush Resistance

and Bursting Strength of Corrugated Board . ................ ... 730
Yafang Feng, Guorong Cao, Lizheng Zhang, Meiqi Yang,

and Mengting Li

Part VII Ink and Related Technology

Application of Anthracene-Based Fluorescent Materials on Green
Fluorescent Inkjet Ink . . ... ... ... . ... ... ... ... ... ...... ... 739
Wan Zhang, Hui Kuang, Yingjie Xu, Hui Wang, Beiqing Huang,

and Xianfu Wei

Preparation of Low Temperature Sintered Graphene/Silver
Nanocomposite-Based Conductive Ink . . .................... ... 751
Qingqging Zou, Congjun Cao, Huayang Zhu, and Chengmin Hou

Research of Inkjet Printing of Water-Based Inkjet Ink

for the Curved Surface . . . . ........ ... ... ... ... . ... ... .... 759
Pengfei Zhao, Pingping Zhang, Xiaoli Liu, Kai Huang, Zhuangzhi Ye,

and Yanan Liu

Preparation and Photopolymerization Kinetics of UV-Curable

Fluorescent Inks Doped with Quantum Dots . ... ........ ... ... .. 769
Hui Wang, Le Ma, Bin Yang, Wan Zhang, Beiqing Huang,

and Xianfu Wei



XXVi Contents

Preparation and Research of Acrylate Latex ... ................. 778
Yingying Li, Xiulan Xin, and Xitong Mao

Study on Performance of Nano-silver Conductive Inkjet Printed

Circuits. . . . ... . . 783
Kaiyang Sang, Maohai Lin, Chenhang Zhang, Ben Liu, Zhijin Li,

and Meiqi Lin

Research on Electrophoretic Display Ink

and Its Microencapsulation. . . . .............. ... ... ... ... ..... 788
Aijing Gao, Meijuan Cao, Jia Yan, Luhai Li, Xi Li, Shouzheng Jiao,

and Tianshu Zhao

Preparation and Characterization of Nano-TiO,/SiO, Composite

Particles . ... ... ... . . .. 794
Bin Du, Kenan Yang, Rubai Luo, Qiqi Li, Feng Chen, Haibin Li,

Ying Yang, and Shisheng Zhou

Study on Storage Stability of Waterborne Gravure Ink and Adhesion
on PET/BOPP Film Surface . . .. ......... ... ... ... ... ......... 800
Wei Sun, Ying Du, Xiaoyu Li, and Haiqiao Wang

Preparation and Application in Ink of Aromatic Microspheres . . . . .. 806
Shouzheng Jiao, Zhicheng Sun, Dongsheng Li, Furong Li, Qian Li,
Nan Yang, Xiaoliang Zhang, and Luhai Li

Effect of 2,2-Bis(Hydroxymethyl) Propionic Acid Content
on the Properties of Aqueous Polyurethane . ... .............. ... 813
Nan Song, Xiulan Xin, and Bin Li

A New Synthesis Method of Hyperbranched Polyurethane Acrylate
for Conductive Ink . . . ... ... ... ... ... ... 819
Xinya Du, Qifeng Chen, and Guangxue Chen

Research on Printing and Prototyping Performance
of Three-Dimensional Printing Materials for UV-Curing Ink-Jet . . . .. 827
Beiqing Huang, Yueqiu Lii, Le Ma, Xianfu Wei, and Hui Wang

Preparation of High Performance Poly (3,4-Ethylenedioxythiophene)
Nanoparticles Ink and Its Inkjet Printability ... .............. ... 840
Ting Chen, Linjuan Yan, Rong Liu, Wei Zhong, and Guangxue Chen

Evaluation of Monomer Performance for UV-LED Inkjet Inks . . . . .. 850
Rongxia Bu, Shiyong Luo, and Xiao Liu

Study on Curing Rate of Color 3D Printing Materials . . . . ...... ... 856
Le Ma, Beiqing Huang, Bin Yang, Yidong Zhao, Kangshi Qin,
and Xianfu Wei



Contents XXvii

Study on Pretreatment of Non-permeable Substrate Used
for Printing Conductive-Ink . . . .............................. 863
Rui Zhou, Zhigiang Gao, Xintang Liu, and Rui Niu

Part VIII Film and Related Material Technology

Preparation and Characterization of Non-woven Blend Membrane
from CA and PES in DMAC/LICl. . ... ....... ... .. ....... ... 873
Aiai Wang and Zhonghua Sun

Nanocellulose Prepared from Cassava Residues by Mechanochemical
Method and Its Hydrophobic Modification. ... ............... ... 882
Yinghan Shi, Guangxue Chen, Qifeng Chen, and Lijie Huang

Effects of Lignin on Properties of Hemicellulose/Methyl-Cellulose
Composite Films . . . .. ... ... ... .. . 890
Lingxiao Liu, Maohai Lin, Guichun Hu, Meiqi Lin, and Zhengpeng Wu

A Comparison Study on Thermal Degradation of Two Different Poly
(Lactic Acid)/Metal Oxide Hybrids . . . . ........................ 896
Xiaojie Wang and Zhen Huang

Preparation and Properties of PET/PE Solvent-Free Laminated

Packaging Films . . . . ....... ... ... . .. ... .. ... .. 902
Pengfei Guo, Yabo Fu, Xijin Cui, Jinjin Zuo, Youzhong Zhao,

and Wencai Xu

Transparency Research of Poly(L-lactide) Films
and Its Modified Films . . . . ... ... .. ... L. 907
Xiaohui Zhang and Wenjuan Gu

Study on Physical Properties of Degradable Polylactic Acid
Packaging Film. . . .. ....... ... ... . ... ... . . ... .. ... ... ... 914
Yingying Qin and Hongge Guo

Preparation and Characterization of Conductive Films
Based on Nanocrystalline Cellulose. . . . .. ...... ... ... ... ... ... 920
Hao Zhang and Liang Hong

Study on Preparation and Properties of Paper Plastic Laminatings
Based on PVPand PVA . ... ... ... . .. ... 928
Meiqi Yang, Guorong Cao, Peiyu Fu, and Lizheng Zhang

Research on Migration of Butylated Hydroxytolune
from Polyethylene Packaging Materials . .. ..................... 935
Yan Zhang, Meng Tao, and Qingbao Wei



XXviii Contents

Part IX Novel Functional Material Technology

Synthesis of 6-[3,6,7,10,11-Pentakis(pentyloxy)triphenylen-2-yloxy]-

hexyl Methacrylate and Its Mesophases Study . .. ................ 943
Yuwen Feng, Jingze Bi, Huanzhi Yang, Zhenhu Zhang, Chunxiu Zhang,

and Jialing Pu

Effect of Lignin Content on the Degradation of the Composite

Material Prepared from Thermoplastic Starch

and Sugarcane Pith . .. ... ... ... . ... ... . i 949
Yali Wu, Yanna Lv, Maocheng Deng, and Beihai He

Fabrication of High Conductivity Polyurethane/Polyaniline
Composite Coating Based on In-Situ Polymerization . . ... ..... .. .. 958
Xuekai Gao and Fugiang Chu

Study of Extinction Characteristics of Au—Ag Nanosphere

Periodic Array . .......... . . ... 964
Jun Wang, Chunyu Chen, Yabin Shao, Jing Han, Xin Zhao, Jijuan Jiang,

and Yachen Gao

Synthesis of 5-3,6,7,10,11-pentakispentyloxytriphenylen-

2-yloxypentyl Methacrylate and Its Mesomorphism Study . . ..... ... 973
Jingze Bi, Yuwen Feng, Zhenhu Zhang, Huanzhi Yang, Chunxiu Zhang,

and Jialing Pu

Preparation of Durable Superhydrophobic Surface Material
and Its Application in Packaging . ... ......................... 980
Xiao Liu, Shiyong Luo, and Rongxia Bu

Surface Structure Design and Performance Test of 3D Printing

Microwave Absorbing Material .. ............ ... ............. 987
Yingjie Xu, Lai Peng, X. Han, You Zhao, Chenyang Yuan, Wan Zhang,

Xianfu Wei, Beiqing Huang, and Qi Wang

Preparation and Study of HA-CS-Mineralized Collagen Gel . ... .. .. 996
Miaomiao Hu, Kun Hu, Yuzhu Cui, Jia Yan, Guijuan Yang, Lin Zhu,
Min Yan, Yen Wei, Luhai Li, and Fan Zhang

An Integrated Film Sensor for Measuring Force and Temperature
for Artificial Skin Applications . . . .. ... ... ... o oL 1003
Xiaoyu Wang, Yue Shi, Fenlan Xu, Ruping Liu, Wei Wang, and Luhai Li

Application of NIR Analysis Technology in Determining
the Freshness Grade of Eggs .. ............ . ................. 1008
Liwei Chen, Wenguang Wei, Xiujuan Zhi, and Bin Du



Contents XXiX

Study on the Degradation Property of nHAC/PLA Composite Wire

Material . ... ... ... ... 1016
Yuzhu Cui, Miaomiao Hu, Kun Hu, Jia Yan, Guijuan Yang,

Chunyang Zhang, Xinyu Wang, Panpan Xue, Yen Wei, Luhai Li,

and Fan Zhang

Application of NIR Analysis Technology in Quality Control
of Tartary Buckwheat Products . . ... ......................... 1022
Yan Cheng, Liang Zhuang, Xiujuan Zhi, and Bin Du



Part 1
Color Science and Technology



)

Check for
updates

Testing Performance of Whiteness Formulas

Yuzhao Wang, Xi Lv, and Ming Ronnier Luo®®

College of Optical Science and Engineering,
Zhejiang University, Hangzhou, China
m.r.luo@leeds. ac.uk

Abstract. Whiteness is an important characteristic for surface color, especially
in printing and textile industries. The widely used CIE whiteness formula had
two shortcomings, i.e. firstly, the formula was only defined under standard D65
illuminant, and secondly, the boundary was found to be too limited. With these
in mind, several modified whiteness formulas were developed. In this study, an
experiment was conducted to test the performance of whiteness formulas. In the
experiment, the whiteness appearance of 88 samples containing FWA
(fluorescent whitening agent) were estimated under four lighting conditions with
four different correlated color temperatures (3000, 4000, 5000 and 6500 K) at
high UV radiation, by 20 observers. The data were used to test the performances
of the developed whiteness formulas. The results indicated that generally the
CIE whiteness formula with the CATO02 chromatic adaptation transform had
good performances when predicting samples under each lighting condition
separately. However, when combining all the data including all the lighting
conditions, the performance of whiteness formula with the CAT02 chromatic
adaptation transform did not perform better than other formulas. It was found
that this is due to the incomplete chromatic adaptation under low CCT
conditions.

Keywords: Whiteness - Chromatic adaptation

1 Introduction

Whiteness is an important colorimetric characteristic for surface colors. In some area
the white perception is strongly related with the quality of the product, such as paper,
plastic, fabric, etc. Fluorescent Whitening Agents (FWAs) is widely used for whiteness
enhancement. These materials can absorb Ultra-Violet radiation and re-emit blue
radiation. Such an effect can make the appearance of surface color look brighter and
become slightly bluish. These two together enhance the whiteness of surface colors.

To characterize the whiteness of surface colors, many efforts have been done.
The CIE whiteness formula (W) is the one of the most widely used metric [1]. The
formulas are given in Eq. (1).

Weie = Y +800(x, — x) + 1700(y, — y) (1)

Tcie = 1000(x, — x) — 650(y, — y) (2)
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P. Zhao et al. (eds.), Advances in Graphic Communication, Printing
and Packaging, Lecture Notes in Electrical Engineering 543,
https://doi.org/10.1007/978-981-13-3663-8_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_1&amp;domain=pdf
https://doi.org/10.1007/978-981-13-3663-8_1

4 Y. Wang et al.

Tio.cie = 900 (x4,10 — X10) — 650 (Y10 — Y10) (3)

where Y, x and y are the luminance factor and the chromaticity coordinate of s surface
color under CIE standard D65 illuminant; x,, and y, are the chromaticity coordinates of
CIE standard D65 illuminant.

Equations (2) and (3) calculates the red/green tint value of the surface color under
2° and 10° Color Matching Function (CMF) respectively. It is noted that the W¢yg only
make sense when 40 < W¢p <5Y — 280 and —4 < T (or TIO,CIE) < + 2. These are
the defined whiteness limits.

However, W¢yp has its shortcomings, i.e. it can only be applied under D65 illu-
minant, and the whiteness limits are not too limited. More recently, new formulas were
developed. One typical example is the Optimized CIE whiteness formula
(Weie,optimizea), Which was propose by Ma et al. [2]. Equation (4) defines the

Wi optimized:
Weig, opiimizea = Y10 +d (Xn,10 — x10) + ' (¥n,10 — ¥10) (4)
d = —0.1891 x CCT +2267.2 (5)
b = 0.3202 x CCT — 493.36 6)

Where Y19, x19 and yjo are the luminance factor and the chromaticity coordinate of
the test specimen under CIE 1964 (10°) and D65 illuminant. The x, 1o and y, 1o are the
chromaticity coordinates of the reference white under the same CIE conditions, and
CCT is the Correlated Color Temperature of the lighting condition.

The other proposed method was to use Chromatic Adaptation Transform such as
CATO2 [3] to transform surface color from other lighting condition to CIE standard
D65 illuminant (Wcig caro2)- The advantage of the method is that it can apply the
current Weyg to any lighting condition using this method.

The purpose of this study is to test the performance of several whiteness formulas
using newly collected data, and to develop a new adapted formula.

2 Experiment Setup

In order to obtain data to test the performance of several whiteness formulas, a psy-
chophysical experiment was conducted.

A multi-channel LED illumination system (LEDCube) was used for the experiment.
The system contained 11 monochromatic LEDs and 3 white phosphor lightings, which
allowed user to match any desired illuminants. The system was placed on top of a
viewing booth, whose interiors were painted uniformly using mate grey paint. The
lighting has a 98% uniformity on the floor of the viewing booth. This study designed 8
different lighting conditions for testing. The 8 lighting conditions included 4 Correlated
Color Temperature (CCT) with 2 different UV levels. All the experiments were carried
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out with a luminance of 140 cd/m® Table 1 provides the engineering data for each
lighting condition.

Table 1. Engineering data for each lighting condition

TargetCCT (K) Exp. CCT (K) UV level Duv R,

6500 6463 Medium 0.001 95.57
5000 4903 Medium 0.004 97.40
4000 3974 Medium 0.002 98.45
3000 2887 Medium 0.001 96.25
6500 6496 High 0.001 95.48
5000 4916 High 0.004 97.46
4000 3974 High 0.001 98.41
3000 2890 High 0.000 96.21

Two UV levels was adopted, as medium and high. The former was adjusted to have
the whiteness values of some FWA samples measured by a spectroradiometer to match
the measurement results from a typical whiteness calibrated spectrophotometer. The
high UV level was made by adjusting the UV level to be 1.5 times as the medium level.
Figure 1 shows the Spectral Power Distribution (SPD) of the 8 lighting conditions used
in the experiment. UV content can be seen below 400 nm.

6500Km

Le/[W/(sr*sgm*nm)]
N w = (4] (] ~ © ©

300 400 500 600 700 800
Wavelength/nm

Fig. 1. SPD of the 8 lighting conditions

In total, 16 fabric samples were used for the experiment, including one as reference
sample. These samples had a size of 6 cm X 6 cm, and they were selected to have
different amount of FWAs, which allowed them to have different white appearance
under the 8 lighting conditions.

During the experiment, each observer was asked to look at the reference sample
under D65 illuminant first. Observer was asked to memorize the reference sample
having a whiteness value of 100, and then adapted to the testing lighting conditions for
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1 min before the whiteness estimation. During the visual assessment, observers were
asked to give a whiteness score to each fabric sample compared to the reference in their
memory. An 0°/45° illumination/viewing geometry was used.

Twenty observers participated in the experiment, with 7 males and 13 females. The
age of the observers was between 19 and 26 with an average age of 20.5. All of the
observers had normal color vision, i.e. they all passed the Ishihara color vision test.

3 Analysis and Discussion

3.1 Testing Different Whiteness Formulas

The visual results in terms of whiteness rating were used to test the above mentioned
whiteness formulae. Figure 2 shows the distribution of the results on “whiteness rating
—calculated whiteness” plane. The correlation coefficients (R) were calculated as well
and are plotted in Fig. 2.
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Fig. 2. The plots of the visual results against the predictions from 3 whiteness formulas: a Wy,
b Weig optimizea @and € Weig caron, respectively



Testing Performance of Whiteness Formulas 7

It can be seen that the R values for the 3 methods (Wer, Wei oprimizea
andW¢ig caroz) were 0.5686, 0.2461 and —0.0107 respectively. Amongst the three
methods, W¢yg had the highest R value, while Weg caro2 had the lowest (even nega-
tive) R value. Note that the calculation for Weyg caror Was assumed a full chromatic
adaptation by setting the chromatic adaptation degree (D) to 1. From the earlier studies,
we found CATO2 performed well with almost full adaptation for viewing surface
samples. However, in this study, the FWA samples appeared to be ‘fluoresce’, more
like self-luminance colors. This may be the reason CAT02 transform performed badly.

3.2 Weig caroz with Optimized Adaptation Degree

The performance of Weig carop Was not promising when data from different lighting
conditions were combined together. The visual whiteness results indicate that, when
under lower CCT lighting conditions the whiteness rating would have lower values
compared to those under higher CCT lighting conditions. However, this was found to
be opposite for the Weig carop predictions. This implies optimizing the incomplete
adaptation factor, D, could improve the model’s performance. Recent studies by Zhai
and Luo [4] revealed that, the D of CAT could vary, especially under lower CCT
lighting conditions. Hence, efforts were first made to find the best general D value for
all the lighting conditions to achieve the highest R value.

Figure 3 shows the performance of Weyg caror with a generally optimized D
(Weie.caro2,generaip). The R value is 0.7224 which is much better than Wcy,
Weik,optimizea andWeyg caro2. This result proves the incomplete adaptation under
lighting with different CCTs rather than 6500 K. The most ideal situation is that,
different CCTs should had its own adaptation degrees, but a general adaptation degree.
More efforts should be paid on this topic.
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125 | O 5000Km i
4000K m R=0.7224
O 3000Km
120 | X 6500Kkh .
%X 5000K h
4000K h
o 115F [ x_ 3000Kh o
£ o > 2x
© 110 WX Xk
@ XX g XX X
o 105 @ Q B
= %, 0D %% g’x% X x
2 o K X o X x
E 100} e) Fe X, o ]
o [Sie) X
; o) o o X X O X
95F o o & & X0 g
o O
ol © 9 .
85+ © .
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w
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Fig. 3. The plots of the visual results against the predictions from 3 whiteness formulas
WCIE,genemlD
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4 Conclusions

This study focused on the performance of whiteness formulae. A new psychophysical
experiment was conducted to collect testing data for scaling whiteness. The results
indicated that, the Wcig caro2 and Weig oprimizea did not perform better than Weye even
though they were adapted formulae based on W¢ig. A newly method to calculate
whiteness was purposed. The new formula was based on W¢yg caro2 with an optimized
general chromatic adaptation degree. The result showed that, the new formula had the
best performance among the four whiteness formulae.

