UC Berkeley

Controls and Information Technology

Title
Balancing comfort: occupants' control of window blinds in private offices

Permalink
https://escholarship.org/uc/item/3rd2f2bqg

Author
Inkarojrit, Vorpat

Publication Date
2005-10-01

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3rd2f2bg
https://escholarship.org
http://www.cdlib.org/

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005

Balancing Comfort: Occupants’ Control of Window Blinds in Private Offices

by
Vorapat Inkarojrit
B.Arch (Chulalongkorn University, Thailand) 1996
M.Arch (University of Washington, Seattle) 1999
A dissertation submitted in partial satisfaction of the
requirements for the degree of
Doctor of Philosophy
in
Architecture
in the
GRADUATE DIVISION
of the

UNIVERSITY OF CALIFORNIA, BERKELEY

Committee in charge:

Professor Charles C. Benton, Chair
Professor Edward A. Arens
Professor Thomas D. Wickens
Professor Stephen E. Palmer

Fall 2005

https://escholarship.org/uc/item/3rd2f2bg



The dissertation of Vorapat Inkarojrit is approved:

Chavizs C. Ctporon- 6/8/05
Chair Date
oL lg) ¢l (o5

W/\_ s/ DS‘at;OS'
//{@L f%\ ; ;e/cfr

Date

University of California, Berkeley

Fall 2005

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005 https://escholarship.org/uc/item/3rd2f2bg



Balancing Comfort: Occupants’ Control of Window Blinds in Private Offices
© 2005
by

Vorapat Inkarojrit

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005 https://escholarship.org/uc/item/3rd2f2bg



Abstract
Balancing comfort: Occupants’ control of window blinds in private offices
by
Vorapat Inkarojrit
Doctor of Philosophy in Architecture
University of California, Berkeley

Professor Charles C. Benton, Chair

The goal of this study was to develop predictive models of window blind control
that could be used as a function in energy simulation programs and provide the basis for
the development of future automated shading systems. Toward this goal, a two-part
study, consisting of a window blind usage survey and a field study, was conducted in
Berkeley, California, USA, during a period spanning from the vernal equinox to window
solstice. A total of one hundred and thirteen office building occupants participated in the
survey. Twenty-five occupants participated in the field study, in which measurements of
physical environmental conditions were cross-linked to the participants’ assessment of
visual and thermal comfort sensations.

Results from the survey showed that the primary window blind closing reason
was to reduce glare from sunlight and bright windows. For the field study, a total of
thirteen predictive window blind control logistic models were derived using the

Generalized Estimating Equations (GEE) technique.
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As hypothesized, the probability of a window blind closing event increased as the
magnitude of physical environmental and confounding factors increased. The main
predictors were maximum window luminance, average window luminance, background
luminance and vertical solar radiation at the window. The confounding factors included
Mean Radiant Temperature (MRT), direct solar penetration, and participants’ self-
reported sensitivity to brightness. The results showed that the models correctly predict
between 73 — 89 % of the observed window blind control behavior.

The field study also examined a new method for assessing the visual comfort
sensation from daylight using a digital luminance map. Sensation of discomfort glare
from daylight was moderately correlated with simple luminance-based variables captured
from the luminance maps, suggesting that these variables could be used as discomfort
glare predictors as an alternative to the existing Daylight Glare Index.

This dissertation extends the knovéledge of how and why building occupants
manually control window blinds in private offices, and provides results that can be
directly implemented in energy simulation programs. This study concludes that future
work is needed to develop control algorithms that maintain satisfaction while allowing

the energy-saving potential of automated shading systems to be fully realized.

Chomtts C. Bt o/ /o5

Chair Date

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005 https://escholarship.org/uc/item/3rd2f2bg



TABLE OF CONTENTS

TABLE OF CONTENTS ... i
LIST OF FIGURES.......ccoiiiiiiiiiiiicciecec e v
LIST OF TABLES . ... Xi
ACKNOWLEDGEMENTS .......cciiiiiiiiiiiiiiiiceeeeie e Xiil

CHAPTER 1: INTRODUCTION

1.1 Background...........oooiiiiiiiii e 1
1.2 Problem Statement..........c.cueeiuieiiiiiiienieeieeete ettt 2
1.3 ODJECTIVES. ..ttt et et ettt e et e st e st e e et e e sabeeeabeesaaees 3
1.4 HYPOTESES.....eeieeiieee e e e s e e 4
1.5 Scope and HMILAtIONS. ....ccouviiiriieiiiee ettt ettt esieee e 5
| TN o] o) (072 T s FO SRR 6
1.7 Organization of the diSSEertation...........coccueeerieeiniieeiieeiiieeeiee et 8

CHAPTER 2: LITERATURE REVIEW

2.1 Concept Of COMEOTT........ciiriiiiiiiiiiie e 9
2.1.1 Providing physical comfort: Environmental control systems............ 10

2.1.2  Beyond physical comfort: Adaptive comfort model......................... 13

2.1.3 Restoring comfort: Window blind control as adaptive behavior....... 15

2.2 Venetian bIINdS.....c...oocviiiiiiiiiieiieeceee e 17
2.2.1 Brief history of Venetian blinds..........ccccceevviieriiieeniieeniie e 18

2.2.2 Physical properties of Venetian blinds.........ccccceeviiiniiiiniiennicennee. 18

2.2.2.1 Optical PrOPEIties. ...ccuverererrieeriieeieeniieeiee st eiee st eiee s e 19

2.2.2.2 Thermal Properties.........cceeerueeerueeenieeriieeeiieesieeesieeesieeenns 22

23 Previous studies on the control of window blinds...........ccccceevieniiininnenen. 24
2.3.1 Monitoring of window blind USage.........cccceervviieriieeriieerieeriieee 24

2.3.2 Subjective responses to Window blinds...........ccccueeerieeerieennieeninneens 31

2.3.3  Other potential factorsS.........covvvieiriiiieriieiiieeieeeeeeeeee e 32

2.3.3.1 Visual privacy and visual €XpOSure.........cceeeveeerveeerveeenureennns 32

2.3.3.2 View and access to environmental information..................... 33

2.3.3.3 Daylight, sunlight, satisfaction and productivity................... 34

2.3.3.4 Effect of long-term eXpOSUTE.........ccevvirerieeenieeeniieeenieeenieenn 35

2.3.3.5 Age and ender..........cceeeevieieiiieeiiie et 35

2.3.3.6 Contextual Influences..........coceevverieinieniienicniceecnieeeee 36

2.3.3.7 Effect of task viewing position on glare...........ccccceeevrreenenn. 37

2.3.3.8 Interaction effects.......c.ceevvveeiiiniiineeniieiecceecceeee e 37

2.3.4 Existing window blind control algorithms............ccoceeiiininnnnncn. 39

2.4 Gaps 1N the [LETAtUTE. .....ccouviiiiiieeiieeeeeee e 43

1

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005 https://escholarship.org/uc/item/3rd2f2bg



CHAPTER 3: RESEARCH METHODS

3.1 INEOAUCTION. ...ttt 45
3.2 Study VariabIes.........eeiviiiiiiiiieieeee e 46
3.2.1 Window blind MOVEMENL........ccceeriuieriiiiiiiniiiiienieeeeeee e 48

3.2.2  Visual COMEOTT....ccoiuiiiiiiiiiiiie it 48

3.2.3  LUmiNance TatiO......cccceeueerieerieeniienieeieenteetee st eieesieesieesieeens 58

3.2.4  Thermal COMEOTT.........coiiiiiiiiiiiiiieeieee e 64

3.2.5 Subjective variables..........ccceeviiiiiiiieniieee e 65

3.2.5.1 Visual comfort SenSation...........cevvueeerieeeniieenieeeiieeeieeeeieeenn 66

3.2.5.2 Thermal comfort SENSAtioN........ccceerueerieriiienieeieenieeieeneen 67

3.2.5.3 Sensitivity to brightness and temperature.............c.ccceeeeuuennes 68

3.2.6  Workplane illuminance............cccccueeerieeeiieeeiiieeniieeeieeesieeesvee e 68

3.2.7 Vertical solar radiation at WiNdOW.............eevvueeeriiieiniieeniienieeeineenn 69

3.2.8  Confounding factors...........cceceeriiiiieniieiienieeee et 69

33 INSIIUMENTS. ..ottt s 70
3.3.1 Window blind movement: Electronic S€nsors...........ccccccecueevueennennne. 70

3.3.2 Window blind movement: Time-lapse photography............c........... 74

3.3.3 Luminance characteristics: Digital luminance map............cccceeenee.. 74

3.3.3.1 Back@round...........coooueieiiiiiiieeiieeeeeeeeeeee e 74

3.3.3.2 Calibration.........ccoueerierriienieeieeeieeee ettt 77
3.3.3.3Vignetting characCteriStiC........ccovuveerriveeriiieeniiieeniieeriieerieeeaes 102

3.3.3.4 Camera VIEWPOINTS.......cceerureeerureerirreenireenieeesreeesreeensveeessneens 104

3.3.4 Window and background luminance...........cccceeeviieeniieinieennneennnne. 105

3.3.5 Temperature and relative humidity..........ccceevvveeeriiieniieeniieeeieee, 108

3.3.6  OCCUPANCY ..ceoiviiiiiiiiiiieeeite ettt ettt e st e et e eabe e st e saaeens 110

34 ProCedUIe....cc.eiiiiiiie e 111
3.4.1 Participant re€CTUILMENL.........eeeriuieeriieeriieeriieerieeerieeeeireeeireesieee e 111