References

1. Commission Internationale de 1’Eclairage (CIE). (2004). Colorimetry, CIE No. 15. Vienna,
Austria. pp. 1-79.

2. Ma, S., Wei, M., Liang, J., Wang, B., Chen, Y., Pointer, M., et al. (2016). Evaluation of
whiteness metrics. Lighting Research & Technology, 50(3), 429-445.

3. Li, C., Luo, M. R,, Bryan, R., & Hunt, R. W. G. (2002). CMC 2000 chromatic adaptation
transform: CMCCAT2000. Color Research and Application, 27, 49-58.

4. Zhai, Q., & Luo, M. R. (2018). Study chromatic adaptation via neutral white matches on
different viewing mediums. Optics Express, 26(6), 7724-7739.



q

Check for
updates

Spectral Power Distributions with High
Gamut-based Metric Values

Zheng Huang', Hongyu Lin', Bisheng Wu?, Weiming Wang',
and Qiang Liu!'3®9

! School of Printing and Packaging, Wuhan University, Wuhan 430079, China
liugiang@whu. edu. cn
2 Guangdong JG Lighting Technology Co., Ltd, Dongguan 523808, China
3 Shen Zhen Research Institute, Wuhan University, Shenzhen 518000, China

Abstract. It is widely acknowledged that gamut-based measures have close
relationship with color preference of lighting. In order to explore the charac-
teristics of spectral power distribution of light with high values for gamut-based
measures, a large database which contains a lot of spectral power distributions
have been established. The values for gamut-based measures of these light
sources were calculated and it is found that the light sources with higher values
for gamut-based measures always exhibits three energy peaks in the red, green
and blue bands, respectively.

Keywords: Colour quality - Colour gamut - Spectral power distribution -
Colour preference

1 Introduction

As lighting technology continues to improve, people’s requirements for light quality
are increasingly getting higher. Among them, colour preference of lighting is
undoubtedly regarded as a very important dimension.

It is showed in existing research that people prefer light sources with higher values
of gamut-based measures [1-4]. That is due to the fact that colour preference is cor-
related with saturation and the increased gamut area is always related to saturation
(or chroma) enhancement. In our recent work, an absolute gamut volume based metric
(GVI) was developed based on meta-analysis and optimized colour samples [2]. The
performance of such a measure was comprehensively compared to 20 typical colour
quality measures, in form of the weighted average correlation between metric predic-
tions and preference ratings of 8 psychophysical studies. However, at current stage it is
still not known which kind of light source could obtain a better value for gamut-based
measures.

Therefore, in this contribution the values for four classical gamut-based measures
of 591 typical light sources from relevant research and dataset [3—16] were calculated.
The characteristics of spectral power distribution (SPD) of 50 light sources with highest
gamut-based values were further analyzed to explore the relationship between the
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P. Zhao et al. (eds.), Advances in Graphic Communication, Printing
and Packaging, Lecture Notes in Electrical Engineering 543,
https://doi.org/10.1007/978-981-13-3663-8_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_2&amp;domain=pdf
https://doi.org/10.1007/978-981-13-3663-8_2

10 Z. Huang et al.

colour gamut quality of light source and their SPD characteristics. The results show that
a SPD with three peaks at certain red, green and blue wavelength regions always
exhibits higher scores for gamut-based measures.

2 Classical Gamut-based Measures

The four gamut-based measures adopted in this work are Gamut Area Index
(GAD [17], Qg in Color Quality Scale (CQS) [18], Rg in IES-TM30 [19] and Gamut
Volume Index (GVI) [2].

2.1 Gamut Area Index

The GAI measure was proposed by Mark S. Rea and J. P. Fressinier in 2008. By this
measure, the gamut area is defined as the area enclosed by the polygon created by the
eight test-color samples used in the CIE colour rendering index calculation within the
CIE 1976 UCS diagram (u’, v') [17].

22 Qg

Qg is a measure intended for gamut area quantification by the Color quality Scale
approach [18]. The CQS system is optimized in terms of color sample size, color
sample saturation and the calculation method of average color difference. The Qg in
CQS corresponds to the relative colour gamut area.

23 Rg

Rg is one of dimensions of the TM-30 (Rf and Rg) lighting color quality evaluation
system which proposed by the North American Lighting Engineering Association
(IESNA). Such a measure also corresponds to the relative colour gamut area.

2.4 Gamut Volume Index

This GVI measure was developed by our team in 2017. It is based on a meta-analysis of
8 psychophysical studies and thus has better performance in preference predicting [2].
It is based on the absolute gamut volume of optimized colour samples which was
obtained by optimizing the correlation between the metric predictions and the
subjective ratings for a large dataset of psychophysical studies.

3 SPD Dataset

The 591 light sources involved in this paper were derived from relevant research
[3-16], together with several typical SPD databases (IES-TM-30\CRI-2012\CQS
\Memory CRINCRI-CAMO2UCS) in the EXCEL program established by relevant
scholars or organizations, as well as 14 typical light sources provided by 7 famous
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lighting source suppliers for museum and gallery exhibition in China. Note that this
article only introduces these SPDs briefly. For more detailed information, please refer
to the relevant citations. In addition, some of the SPD data in this work is available
upon request.

To be specific, the 591 SPDs (without repetition) adopted in this paper mainly
come from the following work and dataset: Xu et al. (multi-CCT, 2017, 10 SPDs) [3],
Wei et al. (metameric lighting, 2014, 2 SPDs) [4], Narendran et al. (multi-CCT, 2002, 7
SPDs) [5], Szabo et al. (metameric lighting, 2016, 20 SPDs) [6], Feltrin et al. (multi-
CCT, 2017, 5 SPDs) [7], Royer et al. (50 SPDs), Dangol et al. (metameric lighting,
2013, 8 SPDs) [8], Islam et al. (metameric lighting, 2012, 24 SPDs) [9], Jost-Boissard
et al. (metameric lighting, 2009, 14 SPDs) [10], Jost-Boissard et al. (metameric
lighting, 2014, 17 SPDs) [11], He et al. (multi-CCT,2015, 4 SPDs) [12], Dikel et al.
(multi-CCT,2013, 6 SPDs) [13], Liu et al. (multi-CCT, 2017, 9 SPDs) [14], Royer et al.
(metameric lighting, 2016, 26 SPDs) [15], Khanh et al. (metameric lighting, 2017, 36
SPDs) [16], typical light sources provided by seven suppliers of lighting source for
museum exhibition in China (14 SPDs), CRI2012 excel dataset (36 SPDs) [20], CQS
9.0.3 excel dataset (83 SPDs) [18], MCRI excel dataset (30 SPDs) [21] and TM30-15
excel dataset (190 SPDs) [19].

4 Results and Discussion

The 50 light sources with highest values for each measure were selected for further
analysis. Obviously, the best case is that a certain light source ranks in the top 50 of all
the four measures (GAI [17], Qg [18], Rg [19], and GVI [2]).

Among the 591 light sources, there are 5 light sources that rank four times in the
top 50 of these four measures, and 30 light sources that rank three times. The total 35
light sources are shown in Fig. 1.
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Fig. 1. The 35 spectral power distributions with best colour gamut performance
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It seems that the light source SPD with three peaks (450-480 nm, around 530 nm,
around 620 nm) will have a good objective evaluation for colour gamut and thus colour
preference. That is to say, if the energy distribution of the light source in the three
bands of R, G and B is relatively uniform, or have peaks in these three bands, the
values for these measures tends to be high.

In addition, the SPDs of the 50 light sources with highest values for these measures
of GAI [17], Qg [18], Rg [19], and GVI [2] are drawn separately, as shown in Figs. 2,
3, 4 and 5.
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Fig. 2. Top 50 SPDs with highest GAI values
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Fig. 4. Top 50 SPDs with highest Rg values
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Fig. 5. Top 50 SPDs with highest GVI values

It is quite obvious that the drawings in Figs. 2, 3, 4 and 5 correlate quite well with
Fig. 1, which to some extent proves a hypothesis—if a SPD possess three peaks at R,
G, B bands (450-480 nm, around 530 nm, around 620 nm), such a distribution tends
to obtain higher values for gamut-based measures.

In addition, it should be mentioned that there is an obvious difference between GAI,
GVI and Rg, Qg. The former two measures are absolute measures while the latter two
are relative measures. That is, the computation of GVI does not need any reference
source while GAI exclusively takes the equal energy spectrum as reference. However,
for Rg and Qg, a reference source of a same Correlated colour Temperature (CCT) with
the testing source is always needed. Therefore, according to Figs. 2, 3, 4 and 5, it seems
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that the above mention assumption that three RGB peaks generates higher colour
gamut could stand no matter under the conditions of a same CCT or of different CCTs.

At last, it must be pointed out that the above objective analysis, together with the
conclusions could only serve as a method to choose the SPDs with high values for
gamut-based measures. Since the performance of those SPDs has not been tested by
psychophysical studies, it is not safe to conclude that those lights will be definitely
appreciated by observers, let alone the fact that too saturated a light might also impair
colour preference of lighting [1, 2, 18].

5 Conclusions

In this paper, to reveal the truth about which light source could obtain a better value for
gamut-based measures, the values for four typical gamut-based measures of 591 light
sources in a newly-built database were calculated. The 50 light sources with highest
values for each gamut-based measure were selected and visualized. Through further
discussion, it is concluded that if the energy distribution exhibits three bands of R, G
and B in certain wavelength regions, it is easier to obtain higher values for gamut-based
measures. The authors believe such a finding could provide a better understanding for
light spectrum optimization in future.
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Abstract. In this paper, the influence of neutral backgrounds with different
lightness on color appearance was studied, five color centers and nine neutral
backgrounds with different lightness based on printed samples were prepared.
20 observers were organized to carry out visual experiment with the method of
paired comparison. The obtained experimental results indicate that the color
appearance of color center is more affected by higher lightness backgrounds
than the lower, which is quite different with the results computed by color
appearance models (CAM). Furthermore, the factor of Standardized Residual
Sum of Squares (STRESS) was used to evaluate the performance of CAM16
and CAMO2 model. The STRESS values show that CAM16 (37.22) predicted
more close to the visual results and performed well comparing with CAMO02
(44.00).

Keywords: Color appearance - Different lightness - Color difference - Paired
comparison

1 Introduction

The generation of visual color is a complex psychophysical process which is not only
related to the physical properties of the object itself, but also its surroundings, viewing
conditions and other psychological factors. Therefore, the same color stimuli can cause
different color appearance in different viewing conditions or backgrounds, which
makes it difficult to describe, replicate and evaluate accurately on different media. The
proposal of color appearance model provides a solution for accurate cross-media
reproduction which is based on the human color vision. It mainly solves the problems
of color accurate transmission and reproduction under different viewing conditions,
backgrounds and different surroundings. Nowadays, the most commonly used color
appearance model is CIE CAMO2 [1], which has been widely used in scientific research
and industrial applications since recommended by CIE in 2002. However, it was
reported that in some cases, for example, in cross-media color reproduction applica-
tions, computational problems in the calculation of brightness J may result in poor
performance of this model. Li et al. [2] established a new color appearance model
CAM16 and its uniform color space (CAM16-UCS) by changing the structure of
CAMO2 and complete the two adaptions in the same space.
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In order to study the influence of neutral backgrounds with different lightness on
color appearance, 20 observers were organized to carry out the visual evaluated
experiment with the method of paired comparison, and the experimental results were
also used to test the performance of CAM16 and CAMO2 models.

2 Experimental

2.1 Samples and Illumination

Five color centers (gray, red, yellow, green, blue) recommended by CIE [3] were
selected as target colors in our experiments. The target color samples were printed by
Epson Stylus Pro7908 Inkjet Printer on Color Long Inkjet web matte paper, with the size
of 5 cm x 5 cm. In addition, nine neutral colors with different lightness (LTO ~ 20, 30,
40, 45, 50, 55, 60, 70, 80), were also printed with the size of 20 cm x 20 cm to be the
background samples. When all the samples were prepared, each target sample was stuck
respectively on the center of nine background samples. The chromatic values of five
target color samples and nine neutral background samples measured by x-rite eXact
spectrophotometer were shown in Table 1.

Table 1. The chromatic values of five target color samples and nine neutral backgrounds

X Y z Lio ajo bio Clo
Gray 28.95 30.01 31.94 61.66 -0.26 0.45 0.52
Red 20.00 13.89 6.97 44.07 36.78 23.22 43.50
Yellow 61.87 67.18 26.63 85.60 —7.03 49.57 50.06
Green 16.89 23.81 25.65 55.90 —=30.40 —0.08 30.40
Blue 9.16 8.65 22.88 35.30 6.84 -30.96 31.70
L20 3.04 3.12 3.22 20.53 0.41 0.85 0.94
L30 6.20 6.39 6.96 30.39 0.19 —0.33 0.38
L40 10.49 10.89 11.90 39.39 -0.29 —-0.53 0.60
L45 14.02 14.55 15.72 45.01 -0.26 —-0.18 0.32
L50 18.29 18.86 20.77 50.53 0.30 -0.91 0.96
L55 22.26 23.00 24.99 55.07 0.15 -0.45 0.47
L60 26.56 27.61 29.44 59.53 —-0.53 0.35 0.63
L70 39.61 40.82 44.15 70.05 0.45 -0.30 0.54
L80 54.05 55.95 60.89 79.59 -0.12 —0.68 0.69

Referring to CIE recommended observation conditions, the Gretag Macbeth the
Judge II viewing cabinet fitted with D65 simulator was selected in our visual experi-
ment. The correlated color temperature (CCT) and luminance measured by PR655
spectroradiometer was 6223K and 9651x, respectively. The relative spectral power
distribution (SPD) of the light source is shown in Fig. 1.
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Fig. 1. SPD of the light source

2.2 Experimental Procedure

The visual assessments were conducted in a dark room. For each color center, the target
color sample on L50 background was placed in the middle of viewing cabinet, other
samples on different neutral backgrounds were displayed randomly on the left or right
side, as shown in Fig. 2. Observers were asked to sit in front of the cabinet at a distance
of approximately 25-30 cm and the viewpoint is 0/45°. In the visual assessment,
observers need to compare the color difference between the target color on the left
background and the target color on the middle background, named AV, and the color
difference between the right and the middle, named AV,. Then comparing which color
difference was larger, AV, or AV,. When the judgment was done, the visual results
were recorded. For each target color center, 28 judgments (8 x 7/2 = 28) were gath-
ered and there were totally 140 (28 x 5 = 140) judgments for each observer.

Fig. 2. The scheme of visual assessments

20 observers aged from 22 to 25, involving 10 males and 10 females were orga-
nized to conduct the visual experiment. All observers were students from Beijing
Institute of Graphic Communication and have theoretical knowledge of color science.
In order to evaluate the reliability of judgments made by observers, 5 of the observers
were selected to perform the replicated evaluation.
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3 Results and Discussions

3.1 Observer Variability

Observer variability, including inter and intra observer variability, were evaluated using
the method of Wrong Decision (WD) [4]. For investigating inter- observer variability,
the number of wrong decision made by each individual against the panel results were
computed. For examining intra-observer variability, WD is also used to represent
number of wrong decision made by a single observer from two repetitions. For a
perfect agreement, WD should equal to zero.

From the obtained results, the inter-observer variability (0.18) is almost two times
larger than the intra-observer variability (0.09), which means the observer variability in
the visual experiment is reasonable and acceptable [4].

3.2 Visual Color Difference

The experimental results of each target color judged by all observers were used to do
probability statistics (P%) and then converted into Z-score using Eq. (1), i refers to the
ith observer, u refers to the average value and S refers to the standard deviation value of
the data judged by ith observer. After eliminating the negative numbers, the visual
color difference values [5] between target color in L50 background and other lightness
backgrounds judged by all observers were obtained, as shown in Table 2. The visual
color differences were drawn into histogram in Fig. 3.

Table 2. The obtained visual color differences

AV L20 L30 L40 L45 L55 L60 L70 L8O
Gray 1.23 0.93 091 0.30 0.46 1.64 2.66 3.87
Red 1.22 0.98 1.00 0.84 0.34 1.03 2.39 4.20
Yellow 2.18 1.87 1.35 1.10 0.55 0.73 1.77 2.44
Green 1.24 0.99 0.77 0.52 0.76 1.36 2.15 4.20
Blue 1.24 1.02 0.53 0.36 0.77 1.48 2.55 4.04
Z=(Pi—u)/s (1)

From Table 2 and Fig. 3, it can be figured out that the visual color difference of
target color samples between L45 or L55 and L50 background is smaller than that of
other lightness background. Besides, the more the lightness of the background deviates
from that of neutral gray (L50), the higher the visual color difference is. When the
background lightness is 20—45, the visual color difference of yellow is larger than that
of the other four colors, while when the background lightness is 60-80, the visual color
difference of yellow is smaller than that of the other four colors. Because the lightness
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Fig. 3. Visual color difference from different backgrounds

of yellow is higher, its color appearance is more influenced by low lightness back-
ground and less by high lightness background. For other colors except for yellow, the
visual color difference with higher lightness backgrounds is larger than those with low
lightness backgrounds compared with the L50 neutral background.

3.3 Performance of CAM16 and CAM16-UCS

The measured XYZ values of five target colors, the lightness of nine neutral back-
grounds and other known parameters were put respectively in CAMO02 and CAM16
models. Then the color differences of each target color between L50 background and
other eight different lightness backgrounds were computed by CAMO02-UCS and
CAM16-UCS. Further, the power function (4E = 1.41(4E’)0.63) developed by Huang
et al. [6] was applied to the color difference metric associated with CAMO02-UCS. The
obtained results were shown in Figs. 4 and 5.

M Gray M Red I Yellow M Green M Blue

CAM16-AE

L20  L30  L40  L45 L55  L60  L70 L8O
Different lightness of neutral backgrounds

Fig. 4. CAM16-UCS color difference histogram
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Fig. 5. CAMO2-UCS color difference histogram
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The color difference histograms computed by color appearance models both form
symmetrical V-shape, which is quite different from Fig. 3 that shaped by observers’
visual color difference. The computing results indicated that the color difference
between the target color on L50 background and the target color on other lightness
backgrounds increases with the lightness deviates from L50 neutral background and the
color differences computed by CAMO2-UCS are larger than the results computed by
CAM16-UCS.