3.4.2 Participant SEleCtion CTIteTIA......cuuerrreerrreeeriieeiieeesieeeeaeeerereeenareeenns 112

3.4.3  PartiCIPAtiON...cccuuiiiiuiiiiiiieeiieeeitee ettt ettt e it e et esatee s 112

3.4.4 Preliminary building selection Criteria..........cccoueervreeerreeereeercneeennne. 113

3.4.5 Window blind USAZe SUIVEY.......ccevuueiriiiiiriiiieniieeriiee et 113

3.4.6 Window blind usage field Study........ccceeviereiiieiniieeriieeieeeee e, 114

3.5 Data processing and analySis..........ccovueerrieeinieeniiieeniieeiee e 116
3.5.1  Survey data analySiS......cccueeeeveeeriieerieeeiieeeieeeeeeeieeeeieeesaeeeeree e 116

3.5.2 Field study data analysiS..........ccceerruieeriieeniiiieiiieeieeeeeeeeee e 116

3.5.2.1 Longitudinal data analysis..........ccceeeveeerieeriieeenieeenieeesneeenns 117

3.5.2.2 Typical GEE output..........ccoovuiiiniiiiniiiiiieeieeeieeeieeeieeee 119

2.5.2.3 Variable entry and model selection.............cccceeerveeerveennnnenn. 121

CHAPTER 4: RESULTS

4.1 Pilot study on window blind USage...........ccevuieeriiiiiiiieiiieeieeeeeeeeeeeee e 105
4.2 Window blind USAZE SUIVEY.....cc.eeveuiieriiieeiiieeciieeeireeeieeesieeesveeesereeeeaee e 106
4.2.1 Descriptive InfOrmation. ..........cueeerureerriieeniiieeniieenieeeiiee e sieee s 106
4.2.2  'Why do people control their window blinds?..........ccccceeveveerciveennnenn. 108
4.2.2.1 Window blind closing reasons.............cceecveeeriieeeniuieeniueeenneenn 108
4.2.2.2 Window blind opening reasons...........ccecveeevveeriveeeenneeeninneenns 111

ii

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005 https://escholarship.org/uc/item/3rd2f2bg



4.2.3 How do people control their window blinds?.........cccccceevvveeriiennneen. 114

4.2.3.1 Window blind positions by closing and opening reasons...... 114
4.2.3.2 Window blind positions on sunny and cloudy days............... 116
4.2.3.3 Frequency of slat angle adjustment on a sunny day.............. 117
4.2.3.4 Frequency of adjustment on sunny and cloudy days............. 118
4.2.3.5 Influences from other factors...........cccceeveeniiiiiinicinenenne. 119
4.2.4 Satisfaction with physical environments............cccccceeevveeriieeniueeennne. 121
4.2.5 Preference for the installation of an automated/intelligent
WINAOW DIINd......ooiiiiiiiiii e 123
4.2.6 Summary of results from the window blind usage survey................ 123
4.3 Window blind usage field study..........ccoooueeriiiiiiieiiniiiiiieeeceeeeeee 126
4.3.1 Descriptive infOrmation..........ccceeerveeeiieeeiiieenieeenieeeneeeerreeeneeesveens 126
4.3.2 Correlation between subjective responses and physical data............ 129
4.3.2.1 Visual comfort.........coccuerriiiiiiniiiiieieeieeeeeeeee e 132
4.3.2.2 Thermal COMIOIT........oovuiiriiiiiiiiiiecnieceee e 141
4.3.3 Logistic window blind control models..............ccceevcvieeniieeniiennieens 147
4.3.3.1 Dependent Variable: Window blind closing preferences...... 148
4.3.3.2 Variable Selection............ccovueerierieenieiieenieeitesie e 149
4.3.3.3 Descriptive information...........ccueeveveeriieeniiieeniieeniieenieeeaes 151
4.3.3.4 Single variable models...........ccccveeiiieriiiieniiieeiee e 152
4.3.3.5 Multivariate MOdels.........ccccuervieniiriiiniinieenieeeeneeeecnees 157
4.3.4 Summary of results from the window blind usage field study.......... 165
CHAPTER 5: DISCUSSION
5.1 Examination of window blind control models..........c...ccocueeviiniinniiniinnenne. 169
5.1.1 Window blind control model selection...........cccccceevvveeriiieeniieeniuenns 169
5.1.1.1 Model selection CIIteria.........ceereerieeneeniieeniienieeriee e 170
5.1.1.2 Model selection findings.............coecueeeviieenieeinieennieenieeeee. 175
5.1.1.3 Selection of the best model.............ccoceeeviiniiiniiniiiinieieen. 177
5.1.2 Interpretation of logistic regression coefficients..........ccccceevuveerunennee 179
S.L.2.1 OddS. it 179
5.1.2.2 Probabilities. .....cc.eevueriiriiierienieeieeiiesieeiestese e 181
5.1.2.3 Threshold values.........coccueeriiriiiniiiiieieeieeeeeeee e 183
5.2 Comparison of model prediction with actual window blind occlusion data..184
5.3 Comparison of average occlusion value between empirical models............. 188
5.4  Implementation in energy simulation Programs...........cceceeervuveersueeerineeenneen 190
5.4.1 Overview of building energy simulation program............cc.ccceeueenneen. 191
5.4.2 Modeling window blind usage in EnergyPlus...........ccccoocuverniennnneen. 192
5.4.3 Existing window blind control models...........ccccceeeeniiniiinienniennen. 195
5.4.4 Contribution to the energy simulation............cccceeevvueeeniiennieennieenne 196
5.5 Implementation of the control models as the basis for future automated
WINAOW DN SYSTEIMS. .....eiiiiiiiiiiieiiiieeiieeetee ettt 197
5.6 Summary of derived window blind control models...........cccccceceerniiniennennn. 199
5.7 Integration of physical and non-physical factors in the window blind
CONLIOL MOAEIS......eouiiiiiieiiiiie et 201
iii

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005 https://escholarship.org/uc/item/3rd2f2bg



5.7.1 A conceptual decision-making model............ccccceerriiiiniiiiiniiennieenne 202
5.7.2 Decision-making model based on the physical environmental

CIIEETIA ¢ttt ettt ettt ettt ettt et e e bt s e e s e eaneesaeeebeenaneens 204

5.7.3 Integration of physical and non-physical criteria............cccceeevveenenen. 204

5.7.4 Influence of local comfort on global perception of comfort.............. 207

5.8 Discussion on the assessment of visual comfort...........ccoceeveeniiiiiinieeneene. 208
5.8.1 Discomfort glare prediction from simple luminance-based

VATTADIES. ...ttt 208

5.8.2 Multivariable models of discomfort glare prediction........................ 209

5.8.3 Contextual influences..........cooeeriiiiiiniiiiiiiiiieceeeeeeeeeeee 210

CHAPTER 6: CONCLUSIONS

6.1 Recommendations for future Worki..........c.ccoeoiiiiiiiiiiniiiiceeee 212
6.1.1 Longitudinal analysis method.............cccoceeiiiiiiiiiiniiiiiiiciceee, 212
6.1.2 Analysis of luminance characteristiCs..........ccceevvveeerrreeniveeniieenieeenns 212
6.1.2.1 Recommended locations for luminance measurements......... 212
6.1.2.2 Second-generation digital luminance map program.............. 214
6.1.3 Additional window blind usage studies are needed...........c.ccceeueee. 215
6.1.4 Additional considerations for future automated blind systems.......... 218
6.2 CONCIUSIONS. ...eiiuiiiiiiiieiiieeei ettt ettt e et e et e ettt e sbte e sbeeesbeeesabeeesane 219
BIBLIOGRAPHY ......ooiiiiiie ettt 222
APPENDICES
APPENDIX A: APPROVAL LETTER FROM THE CPHS:
EXEMPTED PROTOCOL.......cccoeiiiiieiiieieeee et 238
APPENDIX B: APPROVAL LETTER FROM THE CPHS:
REVISED PROTOCOL........cccomiiiiiiiiieienienieeteseeeeie e 239
APPENDIX C: WINDOW BLIND USAGE SURVEY - GENERAL..................... 240

APPENDIX D: WINDOW BLIND USAGE SURVEY - REPEATED SURVEY.. 250
APPENDIX E: WINDOW BLIND USAGE SURVEY - REAL-TIME

ASSESSMENT OF VISUAL AND THERMAL COMFORT....... 252
APPENDIX F: OPINIONS ON AN IDEAL AUTOMATED WINDOW BLIND
SYSTEMS ..ottt e e e e e et e aaa e e s eeeeens 256
v

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005 https://escholarship.org/uc/item/3rd2f2bg



Figure 2.1
Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005

LIST OF FIGURES

Page
Model of environmental processes (from Olgyay, 1963)................... 11
Flattening the temperature curve (from Olgyay, 1963)...................... 12

The semi-lattice relationship of environmental parameters of indoor
comfort (from Elzeyadi, 2002)......ccccceerviiimiiiiniiiiniieeniieeeiieeeieeene 16

“Les Persiennes”, engraved by Louis Philip Debucourt (1820)........ 17

Daylight transmission as a function of blind tilt angle for various
solar incidence angle (from Athienitis & Tzempelikos, 2002).......... 20

Direct-hemispherical transmittance vs. slat angle for normal

incidence of double glazing unit with Venetian blinds

(from Breitenbatch et al., 2001)......cccvvvveiiiiiiiiiiieiieeeeeeeeeeeeee, 21
Thermal performance of automated venetian blind system with

a selective low-e glazing for the summer and winter

(from Rheault & Bilgen, 1990)........cccceeviiiiiiieniiieeieecee e 23

Block diagrams of recent window blind control models................... 42

Example of shielded and unshielded illuminance sensors used to
calculate the DGI (from Aizlewood, 2001)......ccceeeveeeeeeiciinrrieeeeeeen. 51

Table of POSItON INAEX.......eeviuiiiriiiiriieeriie et 53

Example of visual comfort variables from equidistant projection
JUMINANCE MAPS....eeevieeeiiieeiiieeiieeerteeeriteeeteeesieeesreeeseaeeeneaeeesneeenns 57

Maximum luminance ratios recommended for a VDT workstation
(from IEANA, 2000)......cccuiieeeeirieeeeeieee et 60

Loe’s 40° horizontal field of view (from Loe et al., 2000)................ 61

Derived photometric values for the study of preferred luminous
conditions, based on Loe’s 40° band (from Veitch & Newsham,

https://escholarship.org/uc/item/3rd2f2bg



Figure 3.8

Figure 3.9

Figure 3.10
Figure 3.11
Figure 3.12
Figure 3.13
Figure 3.14
Figure 3.15
Figure 3.16

Figure 3.17

Figure 3.18

Figure 3.19

Figure 3.20

Figure 3.21

Figure 3.22

Figure 3.23

Figure 3.24
Figure 3.25

Figure 3.26

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005

The normal field of view of a pair of human eyes

(from Stein & Reynolds, 2000)........ccceeerieeeriieeriieeiee e 62
Example of luminance ratio variables from fisheye photographs..... 64
Categories of direction of VDT related to window............ccceeeuveenne. 70
Categories of direct solar penetration.............ccceeeevveeeeeeerereeencneeennnes 70
Installation of string potentiometer in workspace...........c.cceeveeeveenns 71
Tilt sensors calibration apparatus............ccceeeeeueeeeiveeerveeerveeerveeennnes 71
Actual installation of tilt sensor on venetian blind.............c..cccece.. 72
Typical output from a string potentiometer...........ccveeeeveererveerueeennne 73
Typical output from a tilt SENSOT........cccvveeviieeiiieeiiieeriee e 73

Window blinds occlusion steps that were identified from time-lapse
PROtOZIAPNY ..ttt 74

Gray-scale squares used for the calibration of the Photolux system. 78

Comparison between captured and measured luminance values:
Interior scene with electric light only..........ccccceviiniiiniiniiiieniene. 79

Comparison between captured and measured luminance values:
Exterior scene with diffuse sky/no sunlight.............ccccoooiiniiiinniins 80

Comparison between captured and measured luminance values:
Exterior scene with direct sunlight...........c.ccceeviiiiriiieniienniieeeieeens 81

Scattered plot of measured and captured absolute luminance values:

All data POINLS. ...coueiieiiieeiiie ettt 83
Scattered plot of measured and captured log luminance values:

Excluding 95 and 100 target points...........cecveereerieeniieeneenieenieennenn 83
The vignetting characteristic of the fisheye lens FC-E9.................... 85
Digital camera VIEWPOINTS........eeeruveeeiireeeireenieeenieeesaeeenreeenereesnneens 87

Shielded and unshielded illuminance sensors mounted on a
free-standing POIE.......cc.eeeiviiiiriiiiiieeeeeee e 88

vi

https://escholarship.org/uc/item/3rd2f2bg



Figure 3.27

Figure 3.28

Figure 3.29
Figure 3.30

Figure 3.31

Figure 3.32

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4
Figure 4.5

Figure 4.6

Figure 4.7
Figure 4.8
Figure 4.9
Figure 4.10
Figure 4.11

Figure 4.12

Figure 4.13

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005

Example of a free-standing pole location in actual office................. 89

Dimension for the calculation of configuration factor
(from IESNA,2000).....c.ueiiieiiieieiieete ettt 90

Pictures of the instruments in the field............cocccoooeniiniininnnnen. 92
Graph of a typical voltage discharge of occupancy sensor capacitor. 93

Ilustration of the population average (GEE) and the subject specific
approach (random coefficient analysis) for linear and logistic

regression (from Twisk, 2003)........ccceviieriiieeriieeniieeiee e 102
Example of a GEE analysis Output.........ccccceeevveenieeniiieeniieeieeeeennn 103
Plan view diagram of the workspace that was used in the window

Dlind USAZE SUTVEY....eeiiiiiiiiiieiiiie ettt ettt e e 106
Window blind clOSING reasons. ........coocueeerieeeniieenieeeiieeeeeeeieee e 108

Comparison between approximate times of closing window

blind to control glare on VDT and to increase visual privacy........... 109
Window blind closing reasons by fagcade orientation........................ 110
Window blind Opening reasons..........cc.eeecveeeceeeeriuveeerveeeneeessneeessneens 111

Approximated time of opening window blind to increase daylight

1N WOTKSPACE. ...ceenitiiiiiieieiteeeit ettt ettt 112
Window blind opening reasons by facade orientation....................... 113
Window blind positions for each window blind closing reason........ 114

Window blind positions for each window blind opening reason....... 115
Window blind positions on sunny and cloudy days.............cceeuuenneee. 116
Frequency of window blind slat adjustment............ccocceveenverneeennnen. 117

Comparison of window blind height adjustment frequency
between sunny and cloudy days..........ccoceeeveeriiieneeenienieieenieeeee 119

Comparison of window blind position between naturally ventilated
and air-conditioned OffiCes..........coouiirriiiiiiiiiiiieiicecee e 120

vii

https://escholarship.org/uc/item/3rd2f2bg



Figure 4.14

Figure 4.15
Figure 4.16

Figure 4.18

Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21

Figure 4.22

Figure 4.23

Figure 4.24

Figure 4.25

Figure 4.26

Figure 4.27

Figure 4.28

Figure 4.29

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005

Distribution of satisfaction rating on overall window blind

PEITOIMANCE. .....eeeeiiieeiieeeeieeeeieeeetee et e et eesaeeeabeeeaaeeeareeessneeennnas 121
Distribution of satisfaction rating of overall lighting........................ 122
Distribution of satisfaction rating of overall temperature.................. 122

Distribution of vertical solar radiation before a
log-tranSfOrmMation...........covuieeriieiniieeiie e 130

Distribution of vertical solar radiation after a
1og-tranSfOrmMation...........ceccieeriiieeriie e 130

Scatter plot of glare sensation as a function of maximum window
JUMINANCE. ...ttt 134

Scatter plot of glare sensation as a function of average window
JUMINANCE. ... onieiieeeeee ettt 134

Scatter plot of glare sensation as a function of transmitted vertical
solar radiation at WinAOW..........ccevveeiiiieniiieeiiieeiee e 135

Scatter plot of glare sensation as a function of background
JUMINANCE. ....eonieiiiiieeeie ettt 135

Scatter plot of glare sensation a function of Daylight Glare Index
(Hopkinson-Chauvel’s formula)............ccoccueerviiinniiiiniiieiiieiieeee, 136

Scatter plot of glare sensation a function of Daylight Glare Index
(Fisekis et al.”s formula)..........ccccoeevvuvveiiiiiiiiiiiieeeeece e 136

Multiple regression model of glare sensation as a function of
background luminance and vertical solar radiation at window......... 140

Multiple regression model of glare sensation as a function of
background luminance and maximum window luminance............... 104

Multiple regression model of glare sensation as a function of
background luminance and average window luminance................... 140

Scatter plot of thermal sensation as a function of air temperature.....143

Scatter plot of thermal sensation as a function of vertical solar
radiation at WINAOW.........cocueiiiiiieiniieiieeite ettt 143

viii

https://escholarship.org/uc/item/3rd2f2bg



Figure 4.30

Figure 4.31

Figure 4.32

Figure 4.33

Figure 4.34

Figure 4.35

Figure 4.36

Figure 4.37

Figure 4.38

Figure 4.39

Figure 4.40

Figure 4.41

Figure 4.42

Figure 4.43

Figure 4.44

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005

Scatter plot of thermal sensation as a function of Mean Radiant
TEMPETALUTE. .....eeiiieiiiiieeeiiiiee ettt e e et e e e st e e e e sabeeeeenanee 144

Multiple regression model of thermal sensation as a function of
air temperature and vertical solar radiation at window..................... 145

Multiple regression model of thermal sensation as a function of
Mean Radiant Temperature and vertical solar radiation at window.. 145

Regression model of thermal sensation as a function of air temperature
by direct solar penetration CONditioN..........c.eeevvueeerieeenieeenieenieennee. 146

Regression model of thermal sensation as a function of Mean Radiant
Temperature by direct solar penetration condition...............cccueeen.... 146

Example of window blind occlusion value and occupancy profile
on day five of the field study.........ccoccueeriiiiiiiiiniiiiiceee 148