In order to compare the performance of CAM16 and CAMO2 color appearance
model, Standardized Residual Sum of Squares (STRESS) [4] was used to evaluate the
correlation between the visual color difference judged by observers and the color
difference predicted by color appearance model, the results were shown in Table 3. The
range of STRESS value is 0-100, and the smaller the STRESS value is, the better the
corresponding color appearance model performs.

Table 3. The performance of CAM02-UCS and CAM16-UCS in terms of STRESS

STRESS Gray Red Yellow Green Blue Mean
CAMO02-UCS 40.44 49.09 33.22 48.42 48.84 44.00
CAM16-UCS 42.11 43.57 12.31 42.94 45.17 37.22

As shown in Table 3, the STRESS value in gray center computed by CAMO02-UCS
is smaller than that of CAM16-UCS, while for other four color centers, especially in
yellow center, the STRESS value computed by CAM16-UCS is quite smaller than that
of CAMO2-UCS. Comparing the color difference histograms in Figs. 4 and 5, the
variation trend in yellow center is quite different. From the average of five colors’
STRESS values, it can be concluded that CAM16 color appearance model has been
improved and performed better than the prediction of CAMO2.
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4 Conclusions

In order to study the influence of neutral backgrounds with different lightness on color
appearance, five CIE recommended target colors and nine neutral backgrounds were
prepared based on printed samples. 20 observers were organized to carry out the visual
experiments with the method of paired comparison. The results showed that the color
appearance of color center is more affected by the backgrounds with higher lightness
than the lower. And The lightness of target samples may also have an impact on the
color perception. Furthermore, the experimental results were used to test the perfor-
mance of CAM16 and CAMO2 model. The average STRESS value of five colors
predicted by CAM16-UCS is 37.22, while the average value computed by CAMO02-
UCS is 44.00, which indicated that CAM16 performed better than CAMO2.
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Abstract. Significant color discrimination exists among color deficiency
observers, while the color vision variability was used to being neglected among
ordinary individuals. The standard observer is widely used in the traditional
colorimetry for convenience with the observer metamerism phenomenon
ignored. While with the contribution of physiology, psychophysics, color sci-
ence and other areas, the study of color vision variability in individual observers
goes further. This paper reviews on the past research works about observer
metamerism and individual color vision variability according to its physiological
influence factors, significance and quantification.
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1 Introduction

Metamerism [1] is the phenomenon exhibited by two color stimuli with the same
tristimulus values but different spectral radiant power distributions under certain con-
ditions. It is the core and fundamental theory that the televisions, cameras, projects and
printings etc. based on to present thousands of colors with only three or four primaries.

Kuo [1] comprehensively concluded four types of metamerism, which respectively
occurs due to the change in illuminant, observer, or the geometry of illumination and
viewing. However, the illuminant and observer metamerism (OM) are known more
widely. OM was defined by the CIE [2] as variations of color matches (of spectrally
different stimuli) among different observers. It is mainly caused by individual vari-
ability for quite complex physiological attributions.

In traditional colorimetry, standard observer is used to describe the average
observer color characteristic for convenience at the cost of the precision. It has influ-
enced the critical modern color critical applications nowadays, especially, for the newly
developed techniques such as LEDs, OLEDs, and lasers. They have spectrally narrow
primaries and tend to present the OM effect. It calls for more precise characterization of
individual color vision.
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2 Physiological Attributions

Physiological factors which contribute to individual visual variability are quite com-
plex. First of all, the genes from parents give a person unique physiological con-
struction. However, it changes as one get older or suffer from certain diseases. It even
relates to one’s dietary intake, fat percentage and habits like smoking. From a group
perspective of view, difference in gender and ethnicity also show individual variability.

2.1 Lens and Variable Factors

Age is the most important factor for lens variability. According to Artigas et al. [3] age
explains 47% variations in lens, or 50% reported by Berendschot [4]. Norren and Vos [5]
examined on Crawford’s [6] 50 observers aged from 17 to 30, and found the lens optical
density (LOD) of these young people mainly varies 25% from the average. After that,
Pokorny et al. [7] aimed to investigate the individual variability throughout one’s lifelong
time, it was shown that the LOD increases by 38% from the age 20 to 60. In addition,
Artigas [3] was confirmed greater variability of lens density after the age 60.

Figure 1 [8] shows extracted lenses of people in nine different ages from the new
born of six months to the 91-year-old one. The change is obvious from the nearly pure
white of the new born gradually turns yellow and then even darker. More related details
can be referred in Werner [9], Schefrin [10], Xu et al. [11] and Berendschot [4].

(a) (b) (c)
(d) (e) ®)
() (h)

Fig. 1. Extracted lenses of people in different ages: a six months, b eight years, ¢ 12 years, d 25
years, e 47 years, f 60 years, g 70 years, h 82 years, i 91 years
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Diabetic’s influence on lens was investigated by Lutez and Bresnick [12] in 1991.
He affirmed that young diabetic individual has similar yellow lens as normal indi-
viduals over 60 years which may cause by ace rated glycosylation of lens proteins.
Other pathological factors such askeratitis or cataracts [13] also have been reported to
influence lens. The differences in lenses of three different cataracts patients can be seen
from Fig. 2 [8].

(i) (k) (1

. " e ..".
J \./

™
Fig. 2. Cataract patients: j nuclear cataract, age 70, k cortical cataract, age 68, 1 mixed nuclear
and cortical cataract, age 74

Individual habits related with LOD such as smoking was investigated by Hammond
et al. [14]. It was proved that smoking would make LOD increase even after smoking
cessation.

To conclude, the age factor which matters most has been well investigated.
Pathological factors and individual habits have been proved to have relations with
LOD. The general trend was obvious, yet more data are required.

2.2 Macular and Variable Factors

Significant differences exist in the macular pigment optical density (MPOD) among
observers, even sometimes varies from the right and left eyes of a single observer. The
variability occurs mainly between 400 and 525 nm and the peak MPOD varies over 1.2
log units [15]. Estimation variability exists in a range of 40-50% from the average
according to recent publications.

To investigate the race factor, researchers took samples from different living areas
and found macular variability from different human race. Howell et al. [16] compared
samples of south Asian and the white, concluded that the white group has MPOD
significantly lower than the Asian group. While Iannaccone et al. [17] reported a 41%
below in blacks than in whites from his test group.

Human cannot produce lutein and zeaxanthin which consists in macular pigment
(MP) themselves. Therefore, factors that have influence on the efficiency of lutein and
zeaxanthin transportation that the retina consumes could affect MPOD. External dietary
intake could increase MPOD, which was verified by Ciulla et al. [18] and Bone et al.
[19]. In addition, Nolan et al. [20] examined that MPOD drops as the human body fat
content climbs, due to the adipose tissue and retina will compete for lutein and
zeaxanthin. In addition, the gender factor matters for the reason that men have stronger
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ability in lutein and zeaxanthin transportation than women. Related researches have
been carried on by Hammond.

In conclusion, besides the race factor, variable factors for MPOD mainly correlate
to the content of lutein and zeaxanthin.

2.3 Photopigment and Variable Factors

Lens and macular can be seen as pre-receptor in the visual pathway. Light has to reach
the photoreceptor layer at the back of the retina. Thomas et al. [21] summarized the
underlying optical density variations including the length of the cone outer segment,
the concentration at which photopigment is expressed, and quantal efficiency of indi-
vidual photopigment molecules.

In addition, the genetic sequence is another variable factor. Neitz et al. [22] con-
cluded that a single amino-acid substitution was correlated with trichromacy in the
subjects who have photopigments with the same peak wavelength sensitivity but only
different in optical density.

Lately, Yuta [23] described two types of variability in photopigment types:
(1) variations in the peak optical densities of photopigments; (2) variations in A,
shifts (overall shifts in spectral sensitivity curves either toward shorter- or longer-
wavelength region) of photopigments.

Few researches on photopigment variability were reported compared with lens and
macular, perhaps for the difficulty of physiological experiments.

3 Quantification of Observer Metamerism

As to quantify observer metamerism, individual variability factors discussed above
should be taken into consideration based on the traditional standard observer in col-
orimetry. Endeavor has been made by many researchers on this topic.

3.1 Standard Observer

Color Matching Functions (CMFs) composed by three sets of spectral energy distri-
butions have been applied to represent the visual characteristics of human eyes.
Meantime, thest and ardobserver was recommended by CIE to represent the average
normal observers.

Researches on color matching can be traced back to Maxwell [24] in 1860. But it
wasn’t until 1928 that Wright [25] started to collect actual measured observer data.
Wright [26] and Guild [27] conducted experiments based on 10 and 7 observers
respectively with the same experimental conditions (bipartite field, 2°). In 1931 CIE
defined the 1931 standard observer CMFs based on their data, on behalf of the human
vision characteristic, on average.

However, CIE 1931 function calculations show deviation for the field size larger
than 4°, due to the rod intrusion. Then in 1964, CIE recommended the 1964 CIE large-
field standard observer for colorimetry based on color matching data from the labo-
ratories of Stiles and Burch [28] and Speranskaya [29].
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3.2 Individual Observer

CIE has paid more attention to OM since 1979. The metamerism subcommittee of
CIE TC 1.3, Colorimetry, devoted on how to specify test observers for deriving suitable
indices of OM.CIE TC1-07 recommended a Standard Deviate Observer (SDO) which
was based on Nayatani et al.’s study in 1989 [30]. However, it was reported that real
human observer variability was significantly underestimated.

Fairchild and Heckaman [31] developed a Monte Carlo model of color matching
functions that allowed the computational creation of color matching functions for
hypothetical individuals with various lens and macula optical densities and cone
spectral responsivities.

In 2006 the CIE TC1-36 of Divisionlpublished a model named CIE Physiological
Observer 2006 (CIEPO06) to predict mean color matching functions for average
observers of various ages and field sizes [32].

Recently in 2015, Asano [23] developed an Individual Colorimetric Observer
Model as Eq. 1. The proposed model is an extension of the CIEPO06, while it
incorporates eight physiological parameters, representing all known significant
variables.

Ims — CMFS = f(agev fSa dlensa dmacula; dla dm; dsv S1ySm, SS) (1)

(1) age, fs5: age and field size as in CIEPOO06;

©2) diens Amacuiadr d dg: density deviations [%] from average for lens, macula,
L-, M-, S-cone;

(3) s3, Sy S, shifts of A [nm] from average for L-, M-, S-cone;

In summary, growing body of literature has drawn their attention to model and
quantify individual observer CMFs. However, it is a tough work for too much vari-
ability involved, and more physiological data need to be collected.

3.3 Categorical Observer

Sarkar [15] developed a two-step method for deriving a minimal set of colorimetric
observer categories. Meantime, eight observer categories and their corresponding
CMFs were proposed through this method. Sarkar also developed an experiment to
classify observers into nine observer categories.

Asano [23] made improvements on Sarkar’s work, and proposed ten categorical
observers. He derived categorical observers by two steps too. First 10,000 observer
functions were generated from his individual colorimetric observer model using Monte
Carlo simulation. After that cluster analysis with a modified k-medoids algorithm was
applied.

The method of sorting human into different categories, offered a new way to deal
with the problem of vision variability. However sufficient investigations need to be
made on the more critical method or the number of categories.
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4 Conclusions

Color science and technologies are undergoing a revolution, it is time to break through
the limitation of traditional colorimetry which use a standard and average color
description. Thus, observer vision variability among normal individual shall be taken
seriously to promote the industrial applications.

It is recommended that further research should be undertaken in the following
areas: (1) Further and in-depth physiological investigation shall never stop for it is the
fundamental and root cause which contribute to individual variability and observer
metamerism, although it is a tough work. (2) More rigorous observer data should be
collected by carefully designed psychophysical experiments with variable control
under full consideration. Among the various and complex physiological factors have
been discussed above, only very few of them had been quantified. (3) Quantified
relationships need to be built through mathematical methods with the support of more
verified data. (4) Recognizing the significance of individual visual variability, coop-
erative investigation shall be taken through areas including physiology, psychophysics,
colorimetry.

Potential applications need to be developed with the cutting-edge technologies,
such as modern display and illumination industry, especially the LED, OLED and laser
technologies. The special customized services will also be a broad and new application
area, such as personalized calibration for color devices, or offering specific design for
the certain group of consumers.

Acknowledgments. Thanks for the laboratory innovation funds of Tianjin University of Science
and Technology, No. 1706A201.
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Abstract. The constancy of color vision is referred to as an ability of human
eye under different ambient light source illumination conditions to correctly
identify and perceive colors of objects. It is of great significance for color
recognition and high-fidelity reproduction. Based on measurement of Chroma,
three psychophysical experiments of visual color constancy, constancy of the
same color under different illuminant, constancy of different colors under dif-
ferent illuminant, instances of color constancy in daily life, were designed. By
altering the illumination conditions of external photo-source, the experimenter’s
visual changes are employed for use of obtaining test conclusions. The results
indicate that constancy of color vision includes process of selective extraction of
color, automatic correction and compensation. It is affected by external illu-
minant, contrast between observed objects, as well as precedent memory of
color on objects in human brain. This advanced visual feature of human brain
makes it enjoy a relatively stable judgment of color between same or similar
color, which is conducive for human to acquire, process and express color
information.

Keywords: Color constancy - Color vision - Automatic correction - Selective
extraction - Vision persistence

1 Introduction

The constancy of color vision is referred to as an ability of human eye under different
ambient light source illumination conditions to correctly identify and perceive color of
the object. This attribute diminishes the effect on color of image from illumination
change or even hardly to detect the color change [1-3]. The color constancy includes
size constancy, color constancy, shape constancy and brightness constancy, studies
currently focus on constancy of color [4]. The study of color constancy is vital for color
recognition, computer vision, video surveillance, and high-fidelity reproduction [5-8].

Current studies on color constancy mainly focuses on how to eliminate impact from
illumination of light source, maintenance of color constancy, the algorithm of color
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constancy, and ill-posed problem of color constancy under low illumination and
complex illumination conditions [9-11]. However, there is a lack of research on
psychophysics of color constancy and evaluation index system of color constancy. For
this reason, the thesis designed three psychophysical tests of the visual constancy of
color (constancy of the same color under different light sources, constancy of different
colors under different light sources, examples of color constancy in daily life), by
changing the outside illumination conditions. Visual changes of the tester were
employed to draw conclusions of the tests (The publication of the paper was approved
by all testers.). And, based on the self-compensation theory generated by human brain
in order to cope with changes in the external environment, the laws of color visual
constancy and cognitive functions of human vision were deeply studied.

2 Color Visual Constancy Experiment

The experiment is based on optical color measurement, observing and analyzing the
visual persistence of the objects’ color by changing the physical observation condi-
tions, so as to study the color constancy laws of different objects. A total of three
psychophysical tests were designed and illustrated as follows.

2.1 Same Color Constancy Experiment in Different Light Sources

Use software Photoshop to design four color blocks (as shown in Fig. 1, the RGB
values of the four color blocks are R = 200,G =B =0; G =200,R =B =0; B =200
R=G=0;R=150and G =B =0).

Red 1 Green Blue Red 2

Fig. 1. Four color blocks

First of all, in the case of four kinds of light sources (A light source: average
daylight D65, B light source: cool white fluorescence, C light source: horizontal
sunlight, D light source: incandescent light), diffused through frosted glass, evenly
illuminates the color sample’s surface. Then, 10 college students (5 males and 5
females) with good color vision and visual acuity of 1.5 or more were selected for
observation. Finally, print color blocks in high-fidelity, and then use a digital camera to
shoot, a spectrophotometer for colorimetric measurements (measurement values shown
in Table 1) and conduct human eye visual evaluation (the visual result of color blocks
under four light sources is shown in Fig. 2), compare it, to go further, with original
color data criterion to investigate the laws related to the human eye’s color constancy.
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Table 1. RGB value of 4 blocks under A, B, C illuminants

Results | A B C

Red 1 [225(59|62|261|26|38|189 23|15
Green |231[48|56(269 3641|169 10 12
Blue [219]56|36|258 48 |18|189|15 |21
Red 2 |189|38/42|288 5962|163 |12|9

—
4]

—

_—

b) c)

Fig. 2. Four blocks’ color results under four illuminants (from left to right, under A, B, C, D
illuminant)

_—
_—

d)

As the experiments suggest, although the appearance of the above four colors has
undergone major changes, the experimenters still hold that they are the same color. In
particular, the green color patches have become sky blue under the D light source,
however, the testers still insist that they are the same color. This shows that the human
visual system can automatically correct and compensate certain colors (especially the
memory colors such as sky blue and grass green). In addition, the human eye has a
strong adaptability to ambient light, and a strong selective extraction characteristic for
visually obtained color information.

2.2 Constancy Experiment of Different Colors Under Different
Iluminants

Design five red color blocks (as shown in Fig. 3, color block color values G = B = 0,
R are 250, 200, 180, 160, 120, respectively) by software Photoshop, then print out and
shoot it by digital camera, finally display it on a computer and viewed under standard
illuminant and incandescent illuminants.

Fig. 3. Five color block samples
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It was found that the visual evaluation results of the five color blocks under dif-
ferent light conditions were almost the same, and only one experimenter contended that
the color of the fifth color block was dark red. This demonstrates that the color
constancy is not only affected by the contrast between the color blocks but also by the
implicit cognition of the color. Therefore, so long as the brain is given sufficient
environmental information, it will automatically compensate for the color of the
environmental object according to the environmental information, such as the external
illuminant, the background illuminant, the contrast with the surroundings of measured
object, etc. it will automatically compensate for objects’ genuine color so that the visual
sense perceives the original color of the object.

2.3 Instances of Color Constancy in Daily Life

Through the color effect of the colorful Rubik’s Cube, easy to find in daily life, under
different filters, the color constancy is studied (as shown in Fig. 4). The specific plan is:
Place the Rubik’s Cube in the daytime outdoor daylight environment, and then observe
through the red and the blue filter. As a result, the testers can recognize the red and also
the blue blocks well; finally input two pictures to the computer. Although the colors of
the color blocks in the image have transformed hugely, we can still recognize it easily.
Hence, the brain produces a visual compensation and correction for changes of the
ambient light source so that no changes in the color perception of the object can be
detected.

(a) Cube under yellow (b) Cube under blue (¢) Cube color effect
filter filter Yellow on computer

Fig. 4. Rubik’s Cube under different filters and color effect on computer

3 Analysis of Experiment Results

From the above experiments it can be concluded that the constancy of color vision is
influenced by the contrast between the colors of the objects as well as the latent impact
of the memory colors in the human brain. The constancy of color vision involves the
selective extraction to color information, the visual experience compensation from
cerebral cortex and the process of surrounding environmental correction, which is a
complex physical, physiological and psychological activity.
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The human visual system automatically corrects and compensates for physical
changes of color vision caused by altering ambient light source, so that the color at the
visual level remains intact or changes little. This kind of correction or compensation
phenomenon of human color vision allows for a specific adaptation environment for
maintaining the constancy of color vision.