Model L1, logistic model of window blind closing as a function of
maximum window [uminance...........cocceeeevvereeniniiieieneenenieneenenn 155

Model L2, logistic model of window blind closing as a function of
vertical solar radiation at WindOW............ceeeveeeniieinieeniieenieenieeenas 155

Model L3, logistic model of window blind closing as a function of
background IUMINANCE.........cceeueieiiieeiieeeieeeciee e 156

Model L4, logistic model of window blind closing as a function of
average window [UMINanCe............ceevveerrieiriiieeniieeeiee e 156

Model M2, logistic model of window blind closing as a function of
vertical solar radiation at window and brightness sensitivity............ 161

Model M3, logistic model of window blind closing as a function
of vertical maximum window luminance and Mean Radiant

TEMPETALUTE. ....ccuviieeiiieeeiiee et e et e et eee e e e e sree e beeessaeeesaeeeaneeenns 161

Model M4, logistic model of window blind closing as a function of
maximum window luminance and brightness sensitivity.................. 162

Model M5, logistic model of window blind closing as a function of
background luminance and brightness Sensitivity..........cccccceeevveennnee. 162

Model M7, logistic model of window blind closing as a function of
average window luminance and Mean Radiant Temperature............ 163

X

https://escholarship.org/uc/item/3rd2f2bg



Figure 4.45

Figure 4.46

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4
Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10
Figure 5.11
Figure 5.12

Figure 5.13

Figure 5.14

Figure 6.1

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005

Model M8, logistic model of window blind closing as a function of
average window luminance and brightness sensitivity...................... 163

Model M9, logistic model of window blind closing as a function of
average window luminance and direct solar penetration................... 164

Idealized ROC Curves with the corresponding value of area under
each of the ROC CUIVE........ccccoviiiiiiiiiiicceeeeeeee 174

Logistic model of window blind closing as a function of vertical solar
radiation at WINAOW.........coiviiiiiiiiiiiie ettt 196

North, east and south facade of the building that was monitored during
the POt STUAY.....eeiiiiiiiiiiiee e 199

Categories used in identifying window blind positions..................... 199
Average window blind occlusion value of three facade orientations 200

Ideal total transmitted vertical solar radiation for a building in Berkeley,
CA on September 21 (equinox condition)..........cceeveereueeeriueeerueeennne 200

Configuration of a typical operable window in the pilot study......... 202

Average window blind occlusion for different solar penetration depth
for the occupied time when the solar radiation at window was above

50 W/ it 203
Average window blind occlusion prediction from Model L2 for

vertical solar radiation at window of 50 W/m®...........cccccccevvvvrrnnn.n. 189
Simplified diagram of EnergyPlus program..............ccoceevveniinnnennne. 194
Two-stage process of Signal Detection Theory.........cccceeevveerureennenn. 202
Deriving responses from signal and noise distributions.................... 203

Two-stage window blind control model modified from the two-stage
process model of Signal Detection Theory..........cccccueeevieennieenniennns 205

Scatterplot of glare sensation as a function of modified

Daylight Glare INdeX..........ccceeviuiieriiiieniieeiie et 211

Limited registration of luminance values in consequence of the

luminance sensor position at the back of the room...........cccccceceennee. 213
X

https://escholarship.org/uc/item/3rd2f2bg



LIST OF TABLES

Page

Table 2.1 Example of optical and thermal properties of venetian blinds.......... 23
Table 3.1 List of variables in the current study..........cccceevveeeiiieeerieeerieeeree e, 47
Table 3.2 Comparison of different glare Criteria..........cccueevvveeerieeecieeniieeenen. 67
Table 3.3 ASHRAE seven-point scale of thermal sensation and MclIntyre

Thermal Preferences Scale.........cccoooviiiiiniiniiiniiiiccceceeeen 67
Table 3.4 Combinations of exposure time/aperture settings that were used

to create IumMIiNancCe MAP........ccueeevuveeeiireeeiieeenieeenieeerreeesereeeereeeareens 76
Table 3.5 Nikon Coolpix 5400 camera settings that were used to create

TUMINANCE MNAP. ..c.uveeeriiiee ettt 76
Table 3.6 Typical field study schedule............oocooeiviiiiniiiiniiieeee 98
Table 4.1 Descriptive statistics of survey participants (n = 113)......c..cccceeuees 106
Table 4.2 Summary of field study participants’ descriptive information.......... 127
Table 4.3 Window blind position by fagade orientation...........cc.ccceeveuveenueennne. 128
Table 4.4 Summary of Chi-Square and Fisher’s Exact Test for window blind

POSILION PIEETENCES. .....eeeiiiriiiiiiieiieite ettt 129
Table 4.5 Descriptive statistics for independent variables.............cccceeeveennnenns 130
Table 4.6 Intercorrelations (r) among visual comfort variables (n = 60).......... 131
Table 4.7 Intercorrelations (r) among thermal comfort variables (n = 73)........ 131
Table 4.8 Summary of regression analysis for variables predicting discomfort glare

SEMSALION...cueveuveeiteeuttenite et e st e et e st e etee st e e bt e saeeebeesaneesneesaneeneesanens 132
Table 4.9 Summary of longitudinal multiple regression analysis for predicting

discomfort glare SenSation..........c.c.eevueerierriienieenieenieeee e 139

Table 4.10  Summary of regression analysis for variables predicting thermal comfort
SEMSALION...cueveuveeiteeuttenite et e st e et e st e etee st e e bt e saeeebeesaneesneesaneeneesanens 142

X1

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005 https://escholarship.org/uc/item/3rd2f2bg



Table 4.11

Table 4.12

Table 4.13

Table 4.14

Table 4.15

Table 4.16

Table 4.17

Table 4.18

Table 4.19

Table 5.1

Table 5.2

Table 5.3

Table 5.4

Summary of longitudinal multiple regression analysis for variables
predicting thermal comfort SEeNSation.............ceecveeerveeerieeesieeeneneeenne 144

Multicollinearity diagnostics for selected predictor and confounding
VariabIes. .....coouviiiiiiiiieieee e 150

Descriptive statistics for selected independent variables by window blind
ClOSING PrEfEIENCE......eeeeuiiieeiiieeiieeeiie et eaae e 151

Frequency of window blind closing preferences by direct sun penetration
CONAITION. ...ttt ettt ettt et s e b e s e eneesaeees 151

Frequency of window blind closing preferences by sky condition....151

Summary of logistic regression analysis for variables predicting window
blind ClOSING EVENLS....ccuviiiriieiiieeiiee et et e e e e e 153

Estimated threshold values (at p = 0.5) for various physical environmental
PIEAICTOTS. ¢ tieeniite ettt ettt ettt ettt e et e e et eeeaeeeeaaees 157

Summary of multiple logistic regression analysis predicting window blind
ClOSING EVENLS.....uuiieeiiieeiieeeiteeeiee et e e et e sreeesebeeesebeeeneaeeesreesneneeenns 160

Estimated average window luminance threshold values (at p = 0.5) for
different levels of confounding factors............cceeeveeeviiiiniieiniiennneen. 165

Classification table for Model L2..........cooovvviiiieiiiiiiiiiiieieeeeeeeeeinnnnns 171

Classification of model’s accuracy rating based on the area under the ROC
Curve (after Tape, 2005)....cccuuieriiieriieeriieeriee e erree e e e eeree e 175

Summary of model selection Criteria...........ccecvveeerrreeriveeerreeerreeennne. 176

Comparison of input and output between existing and derived window
blind models in DOE-2/EnergyPlus...........cccooviiiiiiiiieniieiniieeieeee, 199

Xii

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005 https://escholarship.org/uc/item/3rd2f2bg



ACKNOWLEDGEMENTS

I was able to complete this dissertation with encouragement, assistance, and
support from many wonderful mentors, friends, colleagues, complete strangers, and
family members.

First of all, I would like to thank Professor Lersom Stapidanonda, currently the
Head of the Faculty of Architecture, Chulalongkorn University, Thailand, for accepting
me as a junior lecturer in 1996 and granting me the opportunity to receive the Royal Thai
Government Scholarship in 1997 to pursue the graduate study aboard. 1 am grateful to
the University of California, Energy Institute (UCEI), the Illuminating Engineering
Society of North America (IESNA), Golden Gate Section, the American Society of
Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE), Golden Gate
Chapter for providing financial support.

I am deeply indebted to all of my academic mentors for their intellectual guidance
over the past eight years. I would like to express my gratitude to my academic advisors,
Professor Charles Benton, Professor Edward Arens, Professor Stephen Palmer, and
Professor Thomas Wickens, who helped structure my research and provided invaluable
comments. [ would like to express special thanks to Professor Marietta Millet and
Professor Joel Loveland at the University of Washington who introduced me to the art
and science of daylighting. In addition, Professor Peter Lyman was an enormous help to

me in planning the ethnography of technology field study.

Xiii

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005 https://escholarship.org/uc/item/3rd2f2bg



The work on visual comfort and luminance mapping technique could not be
completed without help and support of my supervisor and colleagues at the Lawrence
Berkeley National Laboratory (LBNL). I would like to thank Eleanor Lee, Robert Clear,
and Steve Selkowitz at LBNL for guiding me toward the understanding of research in
windows and daylighting. I feel privileged to have been a part of the Windows and
Daylighting Group at LBNL for many wonderful years.

I also would like to thank the Pacific Energy Center for lending me the
monitoring equipment used in this study. More importantly, I would like to thank all of
my research participants for their time.

Over the years, many friends have helped me through thick and thin. I could not
say thank you enough for hours of their moral and emotional support. I would like to
thank Matthew Duckworth and Gerald Kelly for their endless hours of proofreading,
Wanitchaya “June” Kittikraisak for being my personal statistician, Humberto Cavallin,
Therese Peffer, Leah Zagreus and other wonderful staff members and students at the
Building Science Group and College of Environmental Design for their help with the
research.

And last but not least, there is nothing that can compare to the sacrifices by my
father, Virasak Inkarojrit, my mother, Pissamai Inkarojrit, and my brother, Vorapinit
Inkarojrit that have made me the person I am today. My deepest thanks goes to my entire

Inkarojrit family for their endless love.

Berkeley, California, USA, June 19, 2005

Xiv

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005 https://escholarship.org/uc/item/3rd2f2bg



CHAPTER 1

INTRODUCTION

1.1 Background

The fenestration system of a commercial building drives much of the building’s
energy consumption for heating, ventilating, air-conditioning (HVAC) and lighting.
When exterior shading is inadequate, building occupants must rely on interior shading
devices such as venetian blinds and shades for controlling the amount of light and heat
that enters their offices. Even though such devices can make conditions more
comfortable for building occupants, previous research has shown that venetian blinds are
adjusted infrequently (Rubin, Collins, & Tibbott, 1978; Rea, 1984; IESNA, 2000), and
that blinds and shades are usually set for worst-case conditions (IESNA, 1999; Bordass,
Cohen, Standeven, & Leaman, 2001). When used correctly, shading devices can greatly
reduce the amount of direct sunlight admitted into a space, substitute electric light with
daylight, and thus reduce energy consumption. In order to harvest such energy-saving
benefits from daylight, many fenestration systems with automated components integrated
with daylight dimming systems have been developed.

While significant energy savings and peak demand reductions are possible
through automatically controlled blinds (Lee, DiBartolomeo, & Selkowitz, 1998;
Vartiainen, Peippo, & Lund, 1999; Athienitis & Tzempelikos, 2002; Roche, 2002), many
buildings that have automated shading systems are reported to experience serious
technical and operational problems (Mahone, 1989; Bordass, Bromley, & Leaman, 1993;

Jain, 1998; Bordass et al., 2001; Stevens, 2001; Benton, 2003). Many of the problems
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appear to come from misjudgments at the design stage of how building occupants interact
with the shading systems. Occupants often dislike the systems and find ways to override,
circumvent, and disable them. If designers better understood what occupants require or
desire from the fenestration systems in their offices, then it would be possible to design
better control strategies for automated systems.

This research project examines building occupants’ behavior when controlling
window blinds and derives predictive control models by observing how occupants
interact with a manual system over which they have varying degrees of personal control.
The venetian blind was chosen instead of other types of interior shading system because

it is the most common type of interior shading system in contemporary office buildings.

1.2 Problem Statement

Research on automated fenestration systems has traditionally been focused on
improving physical performance, with two goals. The primary goal has been to reduce
total building energy consumption and the secondary goal has been to continuously
satisfy occupants’ comfort and satisfaction.

While results from previous studies suggest that the energy performance of office
buildings with integrated automated window blinds and lighting control is superior to
those with static glazing systems (Lee & Selkowitz, 1997; Lee et al., 1998; Roche, 2002),
anecdotal evidence has mounted concerning occupants’ dissatisfaction with automated
systems (Jain, 1998; Stevens, 2001; Benton, 2003). For example, Mahone (1989) reports
that the automated blinds at the Pacific Bell Administrative Center in San Ramon, CA

were lowered more often than necessary due to problems with the photo-sensors.
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Automated blinds were finally decommissioned based on the occupants’ complaints
(Benton, 2003). At the San Francisco Public Library the malfunctioning of automated
shades resulted in worse environmental quality than in spaces with manually controlled
interior shades (Jain, 1998). Most recently, Stevens (2001) interviewed facility managers
and occupants of eight buildings with automated blinds and reported that occupant
satisfaction levels were lower in buildings with partial or full automated facade
components than in buildings where there was full occupant control of the facade.

Most previous research has not examined the interaction between building
occupant and window system, even though this interaction directly influences interior
environmental conditions and the acceptance of automated blind systems. Without
consideration of human requirements, preferences, and behaviors, it is not possible to
realize the potential physical, environmental, and psychological benefits from automated

fenestration systems.

1.3 Objectives

This study aims to review and extend present knowledge of manual control strategies
of window blind systems in air-conditioned office buildings. The goal is to develop
predictive manual control models for window blinds that can be used as a function in
energy usage simulation programs, and to provide the basis for the development of future
automated shading systems that respond to the users' satisfaction and preferences. The
specific objectives of this study are to:

1. Explain building occupants’ patterns of window blind usage with the emphasis on

how and why window blinds are closed.
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2. Determine whether variation in physical environmental conditions, such as level
of visual and thermal comfort, influences the control behavior of window blinds.

3. Determine whether contextual variation, such as sky condition and seating
orientation. influences the control behavior of window blinds.

4. Determine whether individual lighting and temperature preference influences the

control behavior of window blinds.

1.4 Hypotheses

The main hypothesis is that the probability of window blind closing events is a
function of physical environmental conditions that are related to the occupants’
perception of indoor comfort. Based on the literature review, visual comfort and thermal
comfort are described as the two major factors that influence the window blind control
behavior. Therefore, this research examines the window blind closing events in relation
to these two factors which are each influenced by contextual variations and individual
lighting and temperature preferences.

While research in thermal comfort has been greatly advanced, research on visual
comfort, especially discomfort glare from windows has received less attention. The
existing Daylight Glare Index has been widely challenged on the issue of its validity and
reliability a (Boubekri & Boyer, 1991; Iwata et al., 1991; CIE, 1983; Inoue & Itoh, 1989;
Iwata & Tokura, 1998; Aizlewood, 2001). In order to predict window blind usage based
on the lighting environment, a prediction of discomfort glare sensation from luminous
environment must be established. Therefore, a subsidiary hypothesis is that visual

comfort sensation can be predicted as a function of lighting environmental conditions.
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1.5 Scope and Limitations

As will be seen in the literature review, there are many factors that influence the
control behavior of window blinds. These factors include:

1. Physical environmental factors such as the regulation of light, heat, and
ventilation between interior and exterior environment.

2. Psychological factors such as the regulation of view and privacy, and the
individual aesthetic preferences.

3. Physiological factors such as individual lighting and temperature preferences,
individual ability to adapt to the changing physical environment, age, and gender.

4. Contextual factors such as seating orientation, fagade orientation, types of task
being performed, types of glazing, window blind, or shade.

5. Social factors such as group dynamics (in open plan vs. private offices), and
personal space.

It is not possible to examine all factors at once. Therefore, this study focuses on
the predictor variables that might be directly implemented in current building control
systems and energy simulation programs. From the literature review, the most promising
variables are mainly related to the visual and thermal environment. A few physiological
and physical factors such as individual preferences and seating orientation were also
examined. Other factors such as view, privacy, type of office were controlled or
excluded.

Because random selection of buildings and participants is rarely possible in a
quasi-experimental study (field study instead of laboratory study), participants were

recruited from a limited subject pool.
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Due to time, cost, and efficiency limitations, this study could only be conducted at
buildings in one geographical location: Berkeley, California, USA. The study was
completed during the vernal equinox to winter solstice period (September 2004 —
February 2005) to amplify the effect of low angle sun and to minimize the effect of
overheating. Since occupant behavior may vary between climatic conditions, the results
of this study might be applied with caution to regions with different climates, or for the

summer s€ason.

1.6 Approach

A two-part study of window blind control behavior was conducted. The first part
consisted of a survey on window blind usage, and the second part consisted of a field
study on window blind usage. Several preliminary tasks were completed prior to the
final survey and field study:

1. Developing window-blind monitoring methods for reliable measurement of blind
positions and blind slat angles.

2. Determining the extent to which variation in indoor environmental conditions (as
reflected in the level of visual and thermal comfort sensation) influences the
operation of window blinds.

3. Validating the usability and reliability of research protocol and equipments.

4. Developing a portable field study instrument kit.

5. Acquiring approval from the Committee for the Protection of Human Subjects.
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Once these tasks were completed, the recruitment process was initiated. Research
participants were recruited from various institutions, private companies, and professional
organizations to participate in the survey portion of the study. Those who participated in
the survey were invited to participate in the field study.

With a limited number of participants, data were repeatedly collected over a
period of time. An applied longitudinal data analysis technique (Generalized Estimating
Equations and Random Coefficient Analysis), which takes into account within-subject
covariates, was chosen as the main analysis technique.

The data were analyzed using several statistical analysis methods to derived
logistic models that represent how window blinds were controlled, to investigate main
effects and interaction effects of independent variables, and to investigate relationships
between subjective responses and objective measurements. The results define various
models that are suitable for use as a window blinds control function in energy simulation
programs.