The constancy of color vision is not only a kind of visual low-level activity limited
to eye cells, but also a judgment through combination of various environmental
information so as to complete selective color extraction, automatic correction or
automatic compensation to objects. It further confirms that the constancy of color
vision is a high-level consciousness activity of human brain’s visual information
processing.

4 Conclusions

The constancy of color vision includes the process of selective extraction, automatic
correction and compensation of color objects. It is influenced by the contrast between
ambient environment illuminants and observation object, also by the pre-existing color
memory of the object itself in human brain. This high-level human brain’s visual
characteristics makes relatively stable color judgments to same or similar colors
available, which is conducive for human to acquire, process, and express color
information.

The study of color constancy enriches theoretical theory of color vision, and pro-
vides a certain reference for color information processing and high-fidelity reproduc-
tion, therefore it is of great significance both on theory and application. In addition,
postulated condition of the psychophysics test is the single color external light source
in a homogeneous light intensity, but the genuine lighting environment is much more
complicated. Hence, it is necessary to carry out research on the color constancy under
the multiple light sources and real environment. Meanwhile, there is a lack of an
objective evaluation system for color constancy at present, which is a topic to be further
studied in the future.
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Abstract. This paper is aimed at the key technology of digital printing in the
textile industry. According to the color reproduction characteristics of digital
printing, a color prediction model based on Particle Swarm Optimization
(PSO) was proposed to optimize the three-layer BP neural network, solving the
problem that BP neural network is easy to fall into local minimum value through
optimization of weights and thresholds, which effectively improved the digital
printing color prediction accuracy. The experimental and industrial application
results show that the prediction accuracy of this paper is higher than BP neural
network model and the Yule-Nielsen modified Neugebauer model these two
mainstream algorithms, which is more in line with the practical needs of digital
printing industry applications.

Keywords: Digital printing - BP neural network - Particle swarm optimization
(PSO) - Color prediction model

1 Introduction

Digital printing technology is the application of digital inkjet printing and digital
control technology to break through the bottleneck of traditional textile printing pro-
duction long cycle, high cost, and complex quality control. It is a new technology for
the establishment of on-demand printing custom [1]. However, digital ink jet printing
still has the problems of large color fluctuation and insufficient accuracy of partial color
reproduction, which makes the color prediction model in color reproduction of high-
precision digital inkjet printing a key issue and a hotspot.

In recent years, researches on color prediction models mainly focus on the
Neugebauer cell model, the spectral Neugebauer models and its modified or optimized
models, the polynomial regression models, the table-look up models and the neural
network models [2]. However, due to the large number of non-linear factors in digital
ink jet printing equipment, the existing models have the disadvantages of low sample
size, model complexity, and low model efficiency. Therefore, it is urgent to construct a
high-precision color prediction model to break through the bottleneck.

Based on the neural network, this paper proposes a new PSO-BP neural network
model for color prediction of ink jet printing by using PSO to optimize the BP neural
network and solve the problem that BP neural network has slow convergence rate and
it’s easy to fall into local minima.
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2 PSO-BP Neural Network Principle

2.1 BP Neural Network

BP neural network is a multi-layer feed-forward neural network trained according to
the error reverse propagation algorithm [3]. It adopts the minimum mean square error
learning method [4] and the network has the three-layer topology structure of input
layer, hidden layer and output layer. Through the hidden layer from the input layer, the
signal finally reaches the output layer, and from the output layer to the hidden layer, the
error in the input layer is back-propagated to adjust the weight and bias of the hidden
layer to the output layer and the input layer to the hidden layer in turn.

2.2 PSO Algorithm

Particle swarm optimization (PSO) is a biological evolution algorithm [5] that defines one
point as a particle by defining a D-dimensional search space. It first initializes a group of
particles and then iteratively finds the optimal solution in a group of particles. In each
iteration, the particle updates the position and velocity through their own search for the
optimal solution Pbest and the global extremum Gbest searched by the entire particles.
The update formulas for the position and velocity of particles are Egs. (1) and (2).

vi(t+1) = o x v;(t) +c1 Xy % [p,j(t) — xij(t)]
4+ X rp X [pgi(t) _xij(tﬂ

()

xi(t+ 1) = x;5(t) + vyt + 1) (2)

Among them, o is inertia weight, ¢, ¢, are learning factors, r;, r, are random
numbers between 0 and 1.

If the population particle number is n, each particle is m-dimensional, and the
position of the i-th particle is expressed as x; = (x;1,Xp2, - - -, Xim), and the i-th particle’s
current optimal position is Pbest; = (pi1,pi2, - - -, Pim)> the group’s current optimal
position Gbest; = (g1,82,---,8m), and the position change of the i-th particle is
Vi = (Vit, Vizy - - s Vim)-

2.3 PSO Optimization BP Neural Network

This paper aims at the BP neural network does not have local search optimization
method for global search performance. It has slow convergence speed, easily falls into
local extremum, and is very sensitive to parameters such as initial weights and learning
rates. So we adopt PSO algorithm with fast convergence rate, high robustness, and
good global search capability, optimize weights and thresholds of BP neural network
by updating the position and rate of particles to obtain the optimal initial weights and
thresholds of fitness value, which can make up for the defects of BP neural network,
meet the accuracy of the output value. The working principle of PSO-BP neural net-
work is shown in Fig. 1.
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Fig. 1. PSO-BP neural network working principle

3 The Construction and Realization of Prediction Model
3.1 PSO-BP Model Establishment

1. The PSO parameters in the PSO-BP algorithm of this paper are based on the better
optimization result of the dynamic values, that is, using the linear decrement of the
weights, decreasing linearly from 0.9 to 0.4, and selecting the particle dimension H,
H is calculated from formula (3):

H = hj+h; X hj+hj X b+ Iy 3)
Among them, A;, h; and k. are the number of nodes in input layer, hidden layer and

output layer respectively.

2. When constructing the PSO-BP model and BP network parameter settings, the
number of nodes selecting the input layer and the output layer is three. The number
of hidden layer nodes is calculated by using empirical formula (4):

by < /i % (e 73 4)

3. The mean square error function of the BP neural network is selected as the fitness
function of the particle swarm algorithm. The formula for calculating the fitness
value of the particle is formula (5).

. | MM
Fitness = NZ Z:: Vij — y,J (5)
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where N is the number of samples, M is the particle dimension, y; is the theoretical
output of the BP neural network corresponding to sample i, and y; is the actual output
of the BP neural network corresponding to sample i.

4. If the fitness value of the current particle is better than its historical optimal fitness
value Pbest, the historic optimal fitness value Pbest is changed to the current par-
ticle’s fitness value; if not, then the global optimal fitness value Gbest is changed to
the historical optimal fitness value of the current particle.

5. When these two extremums are found, the position and velocity of each particle are
iteratively updated according to Egs. (1) and (2) to reach the optimum. When the
stop condition is satisfied, the iteration is stopped and the connection weights and
thresholds are output. Use them to train BP neural network.

3.2 Layers Partitioning Based on Lightness

In this paper, considering the sensitivity of the human eye to lightness and the maxi-
mum ink value of K (black) in actual production, the color space is divided into six
layers KO, K10, K30, K50, K70, and K90 based on lightness. The prediction of the
model is performed separately in six layers.

3.3 Experimental Design

The experimental samples of this article used the Honghua 3186S high-speed machine
for digital ink jet printing, and the printing fabric was twill silk. C, M, and Y were
arranged according to the dot area percentage [0, 10, 50, 90, 100%] as a training
sample, 35 = 243 in total, and the dot area percentage of C, M, and Y were arranged as
[0, 5, 30, 70, 95, 100%] and combined color patches as test samples, 3¢ = 729 in total.
The color patch samples are shown in Fig. 2. X-rite’s spectrophotometer i; was used as
a measuring device to measure the L, a, and b values of the color patches. PSO-BP
network training and analysis used MATLAB R2015 software.

The device was tested for constancy before the experiment. The sample was
measured three times with i; and analyze the result. The average color difference of the
three measurements was AEy, = 0.05. To reduce the error, the experimental data was
taken as the average of the three groups of sample data.

3.4 Prediction Results and Analysis

Figure 4 shows the trend of the color difference statistics obtained from the different
layers KO to K90. The horizontal axis is the numbered samples based on statistics, and
the vertical axis is the color difference range. It can be seen that the statistical color
difference trends in each layer are approximately the same. And the whole model itself
can be compared longitudinally. When the lightness decreases, the smaller the color
difference is, the less the sample with the color differences above 4 and the higher the
precision of the model. Figure 3 shows the variation curve of the individual fitness of
particles in the iteration process of the PSO algorithm in the KO layers. In the constant
iteration process, the fitness value is minimized, that is, the mean square error is
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Fig. 2. Color patch samples

minimized, and the model is trained at about 40 times. At that time, the model tends to
be stable and the model reaches a convergent state, which avoids the problem that the
BP neural network easily falls into a minimum value.

With the same number of samples, this paper compares the prediction errors of
PSO-BP and BP and Yule-Nielsen modified Neugebauer model, and uses color dif-
ference and root mean square error (RMSE) to represent the predicted accuracy. The
results are shown in Table 1. we can see that the PSO-BP model has the best indexes,
while the Yule-Nielsen modified Neugebauer model has the largest error.
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4 Conclusion

According to the nonlinear characteristics of ink-jet equipment in digital printing, this
paper proposes a digital printing color prediction model that optimizes BP neural
network weights and thresholds through particle swarm optimization algorithm and
compares the prediction accuracy of PSO-BP with BP, Yule-Nielsen modified
Neugebauer model. Experimental results show that the PSO-BP algorithm can avoid
the occurrence of local extremes, reach the minimum fitness value, significantly
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Table 1. Comparison of prediction accuracy among PSO-BP, BP and Yule-Nielsen modified
Neugebauer

Partition |4 x 4 x 4 PSO-BP 4 x 4 x 4BP 4 x4 x4Y-N
Mean Mean Mean Mean Mean Mean
AE;, RMSE AE}, RMSE AE;, RMSE
KO 2.997 0.823 11.689 2.697 16.325 27.414
K10 2.7 0.601 10.004 2.402 13.758 25.989
K30 2.296 0.457 8.452 2.328 11.554 20.127
K50 1.899 0.234 8.048 2.179 10.208 15.735
K70 1.759 0.111 7.265 1.934 8.995 10.989
K90 1.88 0.065 6.788 1.69 7.698 10.322
All 2.255 0.382 8.708 2.205 11.423 18.429

improve the model’s prediction accuracy, algorithm stability and portability, and better
meet the actual needs of digital printing industry applications.
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Abstract. The paper is to study the atmosphere and emotional performance of
undergraduate students in simulated clothing store LED lighting environment.
By analyzing the basic evaluation indicators in this environment, the influence
of color temperature and brightness on the evaluation indicators of atmosphere
was discussed. Using psychophysical experiments, 53 undergraduates (aged 19—
22 years old) assessed the atmosphere of the four light environments. For each
condition, 71 pairs of scales questionnaires were used. Factor analysis deter-
mines a basic dimension of the environment: cosiness and liveness. And eigh-
teen scales are established to evaluate the atmosphere of clothing stores. The
results of the study show that higher brightness will make the environment
livelier. The clothing store uses a warm light of about 3000 K to make people
feel comfortable.

Keywords: LED lighting - Psychophysical experiment - Factor analysis -
Atmosphere - Emotionalization

1 Introduction

Many surveys have shown that the lighting environment affects human emotions,
behaviors, perceptions and preferences. Therefore, the atmosphere of the clothing store
will directly affect the enthusiasm of consumers. Vogels believes that emotion and
atmosphere are an experience that human observers have for the surrounding envi-
ronment [1]. At the same time, research shows that the definition of atmosphere
requires at least two dimensions: comfortable and lively [1], but she uses fluorescent
lamps and halogen lamps when defining these dimensions. With the increasing pop-
ularity of LEDs, traditional light sources (halogen lamps, etc.) are gradually being
replaced, and most apparel stores today also use LED lighting combined with tradi-
tional lighting (halogen lamps, etc.).

In view of the above problems, this paper, based on the current situation of
shopping malls and clothing stores, invites college students to conduct psychophysical
experiments by simulating the environment of clothing stores, and obtain psychological
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perception data of observers in the atmosphere of simulated clothing stores. Study the
atmosphere and emotional performance of college students in the LED lighting envi-
ronment of simulated clothing stores.

2 Psychophysics Experiment

2.1 Observer Selection

53 (14 female, 39 male) undergraduate observers from Dalian University of Tech-
nology were selected for the experiment. Except for the 14 people in the B1 group, the
other three groups were thirteen, and the age range was 19-22 years old. The color
blindness test was normal. Before observers entered the experimental environment, it
was necessary to adapt to the test adaptation environment for one minute, then walked
around the experience and fill out the questionnaire. The 71-scales questionnaires are
used by XY. Liu is in the questionnaires [2].

2.2 Experimental Environment and Method

The experiment was completed in the Light Environment Simulation Laboratory of
Dalian Polytechnic University. The lights are all bright, except for the two halogen
lamps, all the lights are brightened, and some of the lights are illuminated, all the lights
are extinguished in four cases, divided into A (all lights are bright), B (all lights except
two halogen lights) A1 (part lights) B1 (no lights) four groups experiments were carried
out, and basic parameters were measured at the center. The observers were divided into
four groups to evaluate the atmosphere of the 71 groups of the lights in the four
environments, and the lowest score of —3 means no ** (like, comfortable, attractive,
etc.), the highest score of 3, indicating very ** (like, comfortable, attractive, etc.)
(Table 1).

Table 1. Basic parameters of the light source used in the experiment

Lighting Ambient color Ambient X y Ra
condition temperature/K illumination/Ix

A 3431 1457 0.4090 0.3921 |91.9
B 3407 1125 0.4097 0.3909 |92.4
Al 3415 1383 0.4096 |0.3916 |92.2
B1 3632 1.6 04247 0.4624 |81.8

Experiment process:

(1) Visual test (testing whether the observer has visual defects or color blindness);
(2) Introduce the experiment to the observer;
(3) Adaptation of the lighting environment (about 1 min);
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(4) Subjective evaluation of the atmosphere of the light environment of the simulated
clothing store (the experimenter requires the observer to fill in the corresponding
score according to the questionnaire);

(5) Switching light source to change the lighting environment of the simulated
clothing store;

(6) Repeat 3—4 times until the end of the experimental data collection.

3 Results and Analysis of This Experiment

3.1 Observer Reliability

The values of reliability o range from 0.628 to 0.942. It can be seen from Table 2 that
the credibility values of the four groups of experiments are within the range of values,
so the observers of the experiment have high reliability.

Table 2. Reliability analysis of each group of observers

Groups A B Al Bl Total
Cronbach’s alpha 0.930 0.917 0.739 0.927 0.929

3.2 Principal Component Analysis

Using the principal component analysis software SPSS to determine the basic elements
of atmosphere perception Principal component. It is designed to generate independent
variables called factors. Table 3 lists the distribution of each factor. According to the
principal component analysis, the five main factors extracted were 22.964, 8.82, 6.044,
5.473, and 4.716%. For each factor, there is a feature value calculated to correspond to
it. The values of factors 3-5 are significantly small, indicating that their differences are
small. Figure 1 shows the distribution of various factors. It can be seen from the figure
that the distribution of factor 1 is the most dense, according to the theory of confirming
the basic dimension according to PJM Custers M.Sc. [3] as shown in Table 4: the basic
perceptual dimension of factor 1 is cosiness. And in the factor 1, there are also pairs of
words such as depression-inspired, so liveness can therefore also be used. At the same
time, 18 scales of factor 1 were also established to evaluate the atmosphere of the
clothing store.

3.3 The Relationship Between Brightness, Warmth and Cosiness

In this paper, the bright-dark as the brightness, the cool-warm as the warmth, through
the multi-factor analysis of variance, the results are shown in Table 5. The results show
that the cosiness is positively correlated with the visual acuity, and it is opposite to
Vogels’ experiment [4]. At the same time, it was found that cosiness was positively
correlated with warmth. The CCT used in this experiment is mostly in a warm yellow
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Table 3. Load the atmospheric size using a factor of 71 scales
Overall variance: 48.025% Factor 1 Factor 2 Factor 3 Factor 4 Factor 5
Scales 22.96% 8.82% 6.04% 5.47% 4.71%
Depressed-cheerful 0.789 —0.054 —0.280 0.015 0.087
Dejected-inspiring 0.767 -0.218 —-0.119 0.064 0.188
Negative-positive 0.757 —0.119 —0.204 —0.027 0.173
Bright-dark 0.724 —0.018 —-0.107 -0.197 0.225
detached-cheerful 0.716 —-0.141 —0.100 —-0.150 0.154
Safe-dangerous 0.699 —0.010 0.308 —0.021 0.054
Cool-warm 0.698 —0.162 0.006 -0.171 —-0.135
Wilted-excited 0.686 —0.091 0.027 0.086 0.043
Lifeless-energetic 0.681 —0.068 0.170 —0.162 0.047
Alienated 0.680 —-0.131 —0.187 0.010 0.105
Desolation-radiant 0.679 —0.137 0.085 —0.194 —0.250
Unhappy-happy 0.670 0.047 —0.330 —-0.097 -0.074
Hostile-friendly 0.662 -0.333 —-0.121 0.144 0.046
Repressed-active 0.639 —0.310 0.034 0.203 0.288
heavy-happy 0.635 —0.127 0.580 —0.108 0.151
Dull-vivid 0.634 —0.044 0.218 —0.298 —0.098
Fearful-close 0.626 —0.305 —0.092 0.279 0.229
Old-fashionable 0.606 0.205 —0.241 —0.263 0.023
Vulgar-noble 0.219 0.817 —0.180 —0.047 —0.041
Feminine-masculine —0.035 0.643 0.124 —0.205 0.287
Unsightly-beautiful 0.531 0.559 0.322 —0.074 —0.126
Cheesy-refined 0.234 0.522 —0.281 0.089 —0.117
Frivolous-serious —0.091 0.517 0.188 —0.244 —0.036
Impetuous-calm —0.053 0.416 0.516 0.296 0.098
(In)dependent —0.240 —0.082 0.504 -0.217 0.057
Classical-modern 0.321 —0.057 0.428 0.237 —0.110
Commercial-literary 0.328 0.195 0.340 —-0.151 —0.200
Anxious-calm 0.125 0.169 0.351 0.601 0.139
Casual-formal 0.057 0.428 —-0.178 0.019 0.644

light of about 3000 K, so the regional culture difference can be found. Vogels
experiment found that the Dutch are more comfortable and active in the case of low
CCT [5], and this experiment is contrary to him. The Chinese observers feel more
comfortable under a CCT of around 3000 K.
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Table 4. Four basic atmosphere dimensions
Dimensions Cosiness Liveness Tensenness Detachment
Items Cosy Lively Tense Business
Intimate Stimulating Terrifying Forma
Pleasant Inspiring Oppressive Cool
Safe Cheerful Uncomfortable Chilly
Threatening

Table 5. The effect of brightness and warmth on factor 1 (cosiness)

Brightness Warmth
Factor 1 (cosiness) Person r 0.729" 0.702""
P value 0.000 0.000

*#P<0.01

4 Conclusions

This research is mainly to study the atmosphere of the clothing store. The research
results show that the cosiness is enough to describe the atmosphere of the clothing
store. The same liveness can also be used to describe the atmosphere of the clothing
store, and the eight scales are established which can be used to study the clothing store.
The study also found that higher brightness will make the clothing store more com-
fortable, about 3000 K. The color temperature makes the environment of the clothing

store more comfortable. Finally, cultural differences were discovered.