The model’s prediction was compared with actual window blind occlusion data
and results from previous window blind studies. Finally, various ways of implementing
the predictive models in the energy simulation programs and future automated window

blind systems are discussed.
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1.7 Organization

This dissertation is divided into six chapters. The first chapter includes the
problem statement, objectives, research questions, and hypotheses. It also includes the
limitations and approach to achieving the objectives of the study. Chapter two reviews
the literature on the functions of window and window blind usage. Chapter three outlines
the methods and procedures used in the survey and field study. Data analysis techniques
are also discussed in this chapter. Results of this research are presented in chapter four
including responses from the window blind usage survey and the predictive models of
how people control their window blinds. Chapter five discusses results with respect to
model selection and model interpretation. The similarities and differences between
derived and existing window blind control models are discussed in the context of
implementation of the models in energy simulation programs and in future automated
blind systems. Lastly, chapter six summarizes the study and recommends directions for

future research.
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CHAPTER 2

LITERATURE REVIEW

The control of a simple interior window shading system is a complex behavior
that is influenced by physical, psychological, physiological, and social factors. The first
part of this chapter provides an overview on the concept of comfort. The second part
reviews the properties of Venetian blinds with an emphasis on the visual and thermal
environment. The third part reviews previous studies on window blind control and
existing window blind control algorithms. The chapter closes with a discussion of gaps

in the literature.

2.1 Concept of comfort

Comfort and discomfort in an environment are major concerns for the occupants
of buildings. The answer to the question “what is comfort?” is complex and varies
widely when viewed from different disciplines. Simple or single-dimensional definitions
of comfort are almost guaranteed to be inadequate in explaining the concept of comfort
(Brager & De Dear, 2003). Using an onion with overlapping layers as a metaphor, the
notion of comfort can be seen as evolving through time in which new meanings, shaped
by culture, add additional layers to the previous ones (Rybczynski, 1986).

Historically, the notion of comfort referred to domestic attributes such as privacy,
convenience, leisure, and ease (Brager & De Dear, 2003). Using early modern British
and Anglo-American domestic environments as case studies, Crowley (2001) suggests

that comfort was originally associated with spirituality and morality. For example, many
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of the early and most influential innovations in the design of domestic artifacts such as
chimneys, fireplaces, and glazed windows, were associated with the ascetic, non-
parochial clergy, and gender privacy.

The eighteenth-century consumer revolution developed a culture of comfort that
synthesized comfort’s new physical meaning with a traditional one of moral support.
During this time, comfort was recognized as culturally progressive rather than physically
natural. Physical comfort had developed into a culture to be learned and demonstrated as
a sign of social progress. By the nineteenth century, the idea of comfort included values,
consumption patterns, and behaviors in which all people were believed to be entitled to
the same physical comforts (Crowley, 2001). This is perhaps the first time that the term
was used to refer to physical environmental comforts such as light, heat, and ventilation

(Rybczynski, 1986).

2.1.1 Providing physical comfort: Environmental control systems

A principal purpose of environmental control systems is to provide conditions for
human comfort. Prior to the development of new sources of power in the eighteenth and
nineteenth centuries, interior environment was passively controlled in which all elements
of a building were used to protect building occupants from the unpredictable climate
without any aid from mechanical systems. The industrial age brought with it cheap
energy and the development of electric lighting and mechanical ventilation.
Heating/cooling devices freed architects from the constraints of climate and the

restriction of passive methods (Baird, 2001).

10
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In response to technological advancement of heating/cooling and lighting
systems, a few models that link comfort and environmental control system were
proposed. For example, using terminology of that period, Olgyay (1963) offered a model
(see Figures 2.1) in which the relationship between “climatology” and “biology” is
mediated by the combined processes of “architecture” and the new component
“technology” (Hawkes, 1996). With his bioclimatic approach, Olgyay proposes that the
most effective role for mechanical systems is in the final stage of fine-tuning the
environmental capability of the building, not as the primary instrument of mediation (see

Figure 2.2).

Figure 2.1 Model of environmental processes (from Olgyay, 1963).

11
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1 — environmental conditions

2 — microclimatiology

3 — climate balance of structure
4 — mechanical heating or cooling

e 4

Figure 2.2 Flattening the temperature curve from (1) ambient environmental conditions,
(2) by microclimatology, (3) climate balance of structure, and (4) mechanical heating or
cooling (from Olgyay, 1963).

Similarly, Banham (1969) identified three modes of environmental management:
conservative, selective, and regenerative. According to Banham, totally mechanical
environments were ‘“‘the fruit of a revolution in environmental management that is
without precedent in the history of architecture, a revolution too recent to have been fully
absorbed and understood as yet, and a revolution still turning up unexpected
possibilities.”

Recently, Hawkes (1996) reworked Banham’s terminology to make clear
differences between buildings that use ambient energy sources in creating natural
environments (selective) and those that rely predominantly upon mechanical systems to
create controlled artificial environments (exclusive).

The characteristics of selective mode buildings are: (1) the environment is
controlled by a combination of automatic and manual means and is a variable mixture of
natural and artificial, (2) shape is dispersed, seeking to maximize the use of ambient
energy, (3) orientation is a crucial factor, (4) windows are large on southerly facades and

restricted to the north; solar controls are required to avoid summer overheating, and (5)

12
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energy is a combination of ambient and generated, and use is variable throughout the year
with a peak in the winter and “free-running” in the summer.

The characteristics of exclusive mode buildings are: (1) the environment is
automatically controlled and predominantly artificial, (2) shape is compact, seeking to
minimize the interaction between inside and outside environments, (3) orientation is
relatively unimportant, (4) windows are preferably but often not restricted in size, and (5)
energy is primarily from generated sources and is used throughout the year in a relative
constant quality.

The majority of commercial buildings in the United States use active
environmental control systems in which building occupants heavily rely on electrical
illumination and Heating, Ventilating and Air-Conditioning (HVAC) systems to maintain
comfort. Nevertheless, “selective characteristics” are integrated allowing building
occupants to fine-tune their immediate environment. Manually-controlled window blinds
is one of many selective characteristics that can be found in most, if not all, “exclusive

mode” commercial buildings.

2.1.2 Beyond physical comfort: Adaptive comfort model

Most people usually consider indoor comfort to be related to physical
environment (e.g., light, heat, acoustics, air quality, furniture layout, etc.). The physical
environmental properties, however, are not the only factors that influence the perception
of comfort. Using thermal comfort as an example, the American Society of Heating,
Refrigerating, and Air-Conditioning Engineers (ASHRAE) defines comfort as the

condition of mind that expresses satisfaction with the thermal environment (ASHRAE,

13
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1992). This definition of comfort, however, does not convey the complexity of comfort
and all of its contextual and cultural influences (Brager & De Dear, 2003).

Over the past few decades, the Adaptive Principle (Humphreys & Nicol, 1998)
has gained more popularity among building science researchers, especially in the field of
thermal comfort, as the model that help explaining the complexity of comfort. The
Adaptive Principle suggests that comfort, sensation, and preferences are influenced not
only by climate but also culture and expectation. According to this principle, the
definition of indoor comfort is extended beyond physical environmental conditions.

Based on data from numerous thermal comfort field studies (rather than
controlled laboratory studies), proponents of adaptive thermal comfort argue that building
occupants’ thermal sensations and preferences are significantly and predictably
influenced by culture, climate, and thermal expectation and adaptation. Recently, the
adaptive model of thermal comfort has been integrated into the ASHRAE Standard 55-
2004, complementing the traditional heat balance thermal comfort model (Fanger, 1970;
Gagge, Fobelets, & Berglund, 1986). A detailed review of adaptation is beyond the
scope of this dissertation. An extensive literature review on this issue, however, can be
found in Brager and De Dear (1998) as well as Humphreys and Nicol (1998).

Looking beyond static models of comfort, where building occupants are viewed
as passive recipients of discomfort, the adaptive model consider a range of responses
(behavioral, physiological, psychological adjustments) which building occupants
undertake to maintain their ‘state’ of comfort. Brager and De Dear (1998) summarize

these three categories of adaptation as:

14
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1. Behavioral adaptation: This refers to behavioral adjustments, including all
modifications a person might consciously or unconsciously make, in modifying heat and
mass fluxes that govern the body’s thermal balance. These adjustments can be at a
personal level (changing clothes, activity, posture, etc.), technological level
(opening/closing windows, blinds, or shades, turning on/off fans or lights, etc.), or
cultural level (rescheduling activities, adapting dress codes, etc.).

2. Physiological adaptation: The human body can acclimate to short-term or
long-term exposure to discomfort. Short-term adaptation includes shivering, sweating,
dilation of pupils, etc. Long-term adaptation refers to a genetic adaptation, which later
becomes part of the genetic heritage of an individual or group of people.

3. Psychological adaptation: This type of adaptation includes the effects of
cognitive and cultural variables. It is believed that the perception of comfort is attenuated

by one’s past experiences and expectations.

2.1.3 Restoring comfort: Window blind control as adaptive behavior

Review of comfort literature above suggests that the control of window blind is
one of the adaptive behaviors that building occupants act upon a change that produce
discomfort. Therefore, the hypothesis in this study states that window blind control
behavior can be predicted as a function of physical environmental conditions that produce
discomfort sensation. Thus far, no study exists that explain the relationship between the
perception of comfort/discomfort and window blind control behaviors.