For cosiness, in the clothing store environment, Chinese people feel warm when the

color temperature is about 3000 K.
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Abstract. The antagonistic mechanism of human color vision is the physio-
logical characteristics of the human visual system. The processing of spatial
color information in visual color channels is opposite, which presents that the
black-white opposition color channel, the red-green opponent color channel and
the yellow-blue opposition color channel are all multi-scale. This paper aims to
study the algorithm of the antagonistic mechanism of human color vision. Based
on the theory of the visual receptive fields, seven filter operators associated with
the human observation condition are designed; the mapping relation between
these operators and human visual observation scale is established. The paper put
forward to an algorithm for simulating the antagonistic mechanism of human
color vision, which is carried out in visual opposite color space. The experiment
results show that the algorithm has the ability of color constancy prediction, and
the color reduction accuracy is not lower than the automatic white balance
processing result of the professional digital SLR camera.

Keywords: Color vision - Contrast sensitivity - Color constancy : White
balance

1 Introduction

Neurophysiological evidence shows that color antagonistic cell exists on the optic
nerve pathway of the retina and brain visual cortex area. Color antagonistic cell only
responds to color or color contrast. This type of cell has a central-marginal antagonistic
organizational structure [1]. Based on the central- marginal antagonism mechanism,
researchers have developed algorithms that simulate this mechanism in order to achieve
some desired effect. The algorithms have been applied accordingly in digital image
enhancement techniques [2], high-dynamic image compression techniques [3], com-
putation of color constancy [4] and other aspects. This type of algorithms only
embodies the single-scale or dual-scale nature of spatially complex color stimulation.
But in fact, color antagonistic cell is multi-scale in perception of spatial color

information.
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The purpose of this paper is to simulate the multi-scale processing algorithm of
spatial complex color stimulation in human eye color antagonism mechanism. It is
expected to solve two problems. Firstly, a quantization method for spatial frequency
tuning curve filter operator corresponding to visual opposite color channel is proposed
to solve the problem that visually antagonizing color space cannot describe the spatial
correlation of spatial complex color stimulation. Secondly, to solve the problem that the
current human eye color visual antagonist mechanism simulation algorithm does not
realize the multi-scale processing mechanism simulation of human visual field color
perception field space.

2 Antagonism Mechanism Simulation Algorithms

The center-edge antagonism of the human eye vision is measured by the image of the
color contrast changing with the spatial frequency of the sine wave. The measurement
result is the human visual contrast sensitivity function (CSF) [5-8].

As shown is Fig. 1, The CSF function can be decomposed into multiple band-pass
filter operators in the frequency domain. These operators show that the perception of
color information of human eyes is a process of extracting details level by level. If the
filter characteristics can be quantified, the human eye can be realized. The antagonism
mechanism simulation algorithm of human eye visual system can be developed.
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Fig. 1. CSF and spatial multi-scale processing
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2.1 Visual Spatial Scale Decomposition

Visual spatial scale decomposition is quantified by the size of the perspective. The size
of the human eye space scales in different visual attention areas are related to the
resolution, image size, and observation distance shown as Formula 1.

SpD = 0.01745 x D x imR (1)

In the formula, SpD indicates the number of sampling points in the 1° viewing
angle, imR indicates the resolution of the observed image, and D indicates the visual
observation distance. Theoretically, the maximum viewing angle V., is known when
the observation distance, image size, and image resolution are fixed. If the angle of
view changes in 1 step, the image can be decomposed into [V ,.x] visual window. If
decomposing the image into multiples scales according to the method of half down-
sampling, the decomposition form of the image is expressed as Formula 2, where the
original size of the image is represented as V.

def 1 1 1
= —Vo,=Vo,= Vo, ...,SpD 2
Vv {V072V0;4V0a8V07 aSp } ( )

2.2 CSF Multi-channel Filter Operator

If the CSF model proposed by Johnson and Fairchild [8] is approximated by multiple
Gaussian numbers, the multi-band expressions as Formulas 3 and 4 show:

b2 b)) PRy
CSfum = ay - €xp —u +ay - exp —M +az - exp _u
‘] ¢ 3

3)

2 2
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Formulas 3 and 4 are the CSF functions of the luminance and chroma channels in
the form of the sum of multiple Gaussian functions. The relevant parameters are shown
in Table 1. The c; in Table 1 can be used to calculate the half bandwidth FWHM of the
Gaussian function to simulate the width of the visual bandpass filter. The calculation of
the half bandwidth is expressed by Formula 5. a; simulate the telescopic characteristics
of the analog bandpass filter. Different filters are mapped to different visual spatial
scales, that is, the starting and ending frequencies are different, which can be defined by



Research on the Antagonism Mechanism of Human Color Vision 53
Table 1. The parameters for CSF multi-channel decomposition model
ap a2 a3 b, by bs C1 C2 C3
L ]03793 ]0.5008 |0.2815 [3.092 |6.26 10.11 3.261 6.232 12.42
4 ) by b, C1 C2
r-g 1.126 0.3415 —7.435 5.467 14.95 5.52
y-b 1.023 0.1406 —1.184 9.4 5.066 9.118

defining the size of the filtering window Hsize. The calculation of the filtering window
size is expressed as Formula 6:

FWHM =2 -¢; - sqrt(21In2)

Hsize = FWHM x SpD

(5)
(6)

Therefore, Gaussian filter operator convolution in the opposite color space of the
human visual can be calculated with the sub-images decomposed by the spatial scale of
the image and the Formulas 3 to 6. It can realize the simulation of spatial color multi-
scale processing algorithm of the human eye color antagonism mechanism:

Low(x,y) = L(x,y) +wi >0, lix,y) @ Li(x,)
R—Gout(x7 y) = R—G(-x7 y) + Wi Zi:l r—gi(x7 )’) ® R—Gi(x7 y)
Y_Bou(x,y) = Y_G(x,y) +w; i v_bi(x,y) ® Y_Bi(x,y)

(7)

In Formula 7, L(x, y), R_G(x, y) and Y_B(x, y) indicate black-and-white, red-
green and yellow-blue opposite color channel image separately which are input images.
Li(x, y), r_g(x, y) and y_bi(x, y) indicate filter operators corresponding to different
frequency bands of each color channel. w; indicates weight adjustment factor which is
a; in Table 1. Li(x, y), R_Gj(x, y) and Y_Bj(x, y) indicate sub-images of each color
channel after visual image-decomposed. L, (X, ¥), R_Gou(X, ¥) and Y_B,u(X, y)
indicate visual image processed after visual antagonism.

3 Experimental Results

The simulation calculation mainly includes the following steps: (1) converting the RGB
color mode image to the CIE Lab color mode image which describing color in the
opposite color space, (2) performing 3 scale filtering calculations on the L channel, and
performing 2 scales on the a and the b channel separately, (3) synthesizing the multi-
scale filtering result image in each channel separately (4) converting the Lab color
mode image into the RGB color mode image.

In order to verify the performance of the algorithm to predict the color constancy,
The Xrite ColorChecker SG (hereinafter referred to as CC) color standard is captured
by the Nikon D700 camera in a neutral gray darkroom environment in this experiment.
Four kinds of light source which are CIE D50, D65, A, C, and two kinds of luminance
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which are 1000 1x and 500 Ix are used in this experiment. For each combination of
illumination and light source, the experiment gets the images under two kinds of
situations. Situation 1, custom shooting situation, turns off all the automatic color
correction functions of the camera, and set the camera shooting color temperature
which is the closest to the actual measurement value. Situation 2, auto white balance
shooting, images with automatically white balance of the camera under corresponding
environment. A total of 16 test images are achieved in this experiment.

4 Analysis and Discussion

The test images are divided into two groups. The first group of 8 images is obtained by
the custom shooting situation and calculated using the algorithm proposed in this paper.
The second group of 8 images is obtained by the automatic white balance shooting
situation. Taking the measured values of the CC card under the D50 light source as the
standard values, the color difference calculations are performed respectively with the CC
card values in the two groups of images. The color difference formula adopts the CIE
DeltaEOO (hereinafter referred to as DEOO) color formula. And the average value and
standard deviation of the color difference DEOO of all the color patches in the CC card
are used as evaluation indexes. The color difference calculation result is shown in Fig. 2.
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Fig. 2. The results of the DEOO color difference

In Fig. 2, the ordinate indicates DEOO, the abscissa indicates the shooting color
temperature, O AWB indicates the color prediction accuracy of the automatic white
balance algorithm, and x Proposed indicates the color prediction accuracy of the
algorithm proposed in this paper. The vertical line in Fig. 2 expresses two statistical
parameters of color reproduction, the average color difference (indicated by the center
point position) and the standard deviation (indicated by the length of the line segment).
The lower the center point and the shorter the line length is, the higher the prediction
accuracy is. Figure 2 shows that when the color temperature is higher than 4000 K, the
standard deviation of the prediction results using the algorithm of this paper is
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obviously small (the blue line in Fig. 2 is shorter) and the prediction accuracy is higher
than the white balance algorithm of the camera. when the color temperature is lower
than 4000 K, the algorithm has no obvious advantage compared with the camera
automatic white balance algorithm. For the case of 2500 K, the average prediction
result is larger than the camera automatic white balance prediction, but the standard
deviation is relatively small. It shows that the color difference data is relatively small.
For the case of 2630 K, the prediction result of this algorithm is not as good as the
camera automatic white balance algorithm and the color difference is large. However,
as shown in Table 1, this image is captured under the condition of A source illumi-
nation and 1000 Ix. The color temperature deviation between ambient light source and
setting is also the largest which is greater than 50. Based on the comprehensive
comparison results, it can be considered that the prediction performance of the algo-
rithm proposed in this paper is relatively better than that of the professional white SLR
automatic white balance algorithm in color constancy.

5 Conclusions

The paper argues that the processing of color information by the human eye visual
antagonism mechanism is a mapping between spatial scale and spatial frequency tuning
curve. In this paper, the CSF model of the opposite color space is used to calculate the
isotropic Gaussian filter operator by Gaussian function fitting when simulating the
spatial frequency tuning curve of human visual space. Based on this, the simulation
algorithm of human eye color visual antagonistic mechanism is proposed. The
experimental results show that the prediction performance of the algorithm is not lower
than the automatic white balance performance of high-end digital SLR cameras in color
constancy of human visual vision. The focus of this paper is on theoretical reasoning
and simulation verification. Due to the lack of measurement data of human visual
spatial frequency tuning curve, the multi-scale filter operator in the paper only repre-
sents the theoretical reasoning characteristics of the visual spatial frequency tuning
curve, so the operator characteristic of the instantiation algorithm needs to be sup-
plemented which is the direction for the efforts in the future.
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Abstract. Based on the chemical kinetic model, the effect of influencing factors
on the rate of change and the reaction mechanism of organic matter in the
process of change were recorded. In this paper, 240 h aging simulation of the
commonly used color printing materials—untreated Xuan Paper, treated Xuan
Paper and the oil painting board was simulated. By analyzing the LCH, X, Y, Z
values and spectral reflectance of the same pigment on different substrates, the
faded model of the painted substrate can be constructed according to the
chemical kinetic model. In this paper, the precision coefficient SSE and the
decision coefficient R-square are chosen as the evaluation parameters to con-
struct the model. The precision coefficients SSE of the resulting untreated Xuan
Paper, treated Xuan Paper and the oil painting board are respectively 1.1452,
0.4911 and 0.6461; the decision coefficients R-square are 0.3393, 0.3037 and
0.4994. The results show that the faded model built error is small, simulated
color fading effect is good. The faded model reflects the rull of fading of dif-
ferent substrates: With the extension of aging time, the chromaticity of untreated
Xuan Paper is reduced and the hue becomes yellowish; the tone of treated Xuan
Paper is more stable, brightness increased; the chromaticity of the oil painting
board increased. This conclusion provides constructive guidance for the high
simulation of artwork.

Keywords: Dynamic model - Printing materials - Fade model - SSE + R-square

1 Introduction

As a treasure of traditional culture, painting depicts the cultural characteristics of
various periods in China. However, with the passage of time, the changes of the
environment, the protection and restoration of painted calligraphy and painting, also
faces enormous difficulties. Focusing on the study of the fading and restoration of
painted calligraphy and painting is the primary task of protecting painted painting and
calligraphy.

China’s painted paintings and foreign oil paintings cannot avoid the problem of
fading and discoloration [1]. Therefore, in order to protect cultural heritage, scholars at
home and abroad have conducted a lot of research. For example, Soo-Chang adjusts
yellowed paper by color correction and adjusts faded pigments by enhancing saturation
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[2, 3]; Pan Yunhe, a fellow at Zhejiang University, studies the virtual restoration of
Dunhuang frescoes based on the experience of Dunhuang workers [4]; Shanxi History
Li Yuhu, the director of the Cultural Heritage Protection Science Research Center,
invented the technique of painting and visual restoration to restore the original outline
of the painting [5]. Although there have been various advances in the study of the
fading and restoration of painted paintings, the ancient painting restoration techniques
based on color adjustment and the ancient painting color restoration methods based on
multi-spectral images still need to further improve the accuracy [6-8].

In this paper, the aging test is used to explore the law of fading of painting and
calligraphy, and the advantages and disadvantages of existing research are combined to
restore the aging environment as realistically as possible [9—12]. The chemical kinetic
model is used to record the influence of the influencing factors of organic matter on the
rate of change of the organic matter, so as to improve the accuracy of the restoration of
painting and calligraphy [13-15]. It is of great significance for the protection and
restoration of painted calligraphy and painting.

2 Substrate and Representative Pigment Aging Model

2.1 The Experimental Process

The aging simulation was carried out by selecting untreated Xuan Paper, familiar
propaganda and oil painting board [16—18]. Apply solid color blocks and color blocks
to the substrate to cover the color of the paper [19, 20]. Through the above method,
three experimental samples containing 34 colors were obtained, each of which con-
tained 24 solid colors and ten mixed colors. The prepared sample was air-dried for use,
and the tristimulus value and spectral reflectance of the sample were measured.

The prepared color card is aged in a constant temperature and humidity ultraviolet
aging box. The temperature is set to 25 °C. Humidity is set to 60. Keep two ultraviolet
lamps 20 h per aging. After each aging, it is measured with an integrating sphere
spectrophotometer. The Color i control software was used to record the tristimulus
values and spectral reflectance of the paper white and color blocks of the three color
cards of untreated Xuan Paper, treated Xuan Paper and the oil painting board. A total
240 h of aging, and the aging time for each sample is 240 h. The L*, C* H*, X, Y, Z
values and spectral reflectance of each color of each color card are recorded each time.

2.2 Aging Models of Printing Materials

The Arrhenius model is a chemical kinetic mode. Chemical kinetics mainly studies the
influence of influencing factors on the rate of change and the reaction mechanism in the
process of change. It is widely used in all aspects of chemistry. The process of color
fading is also a process of organic changes. Therefore, the Arrhenius model of chemical
kinetics also applies to the study of color fading.
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The Arrhenius model, as shown in Eq. (1), reveals the essence of the effect of
temperature on the reaction rate and the more accurate empirical equation for the k-t
relationship.

Ea

k= k()e_ﬁ (1)

Among them, E means activation energy, ky known as a pre-finger or frequency
factor, both E4 and k( are empirical constants.

From the aging experiment, the trends of L*, C*, and H* of Shengxuan, Shuicuan
and oil painting boards are consistent. As the aging time increases, the brightness value
of the medium increases and the chromaticity value decreases. From the perspective of
the chromaticity angle, untreated Xuan Paper and treated Xuan Paper, are in the
direction of yellowish at around 90°; The oil painting board changed from 304.87 to
66.9, indicating that the oil painting board changes from blue to yellowish; These
changes are consistent with the actual aging of paper and oil painting boards, con-
firming the accuracy of the model.

Because paper is sensitive to ultraviolet light, it usually takes a severe chemical
bond break after 10-20 h of irradiation. Untreated Xuan Paper, treated Xuan Paper
have a significant change in L* and C* values before aging until the 20th hour.
Therefore, in the establishment of the aging model, the birth and maturity should be
analyzed from the 60th hour of aging. The oil painting board has a large reduction after
60 h of aging, and the color change is too large. The model should be selected from the
80th hour of analysis. It can be seen that the aging phenomenon of the oil painting
board is not obvious, which is the main reason for the long retention period of the oil
painting works (Figs. 1, 2 and 3).
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Fig. 1. Aging trends table of L* values of untreated Xuan paper, treated Xuan paper, and oil
painting boards
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Fig. 3. Aging trends of H* values of untreated Xuan Paper, treated Xuan Paper, and oil painting
boards

Combining the aging trend of untreated Xuan Paper with the Arrhenius model, the
aging model function of untreated Xuan Paper can be obtained as Formula (2).

L = 92.746(5.741676)1‘

C* = 3.304e0-002192 )

h* — 93 .66670.000564%

Combining the aging trend of treated Xuan Paper with the Arrhenius model, the
aging model function of treated Xuan Paper can be obtained as Formula (3).

L* = 91.92¢l%7
Cc* = 5.359670'000861% (3)
= 88.696(8.766675”
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Combining the aging trend of Oil Painting Boards with the Arrhenius model, the
aging model function of Oil Painting Boards can be obtained as Formula (4).

L = 91 .056(74.643675)l
Cc* = 0.85096_0'001652t (4)
h* — 1 1.7e04007378l

3 Results and Discussion

The aging model test image obtained by untreated Xuan Paper’s aging function model
can be further obtained as Fig. 4.
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Fig. 4. An L* (a), C* (b), H* (¢) curve of untreated Xuan Paper aging model
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It can be seen from the image that the brightness change of untreated Xuan Paper is
relatively small. As the aging progresses, the color of the raw will be biased toward the
yellow. The precision coefficients SSE of the L*, C*, and H* value function models are
1.792, 0.7197, and 0.92.4, respectively. R-square is 0.005205, 0.5585 and 0.4541,
respectively. On the whole, there are certain errors, but constructively apply the aging
chemical principles to data.

The aging model test image obtained by treated Xuan Paper’s aging function model
can be further obtained as Fig. 5.
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Fig. 5. An L* (a), C* (b), H* (¢) curve of treated Xuan Paper aging model
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It can be seen from the image that the fluctuation of the treated Xuan Paper change
is relatively small. As aging progresses, it will continue to shift in the yellow direction.
The precision coefficients SSE of L*, C* and H* value function models are 0.6692,
0.3781 and 0.4259, respectively. R-square is 0.000383, 0.5862, and 0.3245, respec-
tively. Overall, the fitting effect error is small, which improves the high-precision
reproduction of painted paintings and paintings.

The aging model test image of the fitted model can be further obtained by the aging
function model of the oil painting board as Fig. 6.
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Fig. 6. An L* (a), C* (b), H* (c) curve of oil painting panel aging model
It can be seen from the image that the brightness of the oil painting board is lowered

and the chromaticity is increased. As the aging progresses, the oil painting board
changes from a reddish to a yellowish direction. The fitting precision coefficients SSE
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of the L*, c*, and h* value function models are 0.6956, 0.1068, and 1.136, respec-
tively. The R-square is 0.3777, 0.432, and 0.6884, respectively. From the fitting effect,
the law of color fading based on the chemical kinetic model can accurately reproduce
the true color before color fading.

4 Conclusions

Painted calligraphy and painting has a very high appreciation and human value.
However, as time goes by, it is prone to problems such as yellowing and fading. The
restoration of faded color paintings is a difficult technical issue. The use of information
technology to protect and restore painted paintings and calligraphy has important
significance in the protection of cultural relics.

This paper combines the chemical kinetics Arrhenius model with the actual aging
experiment to explore the law of fading of painted paintings. Combine various
influencing factors, find out the law of color fading of painted paintings, and establish a
fading model of color substrate materials. Through the established model, the state of
the color after aging in a certain period under experimental conditions can be suc-
cessfully introduced. And the model takes the fitting precision coefficient and the fitting
variance as the measurement parameters, and the obtained model has high accuracy and
close fitting to the actual aging process. This conclusion is of great guiding significance
in the replication of art.
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Abstract. In order to promote the greening of flexographic printing and reduce
the waste of consumables such as plates and printing materials. It is necessary to
accurately predict the spectral reflectance of flexographic film-type printing and
establish a spectral reflectance color prediction model for flexographic film
prints. The prediction model of flexographic film prints is based on the theory of
multiple internal reflections of photons in a plastic film substrate and horizontal
transmission inside the plastic substrate, assume that the film and the ink have
the same refractive index and the flexographic print is placed on a standard
white background. Finally, we tested our model on a flexographic printing
machine. Good agreement was found between the predicted and measured
reflectance for the flexographic printed patches. The model could be used in
prepress color prediction and virtual color proofing, significantly reduce printing
materials and energy consumption.

Keywords: Halftone prints - Prediction model - Reflectance model
Flexographic process

1 Introduction

As an environmentally friendly printing, flexographic printing is increasingly used in
packaging products around the world. Flexographic printing has become the fastest
growing printing method in the printing process worldwide. Especially in the field of
packaging, flexographic printing has been widely used in various types of packaging
printing. With the continuous development of science and technology, the flexographic
printing process has been continuously improved, and flexographic printing will have a
broader development space with the development of the packaging and printing
industry. In order to better save energy and reduce emissions and reduce the waste of
printing raw materials, it is necessary to have a good flexographic printing color
prediction model to accurately predict the printing color. Printed image color theory
can be divided into two categories. One is for halftone prints such as the Neugebauer
equation, the Yule-Nielsen model and the classic Clapper-Yule model. The other is the
K-M theory based on the principle of continuous color reduction. These theories have
made a significant contribution to color control in the printing industry.
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In 1937, Neugebauer first used mathematical methods to indicate the propagation of
light between paper and ink after it entered the printed matter. Although this is a
mathematical relationship obtained under perfectly ideal conditions, and the model
can’t solve its value by conventional calculation method, it is this way of thinking that
promotes the development of later color prediction models. In 1953, based on the
Neugebauer equation proposed by Neugebauer, Clapper and Yule considered the
interaction of light into the coloring matter and the actual propagation of light inside the
printed matter, and came up with the classic Clapper-Yule color prediction model.
Later, Williams and Clapper considered the propagation law of light in the ink layer,
and obtained the Williams-Clapper color Prediction model [1, 2]. However, Clapper-
yule, like the Williams-clapper model, does not consider the effects of paper base,
coloring layer and air-coloring boundary on light reflection and transmission. When
multicolor ink overprinted, the calculations become complex and error-prone, resulting
in unsatisfactory prediction results.

Therefore, it is necessary to establish a color spectrum prediction model for half-
tone prints to accurately control the color of printed matter to achieve optimal color
reproduction. In the process of color reproduction, accurately predicting the color
rendering characteristics of color halftone prints, and establishing a spectral reflection
color prediction model for flexographic halftone prints is a topic of printing equipment
characterization and printing quality control.

Based on the theory of multiple internal reflections of light in a plastic film sub-
strate and lateral propagation of light inside the plastic film substrate, the paper assumes
that the film substrate and the ink have the same refractive index and the film is placed
on a standard white substrate. It is consistent with the actual measurement method of
the printing industry.

The structure of this paper is as follows: In Sect. 2, spectral reflectance model for
flexographic film prints is proposed. Then, in Sect. 3, an experimental and results of the
model is given. In Sect. 4, draw conclusions.

2 Spectral Reflectance Model for Flexographic Film Prints

The ink penetrates into the paper when it is printed. The printing ink of flexographic
film printing can’t penetrate to the interior of the substrate, but it is adsorbed on the
surface of corona-treated film. Therefore, the color prediction model for plastic film is
very different from the paper-based color prediction model [3-5].

In the prediction of the color of paper prints, the ink penetrates to the interior of the
paper, so when photons are returned from the plastic base to the upper interface, only
the inside reflection of the plastic base and the non-image area needs to be considered,
regardless of the colored upper interface reflection. In flexographic of plastic films
printing, since the ink is adsorbed on the surface of the film, in addition to considering
the internal interface reflection of the plastic and air, the reflection between the image
area and the plastic film interface is also considered. Therefore, these situations are to
be considered and a new model is built.
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In order to create a new color prediction model, first, we consider that only one
color is transferred to the plastic film. In the case of the imaged area and the non-
imaged area, as shown in Fig. 1.

R =(1-r)(1—a+at)r,t, /

[(1—a)+ar(1-1)] R-[6r,r-(1—a+a-r)]

n-1

Inked layer

(1 r) 1 a) f Lo (1 a+a-t’
(]—}’;)at l Vé']~lj"-ti"
l r=r-(1—r)- \ l—a+a-¢*) Plastic substrate
(1-7)-(1—a+a-1) (l—a+a-0) N
tr 7. 1 a+a-t’ ]

\ } / White backgroud

Fig. 1. Multiple internal reflection process of flexographic plastic prints

Assume that the ink dot area coverage on the film substrate is a, the probability that
a light beam enters the film through the ink (as the ink transmittance) is ¢, and the
probability of directly entering the film substrate of non-image area is (1 — a). The
index of refraction of the ink and film substrate is approximately equal, the trans-
mission of the film substrate is 7,, the substrate reflectance is r,, and the reflectance
between the inked layer and air ir151de interface is r; [6-9].

When a beam of light with unit intensity energy is incident on the air and printed
interface, the first surface reflectance between the air and film substrate interface is r.
The reflected light reaches the spectrum measuring instrument is K, the light reflected
from the first surface is,

Ry = Kr, (1)

Then only (1 — r,) parts enter the surface of the print. Therefore, the light that
enters the film through the ink is (1 — r,) at, and the light that directly through the
plastic film is (1 — r,)(1 — @). The sum of the light in these two parts is the light which
enters the film substrate at the first time. Its size is (1 — ry)(1 — a4 ar).

Since the total reflectance of the film substrate to light is r,, the light entering the
film base is diffusely reflected by the white background, and the light reaching the
upper surface of the film base is r,z,.

The other part of the light, reflected by the inside surface of the plastic film, will
then be split into two parts, one part out of the surface of the print and the other part
back to the film substrate. The light emitted from the surface of the print has two parts,
one part directly passes through the surface of the print, the size is
(1 =r)(1 —a+at)ry2(1 — a), and the other part passes to the ink area. Since the
reflectivity of the inked layer inside layer is r;. The light has r; part reflected to the film
substrate, and only the (1 — ;) part emerges from the ink layer. This portion of light
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has a size of (1 — ry)(1 —a+ at)rgtf, -at(1 — r;). The sum of the two parts is the light
emitted from the surface of the print product for the first time. Its intensity is,

Ry = (1 —ry)(1 —a—l—az‘)rgtz[(l —a)+at(l —r)] (2)

The intensity of the light reflected back to the film substrate is also composed of
two parts, one is the size of the part of the light reflected by the blank part back to the
film base, and the other part is reflected by the ink from the interface between the ink
layer and the non-image area. The intensity of photons emitted from surface of the
printed product again is:

Ry=(1—r\)(1 - a—&-at)@tﬁ[(l —a) +at*- r,»] rel(l —a)+at(l —r)]  (3)

Similarly, the intensity of the light emitted from the surface of the printed product
for the nth time is:

Ro=(1—r)(1 —ata)2{r,[(1 —a)+r-a]}"" @
1e[(1 — a) +at(1 — r;)]

By considering the photons from all inside reflections, we obtain the spectral
reflection model.

(1 =r)(1 —a+at)rg[(1 —a)+ar(1 —r;)]

R = Kry
Kot 1 —r5[(1 —a) +r; - ar’]

(5)

3 Experimental and Results

To prove the accuracy of the model, color control bar of flexography prints have been
measured. The dot area coverage of cyan, magenta and yellow are 0.25, 0.5, 0.75, 1,
respectively. Based on the reflectance between the prediction model calculated and the
X-Rite Exact device measured, the CIE L*a*b* value we are calculated through
MathWorks MATLAB 2016a. The color difference CIEDEOO of each control bar
between measured and predicted is then calculated.

The measuring instrument is X-Rite Exact spectrophotometer. Spectral Range is
from 400 to 700 nm. The measurement conditions are D50/2°, M1, Status T. Mea-
surement Geometry is 45°/0° ring illumination optics. The flexographic equipment is
TAIYO CI Press, and the screening frequency of printing is 150 LPL.

According to the measurement and Eq. 5, we get r, = 0.05, K =0, r; = 0.65,
tp = 0.9. The color difference CIEDEOO of test patches between measured and pre-
dicted (Eq. 5) are as follows (Table 1).
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Table 1. Color difference CIEDEOO of control bar between measured and predicted

Test patches (%) Color difference (CIEDEOO)
C25 2.01
C50 0.96
C75 0.72
C100 0.02
M25 1.90
M50 0.75
M75 0.71
M100 0.01
Y25 0.86
Y50 1.74
Y75 0.85
Y100 0.01

4 Conclusions

The study assumes that the ink and plastic film are non-scattering media. Based on the
theory of multiple internal reflections of light in a plastic film substrate and lateral
propagation of light inside the plastic film substrate, assumes that the film substrate and
the ink have the same refractive index and the film is placed on a standard white
substrate, the reflectance model for flexographic film prints is proposed. In the color
difference result, maximum and minimum color differences are 2.01, 0.001. The results
show that the predicted reflectivity of the model is very consistent with the measured
reflectance. The established model can provide a method for flexographic halftone
prints to accurately control the color of printed matter to achieve optimal color
reproduction. In the future work, we will test more colors including gray balance
patches to improve the model and expand the scope of the model.
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Abstract. This study is aiming to investigate the adaptive white point of dif-
ferent images on a display in terms of preference and naturalness under a dark
condition and five ambient lighting conditions with different correlated color
temperature (CCT). Under each ambient lighting, the natural and preferred white
points were assessed by eleven observers using a categorical judgment method.
The data were analyzed by the weighted average method in term of CCT and the
departure from the Planckian locus (Duv) for each ambient light. The results
showed a general agreement between the preferred and natural white points, the
adapted white also varied according to different images. The white point of the
display was also dependent on the CCT of the ambient illuminant. The Duv
value for the Preferred and natural white points are both slightly below the
Blackbody locus (BBL).

Keywords: White point -+ Chromatic adaptation

1 Introduction

Manufacturers for mobile devices are interested to achieve high image quality, for
which white balance has been a major issue. The white point is typically specified by
CIE x, y chromaticity coordinates, or correlated colour temperature (CCT) and the
distance from the Planckian locus (Duv). The experiments to look for pure white have
continued since last century [1-8]. Most people did research to find an adaptive white,
then moved on to find white locus. They mainly used patches illuminated by light
sources. Until recently, electronic products play an increasingly important role in work
and life, display white is becoming increasingly interested. Choi and Suk [9] and
Huang et al. [10] recently reported their research results.

Choi and Suk investigated [9] the image of black texts against a white paper on a
tablet display in a room both under varying ambient lighting condition and in the dark
environment. The results showed that CCT of the dark-adapted white was 7300 K, and
the Duv value is positive which means the white point is above the BBL. It was also
found that the adapted whites were ranged from 6179 to 7479 K in CCT and from
—0.0038 to 0.0144 in Duv under chromatic-adaptive conditions. Huang et al. [10]
investigated the white perception of a white screen on a tablet display under 17 ambient
lighting conditions surrounding the BBL including a dark condition. Their results
showed that when the CCT of the ambient light higher than 3000 K, the adapted white
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also has a higher CCT on the BBL. However, when the CCT of ambient light is lower
than 3000 K, the adapted white is lower than the BBL but has a higher CCT. Although
Huang et al. [10] conducted their experiments on displays, they used uniform white
colour covering the full screen, which was rarely used in the daily life. Choi and Suk
[9] only studied one image (black texts on white paper) which was somewhat limited.
Besides, they asked observers to judge degree of “optimal” white, which could be
difficult to understand. The goal of this study is to identify the most “preferred” and the
most “natural” white point for images on a display under a set of ambient lighting
conditions in a real room, which can be applied in practical applications.

2 Experiment Setup

2.1 Lighting Conditions

A psychophysical experiment was conducted to identify the most “preferred” and the
most “natural” white point. The experimental room arranged as an office environment
illuminated by a spectrum tunable LED system. The system can accurately produce
desired sources with CCTs ranged from 2000 to 20,000 K. And many other light
parameters cloud be precisely controlled, including CIE Ra, Duv, luminance and
intensity. Five ambient lighting conditions close to zero Duv but varying CCTs at
3000, 4000, 5000, 6000, 7000 K were used in the experiment, which all keep a
constant illuminance level of 300 lux at the table top. The dark condition was set an
illuminance below 2 lux.

2.2 Stimuli

Figure 1 shows the four original images used in the experiment. Image ‘Text’ was
made by typing black Chinese calligraphy on white background. The other three
images were selected to include contents of memory colours such as variety of fruits
and skin colors from the images used in the previous study [11]. They represent the
typical image contents used on mobile phone display.

Each original image under 6500 K was rendered by CATO02 chromatic adaptation
transform [12]. As a consequence, 96 stimuli images were generated, i.e. 4 original
images x 24 white points. Figure 2 shows the 24 white points varying at 6 CCTs
(3000, 4000, 5000, 6500, 8000, 10,000) and 4 Duv levels (—0.02, —0.01, 0 and 0.01). It
was designed to cover a large colour gamut uniformly close to BBL.

2.3 Experimental Environment

Figure 3a shows the experimental setup. An EIZO CG243W display (24") was used. For
each image, a white border was included, which forced observers to adapt to the image
white point. The width of the white border was 1.6 cm on the vertical direction and
1.2 cm on the horizontal direction. A black instead of gray background on the display
was used to avoid chromatic adaptation induced by the surrounding environment.
When the ambient lighting is on, the glare was added to the image with a level
below 2 cd/m?. In the experiment, observers were asked to be seated in front of the
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white border luminance: 100 cd/m?

Fig. 3. a Experimental environment, b real environment

display and were instructed to observe the images on the display. The viewing distance
about 60 cm (the distance used in daily work and learning), providing an image
stimulus field of view (FOV) of 30°, a display and adaptation white border FOV of 46°
and 3°, respectively. Hence, all of the chromaticity values were calculated with the
CIE 10° observer. The display was switched on for at least an hour before the
visual experiments to ensure a stable luminance output. The size of the room was
6 m X 5 m x 3 m, the walls were white and a majority of the furniture were black.
Figure 3b shows the experimental environment.

This study involved totally 11 participants (5 males and 6 females) with a mean age
of 22 ranged from 21 to 27. They all are the volunteers from ZheJiang University and
were agree that the experimental data based on their judgement was used for publi-
cation. All participants passed the Ishihara’s colour vision test. The participants were
asked to assess stimuli in terms of preference and naturalness using a six-point scale,
respectively. The scale ranged from —3 (least preferred/natural) to +3 (most
preferred/natural). In total, 1152 times of judgment were made in the experiment: 96
(display stimulus) x 6 (illuminants) x 2 (questions).

3 Analysis and Discussion

3.1 Weighted Average Result

A weighted averaged method was used to calculate the most natural and preferred
image white point. Each observer’s raw data were processed to obtain acceptance
percentage which means the proportion of the observers who considered the white
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point of the image is natural or preferred. The average scores for each image at each
white point were calculated and ranked in a descending order. The most natural and
preferred image white points were computed by the tristimulus values of the white
points whose acceptance percentage is high enough and taking the acceptance per-
centage as the weight. Equation (1) explained the operating steps of the weighted
average method.

SO W,
Tw :;7 (1)
Zi—l Wi

where T is one of the tristimulus values (X, Y, Z); T; represents the stimuli of the high
acceptance white points which had highest total scores among the twenty-four image
white points; W; is the mean score of all the observers; 7T, are the weighted average
tristimulus values of the most natural or preferred white points. The CCT and Duv were
obtained from the weighted average tristimulus values. Tables 1 and 2 shows the
weight result of the preferred and natural image white point under varying ambient
lighting conditions.