Review of literature shows that comfort is a complex perception which reflects

the interaction between objective stimuli and cognitive/emotional processes in which the
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general perception of comfort is a result of the overall comfort appraisal through human’s
senses (Elzeyadi, 2002; see Figure 2.3). These senses act as the sub-systems of indoor
comfort.

Unfortunately, previous comfort studies usually focused on one sub-system (e.g.
visual comfort or thermal comfort). There are only a few studies (Fanger et al., 1977,
Rohles et al., 1981; Laurentin et al, 2000) that cross-analyzed data from more than one
sub-system of indoor comfort at one time. Because the functions of window blinds relate
to many sub-systems of comfort, therefore, it is necessary understand how the sub-
systems of indoor comfort influence the general perception of comfort and the window
blind control behaviors.

A detail review of factors that could potentially influence the perception of

comfort and the control of window blinds is given in section 2.3.

. ENVIRONMENTAL
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Figure 2.3 The semi-lattice relationship of environmental parameters of indoor comfort
(from Elzeyadi, 2002)
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2.2 Venetian blinds

Most windows in commercial buildings have some type of internal shading to
give varying degrees of sun control and to provide privacy and aesthetic effects (Ozisik &
Schutrum, 1960; ASHRAE, 1997, Littlefair, 1999). Due to its low cost compared to
other types of interior shading devices, manually controlled Venetian blinds are perhaps
the most common type of interior shading devices in contemporary office buildings.
Fully opened Venetian blinds can be somewhat less effective for reflecting solar heat
than fabric roller blinds since the reflectance of the slats in aggregate is less than that of
the individual slats. When fully closed, window blinds are often better than translucent
fabric shades in dealing with glare because they can give complete shielding against
direct sun, reflect more ambient light inside in the direction of the ceiling, and provide a

view out.

Figure 2.4 “Les Persiennes”, engraved by Louis Philip Debucourt (1820)
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2.2.1 Brief history of Venetian blinds

The idea of the Venetian blind is as old as sunlight filtering through the leaves of
palm trees in the tropic oases, in which glare can be controlled while hindering cooling
air (Jones, 1941). In its original form of curtain reeds, Persian slaves would pour water
frequently upon the curtain reeds. This resulted in evaporation by the hot winds and
served as a cooling medium for the living chamber. The idea of a blind was then
transferred from Persia to Venice and later to France and the rest of Europe.

The use of Venetian blinds has been recorded in England and the United States as
far back as the late eighteenth century (Manning, 1965). For example, Venetian blinds
were illustrated in the painting by J.L. Gerome Ferris, “The visit of Paul Jones to the
Constitutional Convention, 1787”. The R.C.A. building in the Rockefeller Center is the
first modern building in the United States of the skyscraper type to have installed
Venetian blinds as standard equipment (Jones, 1941).

Modern Venetian blinds were originally made of thin wooden slats (or lamellae)
suspended on fabric webbing in such a way that the slats could be tilted through a wide
angle or raised to the top of the window out of the aperture (Baker & Steemers, 2002).
Nowadays, modern materials such as aluminum or plastic are used more often as slats
while the angular control and raising/lowering can be achieved either manually or

automatically via motorized control.

2.2.2 Physical properties of Venetian blinds
In order to evaluate building energy performance, estimate peak electrical load,

and ensure occupant comfort, the determination of optical and thermal properties of

18

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005 https://escholarship.org/uc/item/3rd2f2bg



fenestration systems is required. Below is the summary of optical and thermal properties

of Venetian blinds.

2.2.2.1 Optical properties

Papamichael and Beltran (1993) developed a method for determining the optical
properties of window systems with Venetian blinds for evaluating integrated envelope
and lighting systems. It combines experimental measurements in scale models and
mathematical routines to produce a daylight factor for window systems with different
blind slat angles. These factors are used in the DOE-2 building energy simulation
program to determine workplane illuminance on an hourly basis (Lee & Selkowitz,
1995).

While the prediction of workplane illuminance has proven to be useful, lighting
researchers are becoming more interested in predicting discomfort glare sensation from
vertical luminance and illuminance (Osterhaus, 1998; Aries, 2003). Because Venetian
blinds are an optically complex system, the development of mathematical routines for the
prediction of optical properties is still under way. So far, lighting researchers have
developed two types of methods for predicting surface transmission of a window with
Venetian blinds: simple and complex. These methods have been derived from
comprehensive scaled model studies, digital imaging studies, or ray-tracing simulation.

For the simple lighting/energy simulation method, one may consider using the
transmission values for a fixed Venetian blind position independent of sky condition

(Stephenson, 1964; Littlefair, 1999; see Table 2.1).
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Figure 2.5 Daylight transmission as a function of blind tilt angle for various solar
incidence angles; clear day (a) overcast day (b) (from Athienitis & Tzempelikos, 2002).
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Figure 2.6 Direct-hemispherical transmittance vs. slat angle for normal incidence of
double glazing unit with Venetian blinds (from Breitenbach, Lart, Langle, & Rosenfeld,
2001).

For the complex calculation method, one may calculate window blind
transmission values based on blind tilt angle, angle of solar incidence, and sky condition.
For example, Athienitis and Tzempelikos (2002) determined transmittance equations for
a window system that has Venetian blinds placed between two panes of glass as a
function of sky conditions, blind tilt angle and angle of incidence. They found that for
overcast days, the tilt angle had a strong effect on daylight transmittance. For clear sky
conditions, the solar incidence angle has a significant effect on transmittance (see Figure
2.5a and 2.5b).

For an even more complex daylighting simulation, one may consider using the Bi-
directional Transmission Distribution Function (BTDF; Andersen et al., 2001: Andersen
et al., 2005; Andersen, 2002; Breitenbach et al, 2001; see Figures 2.6). A detailed review
of BTDF is beyond the scope of this dissertation. More information can be found the in

the literature listed above.
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2.2.2.2 Thermal properties

For a simple calculation of building energy performance, architects, engineers and
designers use tables within the ASHRAE Handbook of Fundamentals (ASHRAE, 1997)
for determining the Solar Heat Gain Coefficients (SHGC) of various fenestration system
products (Ullah & Lefebvre, 2000). The Solar Heat Gain Coefficient (SHGC) is a
number that describe how well a product blocks heat caused by sunlight. The SHGC is
expressed as a number between 0 and 1 which represents the fraction of incident solar
radiation admitted through a window then subsequently released inward. The lower a
window's SHGC, the less solar heat it transmits. It should be noted that the SHGC for
window systems with Venetian blinds as listed in the ASHRAE tables, were limited to
only one blind type and a few blind slat angles (see Table 2.1).

For a more complex building energy performance calculation, previous research
(Lee & Selkowitz, 1995) used the thermal performance derived from a mathematical
model created for a between-pane louver system with diffused blind surface reflectance
(Rheault & Bilgen, 1990; see Figure 2.7). Alternatively, one may consider using the
interpolation of blind properties based on small sets of characteristic SHGCs that was

proposed by Klems and Warner (1997).
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Figure 2.7 Thermal performance of automated Venetian blind system with selective low-
E glazing for the summer and winter. The Shading Coefficient (SC) is shown as a
function of the Venetian blind tilt angle. The thermal performance was mathematically
derived for a between-pane system with gray-diffuse louver surfaces (after Rheault &

Bilgen, 1990).

Table 2.1 Examples of Optical and Thermal Properties of Venetian Blinds

Blind Solar Solar Solar Trans. Optical Trans.
Position/ | Reflect | Absorp. Summer Winter Diffuse Sunny
Color (Default) (Cloudy)
Stephenson (1964)7 0 - - - - 0.3 -
22.5 - - - - 0.14 -
45 - - - - 0.08 -
ASHRAE (1997)% light 0.55 0.40 (0.05) - - -
medium 0.35 0.60 (0.05) - - -
Littlefair (1999)* Shut - - 0.57 0.58 0.03 -
Open - - - - 0.32 -
Athienitis (2002)** -60 - - - - (0.14) 0.1
-30 - - - - (0.38) 0.35
-15 - - - - (0.33) 0.48
0 - - - - (0.25) 0.42
30 - - - - (0.11) 0.15
60 - - - - (0.03) 0.03

T A typical lighted-color Venetian blind

1 Ratio of slat width to slat spacing 1.2, slat angle 45, normal incidence

* Venetian blind type not available
** 35 mm wide mid-pane highly reflective Venetian blind between double-glazed low-E coating
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2.3 Previous studies on the control of window blinds

Although limited in observation and identification methods, early researchers
were able to distinguish blind usage patterns between facade orientations and sky
conditions. Recently, window blind movements and physical environmental conditions
were monitored simultaneously. From these data, researchers have been able to derive
window blind control rules based on simple predictors. Below is a summary of the

previous studies on human control of window blinds.