Table 1. Preferred white for all images under 6 lighting conditions

CCT of the light | Dark 3000 K | 4000 K | 5000 K |6000 K | 7000 K
1. Fruit | CCT (K) | 4578 4208 4680 4749 4851 5331
Duv —0.0025 | —0.0045 | —0.0034 | —0.0024 | —0.0022 | —0.0013
2. Kids | CCT (K) | 5008 4821 4976 4971 5069 5187
Duv —0.0028 | —0.0028 | —0.0028 | —0.0027 | —0.0028 | —0.0028
3. Lady | CCT (K) | 6644 5133 5515 5672 5656 5693
Duv —0.0007 | —0.0020 | —0.0015 | —0.0015 | —0.0013 | —0.0012
4. Text | CCT (K) | 7607 5947 6284 7081 7145 7219
Duv —0.0003 | —0.0015 | —0.0007 | —0.0007 | —0.0001 | —0.0006

Table 2. Natural white for all images under 6 lighting conditions

CCT of the light | Dark 3000 K {4000 K 5000 K | 6000 K | 7000 K
1. Fruit | CCT (K) | 4599 4197 4596 4623 5175 5319
Duv —0.0021 | —0.0041 | —0.0031 | —0.0020 | —0.0023 | —0.0021
2. Kids | CCT (K) | 5220 4943 5005 5105 5119 5138
Duv —0.0023 | —0.0030 | —0.0027 | —0.0029 | —0.0026 | —0.0027
3. Lady | CCT (K) | 5894 5444 5470 5561 5689 5803
Duv —0.0014 | —0.0025 | —0.0016 | —0.0014 | —0.0013 | —0.0012
4. Text | CCT (K) | 7578 5869 6261 6822 7054 7835
Duv —0.0007 | —0.0011 | —0.0007 | —0.0006 | —0.0005 | —0.0006
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The correlation coefficient r between preference and naturalness scores, from the
present study r as high as 0.912. The values of 0.911, 0.901 and 0.62 were found
between naturalness and preference according to individual lighting conditions, indi-
vidual images and individual observer, respectively. These results confirm the good
agreement between naturalness and preference. The white perception take off a rather
large region. The CCT of the white point in the dark was higher than that in the varying
ambient lighting conditions. While the Duv of the white point under both conditions
were found to be below the BBL. The result was found to be image-dependent. For
example, the average preferred CCT of the ‘Fruit’ image was only about 5000 K, but
that of the preferred CCT of the ‘Text’ image was 7000 K. This implies the natural and
preferred white points were dependent on the images. Besides, all images had same
tendency, the CCT of image white points increases when the ambient light CCT rises.
This indicates that image white point also was highly dependent on the chromaticity of
the ambient illuminant.

3.2 Compare with Former Studies

For ‘Text’ image, the most natural and preferred image white points were at 7600 K for
dark environment, which is close to Choi and Suk’s [9] result 7200 K and Huang
et al.’s [10] result 7900 K. The CCT of the image white points under chromatic-
adaptation condition were also very similar to Choi and Suk’s result, with the range
from 6000 to 7300 K while Huang et al.’s CCT was higher at the range from 6600 to
7300 K. Besides, the natural and preferred Duv of the Text image was slightly below
the BBL in the present study while the proposed white point is slightly above the BBL
in Choi and Suk’s result. While Huang et al.’s Duv was more negative than that of
present study (Table 3).

Table 3. Compare results of different study groups

CCT of the light Dark 3000 K 4000 K | 5000 K |6000 K | 7000 K
Ours CCT (K) | 7607 5947 6284 7081 7145 7219
Duv —0.0003 | —0.0015 | —0.0007 | —0.0007 | —0.0001 | —0.0006
Huang et al. [10] | CCT (K) | 7924 5975 6647 7082 7690 8395
Duv —0.0055 | —0.0079 | —0.0067 | —0.0044 | —0.0025 | —0.0005
Choi et al. [9] | CCT (K) | 7246 5769 6124 6723 6970 7326
Duv 0.0010 |0.0019 0.0022 |0.0052 |0.2259 |0.0640

3.3 General Discussion

The image white points were investigated both in the dark and under chromatic-adapted
ambient lighting conditions on the display. The dark-adapted white region was shifted
towards a higher colour temperature and slightly under the BBL. Moreover, the
chromatic-adapted white have a lower CCT and negative Duv values. The present
study also found that there are well agreement between natural white points and
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preferred white points. From the results, it was also found that no matter how the
images and illuminant changed, the natural white points were always higher than the
preferred white points. This implies that the images viewed under higher CCT would
appear more natural and those under slightly lower CCT would be more preferred. The
experiment found that image white point was dependent on both the image itself and
the chromaticity of the ambient illuminant.

This study was aimed to investigate the effect of the chromaticity of ambient
lighting conditions on display images, the effect of illuminance level was not consid-
ered, while Smet et al. [7] and Walraven and Werner [13] confirmed that white per-
ception is luminance invariant. Additionally, as mentioned in the introduction, the
standards of white points differ substantially depending on the applications and a
culture influence. Hence, it would also be valuable to evaluate whether any cultural
effects exist on the perception of white. Overall, the present study can be used to
enhance image quality on computer and mobile displays. Our wish is to contribute the
findings to achieve the preferred or comfort white balance.

4 Conclusions

An experiment was conducted to study the naturalness and preference of image white
point under varying CCT conditions. Weighted average method was used to allocate
the most natural and preferred image white point of four typical indoor images. The
results showed that the most natural and preferred image white points were image
dependency and the white point was also dependent on the chromaticity of the ambient
illuminant. White points with negative Duv (-0.0041 ~ —0.0005 and
—0.0045 ~ —0.0001 levels) were seemed natural and preferred. The results of this
study can be used to enhance image quality on computer and mobile displays.

Compliance with Ethical Standards. Conflict of Interest: The authors stated that they had no
conflict of interest with the experimental subjects.

Ethical Approval: All the procedures carried out in the research involving human participants
were in line with the Academic Rules of Engineering Graduates of Zhejiang University and 1964
Helsinki declaration and its subsequent revisions or similar ethical standards.

Informed Consent: All individual participants included in the experiment were informed and
agreed that the results of this study were used for academic research and publication of the paper.
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Abstract. To compare the color discrimination and then to study the retinal
spectral response between young and old observers, 18 pairs of nearly meta-
meric color patches based on 3 target colors (gray, nigger brown and light
brown) were prepared, 40 color-normal observers (26 young observers aged
from 20 to 25 and 14 old observers aged from 62 to 75) were organized to
conduct the color difference experiments by using the method of psychological
paired-comparison. The STRESS factor was computed between the visual color
difference and CIE DE2000 values calculated from different color matching
functions [CIE1931, CIE1964, S2, S6, S7, CIE2006 (age = 22, 68)]. The results
show that there are significant differences about the performances of color
matching functions (CMFs) between young and old observers. For young
observers, CIE2006 (22y) CMFs gets the best performance, attended by S2 and
S6 CMFs. For old observers, CIE1931 outperforms others.

Keywords: Color matching functions - STRESS - Color discrimination -
Nearly metamerism

1 Introduction

The CMFs of CIE1931 and CIE1964 only took into account the effect of small field of
view (1-4°) and large field of view (>4°) on human eye color perception, and did not
consider the difference of color vision of observers with different ages. The CIE2006
model was based on a great deal of work of Stockman and Sharpe [1], with the
reference of 47 CMFs under the Stiles and Burch [2] 10° view field. The model
provided the average cone fundamentals of the observer that can calculate any field size
between 1° and 10° and any age between 20 and 80.

In 2011, Sarkar [3] proposed eight different CMFs by using cluster analysis
methods to analyze 47 individual CMFs of Stiles-Burch data and 61 CIE2006 CMFs,
hereinafter referred to as S1, S2, ..., S8 color matching functions. But the performances
of the CMFs are still needed to be tested, especially for individual observers with
different ages.

© Springer Nature Singapore Pte Ltd. 2019
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2 Experimental

2.1 Lighting Source

The viewing cabinet used in this experiment was THOUSLITE LED Cube illumination
device, which color temperature could be adjusted to simulate the LED lighting con-
ditions at 5000 K. The spectral power distribution measured by Photo-Research PR655
spectral radiometer is illustrated in Fig. 1. Moreover, the illuminance received at the
bottom of the viewing cabinet was 1117 Ix. Most importantly, the color rendering
index was 98.2. Figure 2 presents the diagram of color samples at 5000 K.
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Fig. 1. Spectral power distribution of light illumination

Fig. 2. Diagram of color samples
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2.2 Colors Samples

Three colors (gray, nigger brown and light brown) in the color card (published by
China Popular Color Association in 1987) were selected as the target samples in the
visual experiment, six comparative colors with different reflectance were chosen from
hundreds of color samples around each target sample. Epson Stylus Pro7908 inkjet
printer and Color long Inkjet soft proofing paper were used to prepare comparative
samples. The size of all samples was both 5 cm x 5 cm. Their spectral reflectance
measured by the e-Xact spectrophotometer is shown in Fig. 3.
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Fig. 3. Spectral reflectance curves of the target and compared color patches

Experimental samples were made according to CIE DE2000 color difference ten-
dencies computed by CIE1931 and CIE1964, which colorimetric values and CIE
DE2000 color difference are summarized in Fig. 4 and Table 1. For example, in the
gray center, CIE DE2000 color difference increase/decrease from color pairs #1 to #6
using the CIE 1931/1964 standard observers.

gray ¥ CIE1931 0 nigger brown *CIE1931 light brown | 3
6.0 ! 6.0
= CIE1964 1 CIE1964 = CIE1964
4.0 4.0 4.0
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E g g
2.0 ‘I. 2.0 I I i 2.0 I I i
0.0 0.0 0.0
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

Color patches Color patches Color patches

Fig. 4. CIEDE2000 color-difference calculated by CIE1931 and CIE1964

2.3 Experimental Process

26 young observers (9 males and 17 females) and 14 old observers (5 males and 9
females) with normal color vision participated in the paired comparison experiment.
Young observers’ ages varied from 21 to 24, with the average age of 22. They are both
students from Beijing Institute of Graphic Communication with a background of color
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Table 1. Color samples’ colorimetric values and CIEDE2000 color-difference values

CIE1931 CIE1964

L" 2" |b" |AEy Lj, |aj, |bj, |AEg
Target (gray) 4431 |-1.12| 2.76 44.18 | —0.27 | 2.48
1 4557 |—1.41| 2.10|1.41 |45.66|—-2.21 | 2.86|3.03
2 4494 |—1.24| 128|150 |45.05|—2.12| 2.05|2.75
3 4528 |—0.71| 0.45|2.39 |45.38|—1.58 | 1.14|2.53
4 45.69 | —0.08 | 0.86|2.62 |45.79|-0.99 | 1.54|2.05
5 45.35| 1.00| 0.67|3.80 |45.45|—0.02| 1.33]1.63
6 4474 | 1.33] 1.11(3.94 [4485| 0.20] 1.83|1.10
Target (nigger brown) | 43.09 | 8.87|17.55 42.51| 10.92 | 16.38
7 42.42| 8.00|17.18|1.01 |42.18| 7.45|17.74|3.84
8 4270 | 8.63|15.62|1.22 |42.48| 791 16.17|2.88
9 43.17| 9.07|14.65|1.99 |42.95| 8.3915.07|2.25
10 43.57| 9.7815.01 |2.24 |43.35| 9.06|15.43|1.78
11 43.84|10.76 | 16.45 |2.31 |43.59 | 10.03 | 16.86 | 1.42
12 4328 | 11.51|15.79 | 3.17 | 43.04| 10.65 | 16.20 | 0.53
Target (light brown) |63.02| 12.07 | 30.25 62.14 | 15.01 | 28.83
13 63.88 | 10.71/29.29 | 1.19 | 63.42| 10.55/29.97 | 3.81
14 64.56 | 14.8431.80 |2.23 | 64.04 | 14.52|32.36|2.51
15 64.53 | 14.72 1 30.64 | 2.27 | 64.03 | 14.35|31.18 | 2.16
16 64.33 | 14.7829.39 | 2.50 | 63.86| 14.32/29.92|1.71
17 63.31| 16.43|30.05|3.26 |62.82| 15.86|30.57 | 0.97
18 63.63 | 16.29 |29.38 |3.38 | 63.16 | 15.6829.89 | 1.00

science. Meanwhile, old observers’ ages varied from 61 to 74, with the average age of
68. All of them are retired people.

The visual experiment was carried out in a dark room. The visual angle of
observation was about 45° and each observer about 25-30 cm in visual distance. Each
of target samples was placed in the center of the viewing cabinet, while the samples to
be compared were randomly placed on both sides of the target sample. Additionally, a
gray mask with a window of 5 cm x 15 cm was played on the target and compared
samples, whose Lj,aj,bj, values were 61.00, —0.76, —0.08. The color pair No. 1 was
composed of the target sample and a test sample 1 on the left, and No. 2 was composed
of the target sample and a test sample 2 on the right, observers need to judge which
color difference appears larger than the other by comparing with the target sample.
After that the results will be recorded and then the organizer randomly picks out a test
sample 3 to the observers.

All observers did 10 repeated experiments on each target color in the visual
experiment at different time intervals. For one observer, there are 15 [= 6 x (6 — 1)/2]
judgments about one target color. In total, there are 18,000 (= 15 judgments x 10
repetitions X 3 target colors x 40 observers) data sets.
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3 Analysis and Discussions

3.1 Visual Color Difference

The experimental data of each observer were recorded to calculate the probability.
Then the probability was converted to z-score. Finally, in order to get the visual color
difference data, a value of 3 was added to the z-score to eliminate negative values.
Thus, the visual color difference AV was obtained [4].

The mean values of the normalized visual color difference about young and old
observers are shown in Fig. 5. It can be seen that under the three target samples, the
visual color difference of the older observers show an upward trend, while young
observers show a decreasing trend.
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Fig. 5. Distribution of visual color difference for young and old observers

3.2 The Accuracy of the Observers

The root-mean-square error (RMSE) of each observer was computed to verify the
accuracy of the observers’ visual evaluation. The maximum values calculated by young
and old observers were 1.62 and 1.37, the minimum values were 0.24 and 0.37, and the
mean values were 0.75 and 0.67, respectively. The results of accuracy evaluation about
young and old observers were similar. Compared with previous experiments by Ou [5],
the accuracy of 16 young and old observers was 1.90 and 2.14, respectively. The
results of different observers in our experiment were reliable and effective.

3.3 Test Different Color Matching Functions

The CMFs used in this experiment were CIE1931, CIE1964, S2, S6, S7, CIE2006
(age = 22, 68). All color samples were chosen from different CIE DE2000 color dif-
ference tendencies calculated by CIE1931 and CIE1964. In our previous study [6], S2,
S6 outperformed others between young observers; while for old observers, CIE1931
CMFs had the best performance. The average age of young and old observers in our
experiment was 22 and 68 respectively. So 22y and 68y from CIE2006 CMFs were
chosen to evaluate the results.



Testing Cone-Cell Response of Young and Old ... 85

STRESS (Standardized Residual Sum of Squares) was used to determine the
consistency between the CIE DE2000 color difference data calculated by different
CMFs and the visual color difference data. The variety range of STRESS is 0-100, the
smaller the value is, the better the consistency between the two groups of data sets is. In
Table 2, the number labeled in bold font is the minimum STRESS value of the three
colors in each color matching function.

Table 2. Performance of different CMFs for young and old observers in terms of STRESS

CMFs CIE1931 CIE1964 |S2 S6 S7 22y 68y

Young | Max 75.20 62.85 53.17 16293 5596 |51.05 78.22
Min 40.43 18.45 15.52 16.63 | 24.06 14.54 4741
Mean |62.71 32.50 31.10 | 32.14 |4134 |27.86 |66.68

Old Max 47.17 75.71 68.00 7555 |44.69 6830 |5291
Min 9.63 38.08 27.16 | 38.75 19.53 2533 16.80
Mean | 23.84 67.57 5942 6759 3578 |58.43 27.45

It can be seen from Table 2 that for young observers, the minimum STRESS value
is 27.86 which means CIE2006 (22y) color matching functions has the best perfor-
mances with the visual results. CIE1964, S2 and S6 CMFs have the better performance.
While, for old observers, CIE1931 outperforms others with the minimum STRESS
value is 23.84, followed by CIE2006 (68y) and S7 CMFs. This consequence is con-
sistent with Sarkar’s conclusion that S7 is suitable for calculating the cone cell response
of old observers.

The number of observers with minimum STRESS value among 7 CMFs was
counted. For 26 young observers, there were 3, 10, and 8 people were respectively
consistent with the results of S2, S6 and CIE2006 (22y) CMFs. About the 14 older
observers, 11 people were consistent with the results of CIE1931 and 3 people were in
good agreement with S7 CMFs. It is obvious that the individual difference of the
observer leads to abnormal spectral response of cone cells at the same age.

4 Conclusions

The paired comparison experiments were conducted for 40 color-normal observers by
using 18 pairs of nearly metameric samples. The STRESS factor was used to evaluate
the performance of different CMFs. The experimental results show that the visual color
difference between young and old observers is quite different. On one hand, CIE2006
(22y) color matching functions gets the best performance for young observers. On the
other hand, CIE1931 outperforms others in the function evaluation between old
observers. Additionally, individual differences among young observers are greater
while old observers are more stable.

Acknowledgements. This research was supported by National Natural Science Foundation of
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Abstract. 460 pairs of printed samples, around 5 CIE recommended color
centers, with/without gap, and 4 color-difference magnitudes of 1, 2, 4 and 8 in
CIELAB units, were employed to study the effects of separation and color-
difference magnitude on perceived color difference. All the sample pairs were
visually evaluated 20 times, using a gray-scale method, by a panel of 15
observers. The experimental results show that the smaller the color difference is,
the larger the uncertainty of perceived color difference will be. Comparing
datasets gathered with and without separation, it was found that the smaller the
color difference is, the more obvious the influence of the gap between two
samples will be. The visual data were also used to test the performance of six
color-difference equations: CIELAB, CIEDE2000, CIE94, CMC, CAMO02-UCS,
and CAMI16-UCS, the results show that CAMI16-UCS outperformed the
remained color-difference formulas.

Keywords: Parametric effect - Color difference - Gray scale method -
Color-difference formula

1 Introduction

The quantitative description of color difference is a prerequisite for color management
and accurately control of any color. However, the color-difference evaluation is
affected by many viewing conditions, including sample size, sample separation, tex-
ture, color background, color-difference magnitude, etc. Manufacturers in industries
must provide products with desired colors and control color changes to suit product use
and customer expectations. Color-difference assessment is the basic tool to help
manufacturers achieve an efficient color production process.

CIE [1] has periodically recommended color-difference assessment methods.
CIELAB [2] color-difference formula was recommended in 1976, CIE94 [3] and
CIEDE2000 [4] were optimized based on CIELAB color space in 1995 and 2000,
respectively. CMC [5], CAMO02-UCS [6], CAM16-UCS [7] and a series of color-
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difference formulas were all established on the basis of visual data obtained under
certain experimental conditions. The models for industrial color-difference evaluation
are limited to use under the reference conditions, and correction factors are sometimes
used to minimize the parametric effects for various conditions of use. If the viewing
conditions change, the sensitivity of the human eye to color difference may change
significantly.

Recently, Mirjalili et al. [8] studied the effect of gapless printed sample pairs and
color-difference levels on perceived color difference, around 11 CIELAB color centers.
For each color center, the samples were uniformly selected around the center, in three
vertical planes, namely L*a*, L*b*, and a*b*. 1012 sample pairs, with average CIE-
LAB color difference of 1, 2, 4 and 8, were selected. Each color pair was printed
without gap on a HP Latex 365 Printer on an 8 * 8 cm® Avery Self-Adhesive Vinyl
substrate with CMYKcm inks. 19 observers with an average age of 27.5 years per-
formed visual color-difference evaluation on the color sample pairs using a gray scale
method.

In this study, the 460 (5 centers * 4 levels * 23 pairs/per-center) pairs for 5 CIE
recommended color centers, including gray, red, yellow, green, and blue [9], with 4
color-difference levels of 1, 2, 4, and 8, used by Mirjalili et al. were selected again.
However, the original sample pairs were cut into two patches with a gap of hairline to
show the effect of separation on perceived color difference, and visual assessment
experiments were performed using the same gray scale as Mirjalili et al. The motivation
of the study was to examine the effect of printed samples’ separation and color-
difference magnitude on the perceived color difference.

2 Experimental

An X-Rite SpectroEye spectrophotometer was applied to measure the spectral reflec-
tance of the samples in 45°:0° measuring geometry.

All the gray-scale samples were also prepared using the same inkjet printer on the
same substrate with different gray level inks in a 4 * 8 cm? rectangular size. The gray
scale contained 8 gray levels and one standard (S). The first grayscale sample had the
same gray level as the standard (S). The other grayscale samples had higher gray level
than the standard (S), and the gray level gradually increased from the sample 1 to
sample 8.

All the visual assessments were carried out inside a viewing cabinet lighted with
spectrum tunable LED, under a D65 simulator. The relative spectral power distribution
(SPD) as well as the colorimetric characteristics of the D65 simulator including the
correlated color temperature (CCT), color rendering index (CRI) and illuminance were
measured using a calibrated JETI spectroradiometer. The CCT (K), CRI (Ra) and
illuminance (lux) of the lighting system were 6460, 96.5 and 960, respectively.

The experiment was carried out in a very quiet dark room. 15 observers, all of them
were graduate students with normal color vision, and average age of 24 years, par-
ticipated in the experiment. Five of them repeated the experiment twice to investigate
the observer repeatability. Before starting the experiment, the observers had been well
trained. During the experiment, the sample pair and the gray-scale samples were
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situated in the middle of the cabinet’s floor, and the left-right position and sequence of
sample pair to be presented were randomly selected, as shown in Fig. 1.

Fig. 1. Configuration of the sample pair and grayscale samples inside the viewing cabinet

Before the beginning of experiment, the lights in viewing cabinet were warmed up
for at least 5 min. The observer performed light adaptation for about 1 min and then
officially started the color discrimination experiment. The gray scale score (GS) for
each color-difference pair was collected.

3 Results and Discussion

To convert the gray-scale score (GS) into visual color difference (AV), a regression
(curve fitting) technique was used to find the relationship between the gray level and
the corresponding color difference (AE*) of these levels, as shown in Eq. (1). The color
difference (AE*) for each gray level is equivalent to the visual color difference (AV).

AV = 0.0933e"657165 (1)

3.1 Observer Variability

The STRESS index [10] which been widely used in color-difference evaluation was
applied to evaluate the intra-observer’s and inter-observer’s variations, and in the
remained data analysis. The smaller the STRESS is, the better the agreement between
two datasets compared will be. The intra-observer variability computed from five
observers’ repeated experiments ranged from 21.0 to 25.8 with an average of 23.7. The
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range of inter-observer variability among 15 observers (including replicated data for
five observers) was 16.8 to 37.2 with an average of 23.8. Compared with other related
color-difference evaluation experiments [8], this value represents the typical perfor-
mance of visual evaluation by the observer using the gray-scale method.

3.2 Magnitude Effect

To study the effect of one parameter on the perceived color difference, the visual color
differences (AV) obtained from two experiments with different values of the parameter
can be directly compared, i.e., comparing the visual color difference for the color-
difference level 1 with levels 2, 4 and 8, respectively, and calculating the corresponding
STRESS and/or correlation coefficient r, to reveal the effect of magnitude between level
1 and level 2, 4, and 8, and so on. The correlation between visual differences of
different color-difference magnitudes are listed in Table 1.

Table 1. Correlation between visual differences of various color-difference magnitudes

Comparison STRESS r

AV — 1 versus AV — 2 24.5 0.68
AV — 1 versus AV — 4 21.6 0.71
AV — 1 versus AV — 8 25.5 0.45
AV — 2 versus AV — 4 20.6 0.78
AV — 2 versus AV — 8 27.6 0.53
AV — 4 versus AV — 8 21.5 0.68

From Table 1, it can be observed that the maximum correlation reaches 0.78, and
STRESS value is 20.6 for AV — 2 versus AV — 4. The correlation of AV — 1 and
AV — 8 is the smallest (only 0.45) amongst all the comparisons. Those findings are
similar to that of Mirjalili et al. Mirjalili et al.’s results with gapless samples show that
there is a greater correlation between high color-difference levels, especially the cor-
relation between AV — 4 and AV — 8 is the largest, and the correlation between
AV — 1 and AV — 8 is the smallest.

3.3 Gap Effect

Comparing with the Mirjalili et al.’s study [8], the only difference between two
experiments was that the separation or gap between two color samples in a pair, i.e.,
without gap in Mirjalili et al.’s study and with hairline gap in this study, so it is more
persuasive to see the gap effect on the perceived color difference by comparing two
studies. The STRESS values between Mirjalili et al.’s and current studies for each
center and each color-difference level were computed, and the results of comparison are
enumerated in Table 2.

From the data in Table 2, it can be seen that the samples’ gap has a significant effect
on the visual color difference, i.e., the STRESS value for each color center decreases as
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Table 2. Effect of separation on perceived color difference in term of STRESS

Color-difference level Blue Green Gray Red Yellow
1 49.1 524 49.6 61.7 41.6
2 39.6 442 40.3 46.8 55.1
4 319 37.8 22.5 28.0 39.5
8 235 23.3 15.8 21.8 26.2

the color-difference level increases. That means the smaller the color-difference mag-
nitude is, the more obvious the influence of the gap between the samples will be.

3.4 Performance of Color-Difference Equations

The performances of six color-difference equations were tested using STRESS measure
and the current experimental data (Table 3).

Table 3. Performance of six color-difference formulas in terms of STRESS

CIELAB | CIEDE2000 |CIE94 |CMC |CAMO2- CAM16-

[8[6N UCS

Full data 25.0 24.1 26.7 25.0 239 23.0

set

AEy =1 38.0 29.2 34.8 31.9 31.1 30.5

AEy =2 33.2 23.7 31.8 25.8 26.8 26.0

AEy =4 29.7 23.7 29.7 26.6 26.1 252

AEy =8 20.5 22.7 23.7 232 21.5 20.4

From the total data in Table 3, it can be noticed that the STRESS values of all the
formulas were ranged from 23.0 to 26.7, and the performances for six tested formulas
were very close, with CAM16-UCS performed best, and CIE94 performed the worst.
However, they are very close to the average intra-observer and inter-observer vari-
ability for the experiment, i.e., 23.7 and 23.8, respectively. That means the tested color-
difference formulas performed well in predicting color difference in this study. It can
also be seen from Table 3 that in evaluating different color-difference magnitudes for a
color-difference equation, the performances of all formulas were gradually improving
as the color difference increasing from AEy; = 1 to AEy = 8.

4 Conclusions

A psychophysical gray-scale experiment was conducted to collect visual color-
difference data for printed samples under two sample gaps: gapless and hairline, and
four color-difference magnitudes: 1, 2, 4 and 8 in CIELAB units. The effects of sample
gap and color-difference magnitude on perception and on the performance of six color-
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difference equations were studied. From the experimental results, it can be concluded
that the sample gap and color-difference magnitude had an obvious effect on the
perceived color difference and on the performance of color-difference equations. The
sample gap’s effects increased as the color-difference magnitude decreased for printed
samples.
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Abstract. In this contribution, the colour quality of lighting was evaluated with
21 typical objective colour quality metrics. A large dataset of 591 light sources
was established. This database includes different kinds of sources including
incandescent lamps, LEDs, fluorescent lamps, high intensity lamps as well as
theoretical lights. A multidimensional scaling analysis method was adopted to
reduce the dimensionality of colour quality evaluation, by which 6 typical
measures were obtained for the final assessment. At last, the overall performance
of the 591 light sources was comprehensively analyzed, together with a deep
discussion on the colour quality of 14 typical sources for gallery lighting in
China.

Keywords: Colour quality of lighting - Objective evaluation
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1 Introduction

Nowadays, due to the fact that people always pay much attention to the visual colour
perception of lighting conditions, the assessment of colour quality has become the
hotspot of current research [1-5]. It is quite clear that subjective evaluation based on
psychophysical studies is the most reliable and rigorous evaluation method [2, 5].
However, limited by time, space, and test environment, subjective evaluation is difficult
to achieve in most of the applications.

According to previous studies, it is a fast and relatively effective method to evaluate
the colour quality of lighting with typical objective metrics [1-5]. Therefore, in this
work with the aim of systematically assess the colour quality of lighting, 591 light
sources (including 14 typical light sources of gallery), were objectively evaluated with
21 typical color quality metrics. To our knowledge, the objective evaluation of so many
of SPDs with so many colour quality measures has not been reported in current
literature.

A multidimensional scaling analysis method was adopted to reduce the dimen-
sionality of 21 typical color quality metrics. It is found that six of them in colour
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fidelity and colour gamut dimensionalities could be defined as typical measures.
Therefore, the corresponding six typical measures were used for the final assessment
and their sum of ranking orders was used to represent the overall colour quality of each
source.

To be specific, the aims of the study are as follows: (1) To find the optimal Spectral
Power Distributions (SPDs) which exhibit best colour quality from the light source
dataset. (2) To investigate the impact of Correlated Colour Temperature (CCT) upon
the overall colour quality. (3) To compare the performance of 14 typical light sources
of the galleries.

2 SPD Dataset

A large dataset of 591 light sources was established, the detail information is shown in
Table 1. There is no repetition in this dataset and the wavelength ranges were uni-
formly set to 400-700 nm, with 5 or 10 nm intervals.

Table 1. The 591 light sources adopted in this dataset

No. Psychophysical study or dataset SPDs adopted
1 Wang et al. (Multi-CCT, 2017) [4] 10
2 Wei et al. (Metameric lighting, 2014) [6] 2
3 Narendran et al. (Multi-CCT, 2002) [5] 7
4 Szabo et al. (Metameric lighting, 2016) [7] 20
5 Feltrin et al. (Multi-CCT, 2017) [8] 5
6 Royer et al. (Metameric lighting, 2016) [9] 50
7 Dangol et al. (Metameric lighting, 2013) [10] 8
8 Islam et al. (Metameric lighting, 2013) [11] 24
9 Jost-Boissard et al. (Metameric lighting, 2009) [12] 14
10 Jost-Boissard et al. (Metameric lighting, 2014) [13] 17
11 He et al. Multi-CCT, 2015) [14] 4
12 Dikel et al. (Multi-CCT, 2014) [15] 6
13 Huang et al. Multi-CCT, 2017) [16] 9
14 Royer et al. (Metameric lighting, 2016) [9] 26
15 Khanh et al. (Metameric lighting, 2016-17) [17-20] 36
16 Typical sources for gallery exhibition in China 14
17 CRI2012 excel [21] 36
18 CQS 9.0.3 excel [22] 83
19 MCRI excel [23] 30
20 TM30-15 excel [24] 190
Sum —_— 591
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3 Twenty-One Colour Quality Metrics

Twenty-one typical color quality metrics are used for objective evaluation, including
Color Rendering Index [25], Gamut Area Index [26], Color Quality Scale (Qa, Qf, Qg,
Qp) [22], Full Spectrum Color Index [27], Color Preference Index [28], Feeling of
Contrast Index (CAMO2) [29], Color Discrimination Index [30], Cone Surface Area
[31], CRI-CAMO2UCS [25, 32], CRI2012 [21], Memory Color Rendering Index [33],
IES-TM 30 (Rf and Rg) [34], AC* [18, 19], Color Quality Index (CQI [19], CQI' [18]),
GAI-RA [13] and Gamut Volume Index GVI [2]. Limited by the length of this paper,
this section only serves as a short list for the metrics. Please refer to the relevant
citations for detailed information.

4 Result and Discuss

4.1 Multi-dimensional Scaling

Multi-dimensional scaling (MDS) is a visualization method to display high-
dimensional multivariate data in low-dimensional space. The method looks similar to
plotting scores with principal component or plotting scores. The basic goal of multi-
dimensional scaling is to minimize any deformation caused by dimensionality reduc-
tion by “fitting” the original data into a low-dimensional coordinate system [35]. The
problems involved in multidimensional scaling can be described as: when the similarity
(or distances) between each item in n project is certain, the representation of these items
in low-dimensional space is obtained, and the degree of proximity among the projects
is “general match” with the original similarity (or distance).

MBDS subdivision can be divided into several types. This article only introduces one
of the most commonly used requirements of raw data: non-metric MDS. The idea of
this method is to create points based on the similarity matrix such that the Euclidean
distance between them can represent the original similarity approximately.

Based on the MDS method and the relevant research findings mentioned in the
above citations, six typical measures (CRI, Rf, GAIL, Qg, MRCI, GVI) were selected, as
shown in Fig. 1. In the following, these six measures will be used to analyze the colour
quality of 591 SPDs and the overall performance of each candidate could be assessed
by the sum of rank orders with regard to each measure.

4.2 Overall Analysis of 591 light Sources

The results of overall analysis of 591 light sources indicate that the gamut-based
measures and fidelity-based measures could not reach an optimum simultaneously. For
instance, among the 591 sources a LED of 6500 K exhibits smallest sum of rank order,
whose rank (CRI) = 266, rank (GAI) = 11, rank (Qg) = 116, rank (MCRI) = 5, rank
(Rf) = 149, rank (GVI) = 5. Obviously, such a measure exhibits better colour-gamut
attribute than that of colour fidelity. As for other SPDs, quite similar results (i.e. the
gamut-based metrics and fidelity-based metrics do not vary simultaneously) were
obtained.
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Fig. 1. Multidimensional scaling of the 21 colour quality measures based on 591 SPDS

Figure 2 illustrates the correlation between Correlated Colour Temperature and
Sum of rank order. From this picture, it is quite clear that although a certain CCT may
corresponds to different sum of rank orders, in general there is a trend that a higher
CCT correlates with a smaller sum of rank order.
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Fig. 2. Correlation between Correlated Colour Temperature and sum of rank order

4.3 Analysis of 14 Typical Light Sources for Gallery Lighting

The colour quality performance of the 14 typical light sources for gallery was further
analyzed. Such light sources were provided by 7 suppliers of gallery lighting in China
(each supplier provides two light sources, 3000 and 4000 K). Due to the fact that the
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CRI, Qg and Rf measures are relative measures (i.e. their calculation is based on certain
reference source of a same CCT), only the sources of similar CCT were grouped and
compared together. Therefore, 130 SPDs from the dataset with a CCT between 2900
and 3100 K were adopted to evaluate the performance of 7 gallery lights with a CCT of
3000 K, while 83 SPDs with a CCT between 3800 and 4100 K were adopted to
evaluate the performance of seven 4000 K sources.

Tables 2 and 3 summarize the colour quality of the gallery lightings. From these
two tables, several conclusions could be drawn. First, the light sources for gallery
lighting always exhibit sound performance in colour fidelity (i.e. CRI, Rf) while their
performance in colour gamut (GAI, GVI, Qg) is relatively poor. This could be ascribed
to the fact that the light sources suppliers actually pay much attention on the colour
fidelity attribute while relatively ignore the colour gamut attributes, although many
psychophysical studies have revealed that the gamut-based measures are in closer
relationship with human visual appreciation [2, 12, 13, 16, 36]. Secondly, interestingly,
the light sources of supplier 4 exhibit smallest sum of rank order compared to other
suppliers (9/137 for 3000 K, 24/90 for 4000 K), which indicates that such sources tend
to perform best, at least from the aspect of overall colour quality.

Table 2. The colour quality of light sources for gallery lighting (3000 K-LED) compared with a
pool of 137 SPDs

ID Rank Rank Rank Rank Rank Rank Rank
(CRI) (GAI) Qg) (MRCI) (Rf) (GVI) (Sum)

3000 K- 21 83 97 43 24 74 342

supplier 1

3000 K- 17 74 67 28 13 72 271

supplier 2

3000 K- 23 73 49 28 24 61 258

supplier 3

3000 K- 4 61 49 17 6 56 193

supplier 4

3000 K- 24 79 88 43 16 68 318

supplier 5

3000 K- 22 90 88 43 12 75 330

supplier 6

3000 K- 12 84 58 28 7 69 258

supplier 7
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Table 3. The colour quality of light sources for gallery lighting (4000 K-LED) compared with a
pool of 90 SPDs

ID Rank Rank Rank Rank Rank Rank Rank
(CRI) (GAI) Qg) (MRCI) (Rf) (GVI) (Sum)

4000 K- 28 62 57 43 27 45 262

supplier 1

4000 K- 11 44 42 29 18 47 191

supplier 2

4000 K- 26 58 57 35 30 38 244

supplier 3

4000 K- 6 42 38 29 6 37 158

supplier 4

4000 K- 15 49 42 35 8 39 188

supplier 5

4000 K- 25 69 50 43 14 52 253

supplier 6

4000 K- 32 46 42 43 28 46 237

supplier 7

The followings are the metric values for the sources of supplier 4 (T825-CF26-
3WB and T825-CF26-4WB): CRI-3000 K =98; GAI-3000 K = 58; Qg-
3000 K = 101; MCRI-3000 K =91; Rf-3000 K =95; GVI-3000 K = 81; CRI-
4000 K = 96; GAI-4000 K =76; Qg-4000 K = 100; MCRI-4000 K =91; Rf-
4000 K = 93; GVI-4000 K = 87. At last, it must be mentioned that there are several
criterions when judging the lighting quality for gallery, such as glare, UV level and
temperature rise. Therefore, for gallery lighting design, those factors should be taken
into consideration as well.

5 Conclusions

The objective assessment of colour quality for lighting is of crucial importance for
lighting design and applications. In this study, the colour quality of lighting was
evaluated with 21 typical objective colour quality metrics and the SPD data of 591 light
sources. A Multidimensional scaling method is used to get 6 representative measures
(CRI, Rf, GAI Qg, MRCI, GVI) and the sum of rank orders of those 6 measures were
used to quantify the colour quality of light sources. At last, the overall performance of
the 591 light sources was comprehensively analyzed, together with a deep discussion
on the colour quality of 14 typical sources for gallery lighting in China.
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