2.3.1 Monitoring of window blind usage

Rubins, Collins, and Tibbott (1978) studied manual blind control patterns in
private offices with northern or southern fagade orientations. The objectives of the study
were to examine blind manipulation patterns, to examine various external variables in
relation to blind usage, and to determine the energy saving potential of manually
manipulated Venetian blinds. The results showed that building occupants consciously set
their blinds in certain positions, and that blind occlusion is higher in southern than in
northern offices because people tend to use their blinds to block direct sunlight.
Significantly, they found that blinds were operated more than once a one day in only 50
out of 700 windows observed in the experiment. Finally, the authors suggested that each
window occupant arrives at a preferred window blind position as a result of individual
weighing of the positive (e.g. light in, view out) and negative effects (e.g. glare, privacy)

of windows. This hypothesis, however, was not tested during that time.
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Rea (1984) analyzed occupant-controlled blind positions on three facade
orientations in a 16-story office building in Ottawa, Canada as a function of facade
orientation, time of day, weather conditions, and the interactions between these variables.
Similar to Rubin et al. (1978), Rea used the photographic analysis method to document
window blind positions of each building fagade orientation. The photographs were taken
at three times of day (9:30, 12:00, 14:30), and on one cloudy and one clear day in April
and May, 1982, respectively. A total of 3,330 windows were examined for their blind
position. The proportion of the window opening covered by blinds was taken as an
occlusion value with a range from 0-10. Blind slat angles were not considered in the
calculation of this occlusion value.

The results showed that the sky condition (cloudy or clear) and building facade
orientation (north, south, east, or west) and their interaction were statistically significant.
The occlusion value was much higher on the clear day than on the cloudy day for the east
facade, while there were small but consistent differences in occlusion on the south and
west facades. Rea concluded that occupant preference for window blind position is based
on long-term perceptions of solar radiation. Changes within a day are essentially ignored
and occupants use window blinds to prevent penetration of direct sunlight, thermal
radiation, or both in the room.

Inoue, Kawase, Ibamoto, Takakusa, and Matsuo (1988) took photographs of four
buildings in Tokyo, Japan. Along with the photographs, direct and diffuse solar radiation
values were collected. Inoue et al. reported that the change in the rate of blind operation
varied greatly with the orientation of the buildings, weather conditions, and that pattern

of window blind control emerged particular to the individual building investigated.
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Window blinds on the east facade were closed by occupants on their entry into the rooms
but gradually opened upward in the afternoon when the sun was not shining through the
windows. Blinds on the west fagcade were opened as the building occupants arrived and
closed in the afternoon as solar radiation increased. Blinds were not operated during
overcast weather, when solar radiation values were low.

The major conclusion from Inoue et al. (1988) study was that once direct solar
radiation striking a facade exceeded about 12-58 W/m? (10-50 kcal/m*h), blind occlusion
was proportional to the depth of sunlight penetration into a room. Thus, Inoue et al. were
the first to establish a correlation between the occlusion value and the amount of solar
radiation incident on a facade.

Lindsay and Littlefair (1992) investigated Venetian blind usage at five different
office buildings in England, using time-lapse photography as the primary monitoring
method. In the buildings monitored, the blind change rate ranged from never (0%) to
daily (100%) with an average of 40%. Blinds were operated in response to the amount of
sunshine present and the position of the sun with respect to facade orientation.

Occupants lowered their blinds during the day as direct sunlight penetrated their facade
and retracted them at the end of the working day or early in the morning. Based on their
blind usage data, Lindsay and Littlefair hypothesized that the general motivation for
people to use blinds is to avoid glare rather than to prevent overheating.

Pigg, Eilers, and Reed (1996) studied the behavioral aspects of lighting and
occupancy sensors in private offices, and measured blind management through random
walk-through inspections. They found that 36% of the 63 private offices they monitored

never adjusted their blinds between February and May, 1995. Data from this study
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support the results from Rea’s (1984) study showing that facade orientations influence
the control of window blinds. Pigg et al. reported that offices on the south facade of the
building were most likely to be shut and least likely to be completely open. Offices on
the north fagade were the least likely to have the blinds closed. Offices that faced east
and west were immediately between these extremes.

As part of her dissertation, Biilow-Hiibe (2001) investigated the function,
operation, and effect of daylight on external Venetian blinds and awnings. She asked 50
participants to adjust the shading device to create a pleasant daylight situation (without
the aid of electric light) and then to adjust the electric lighting to create a pleasant
environment. Biilow-Hiibe recorded the position and blind slat angle of the blinds. She
reported that most participants did not pull the Venetian blinds down fully.
Approximately 50% of the participants pulled them down half-way with an average
occlusion of 66%. Seventy-five percent of the participants chose a slat angle of 30° or
larger (from horizontal level). Less than 10% of the participants chose a negative (sky
view) slat angle. Further, Biilow-Hiibe reported that there was no relationship between
interior illuminance levels or sky luminance and the coverage of the shading devices.
However, a relationship was found between coverage and the existence of sunlight
patches in the field of view. Biilow-Hiibe concludes that either glare or luminance
contrast in the field of view are probably responsible for the control of shading devices,
but there seems to be a large individual spread as to how much glare people tolerate.
Since the variance among people is large, more participants and weather situations should

be included in future studies.
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Foster and Oreszczyn (2001) videotaped blind movement in three offices in
London, England. In this study, the average sunshine index and the average occlusion
index were plotted for regression analysis. Blind slat angle was included in the occlusion
index. The value of blind positions ranged from O to 5 (O=fully open, 5= fully closed)
while the value for slat angle ranged from 1 to 3 (1=horizontal, 2=between horizontal and
vertical, 3=vertical). Both values were divided by their maximum value to obtain the
proportion of occlusion. The occlusion index was calculated by multiplying blind
position and blind slat angle values. The sunshine index was calculated by multiplying
the weather code (1=overcast, 2=slightly cloudy, 3=sunny) by time code (1=early
morning or late afternoon, 2=mid afternoon, 3=midday).

Foster and Oreszczyn (2001) found that occupants’ use of blinds was not affected
by solar availability and that there was only a weak relationship between the degree of
sunshine and the occlusion index. However, they found that the orientation of the facade
did have some influence on the average level of occlusion. Blinds on the south facade
had the highest occlusion value, and the occlusion value for the west facade was lower
than the occlusion value for the north facade. The authors speculate that the building on
which the north facade was observed was closer to the opposite building and that the
blinds may have been drawn for privacy purposes.

One function of blinds is to intercept the direct solar radiation entering the
building in warm or hot weather. Raja, Nicol, McCartney, and Humphreys (2001) found
that blind usage increased with an increase in indoor temperature, outdoor air

temperature, and thermal comfort sensation vote. The rate of change, however, was
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small. Raja et al. speculated that the reason for using blinds is to avoid glare rather than
to reduce heat.

Nicol (2001) analyzed the data from field studies that were conducted in Sweden,
UK, France, Portugal, and Greece, and suggested that control of window blinds is
influenced by physical conditions, but that it tends to be governed by a stochastic rather
than a precise relationship. That is, the likelihood of an event happening increases as the
“intensity” of the stimulus (in this case temperature) increases. Similar to Raja et al.’s
(2001) finding, Nicol reported that the blinds were primarily used by building occupants
to control glare rather than to control indoor temperature. While there was some
evidence that occupants were more likely to use blinds in hotter weather, the effect was
small and barely statistically significant. Ultimately, Nicol suggested that solar intensity
would be a better predictor than outdoor temperature for explaining blind usage.

Reinhart (2001) investigated blind usage at an office building near Stuttgart,
Germany. The author monitored ten sets of blinds in south-facing offices. In these
buildings, electrical lighting and external Venetian blinds were connected to the building
control system. Blind slats could be adjusted independently above and below a 2 meter
height and was supported by an external lightshelf. Blinds were operated manually and
automatically. Under an automated control system, blinds were fully lowered/retracted if
the illuminance onto the SSW facade exceeded/fell below 28,000 lux. This automated
blind control algorithm was chosen to avoid overheating. Manual control of blinds was
possible at all times, and any manual blind manipulation disabled the automated blind

control for two hours.
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The status of blinds, vertical illuminance on facade, external temperature, and
global/diffuse irradiance were recorded at 5S-minute intervals, while the workplace
occupancy, work plane illuminance, and indoor air temperature were recorded at 15
minute intervals. A total of 6,393 blind changes were recorded during 174 weekdays
from late March to early December, 2000. This high blind movement rate was caused by
the semi-automated blind control system in which 3,012 blind manipulations were carried
out by the control systems, followed by 1413 user corrections which occurred within 15
minutes after an automated blind readjustment. A total of 1,973 blind adjustments were
controlled manually. Reinhart’s (2001) data supports findings from previous studies
showing that people consciously set blind positions (Rubin, 1978), and that people dislike
their blinds being closed unless direct solar radiation is above 50 W/m? (Inoue et al.,

1988).

In summary, most of the aforementioned studies on blind usage indicate that
blinds are consciously used in offices to block direct sunlight. Glare protection seems to
be the main factor that influences window blind control behavior, followed by the
avoidance of excessive solar heat gain. Accordingly, orientation of the fagade influences
blind control behavior. Blind occlusion values are generally higher in an office with a

southern fagcade orientation rather than with a northern fagade orientation.
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2.3.2 Subjective responses to window blinds

Occupants’ subjective responses to window blinds are an essential component in
understanding why building occupants control their window blinds. Subjective responses
are usually gathered through the use of an interview or questionnaire. Thus far, only a
few studies measuring occupants' subjective responses have been carried out.

As part of their automated blind study, Inoue et al. (1988) reported the results
from 336 questionnaires in which they asked “how do you control your nearest blind?”
They found that 60-70% of the sample kept the blinds open as long as possible. Only 20-
30% answered that they operate the blinds to meet outside changes. Furthermore, the
percentage of answers stating that blinds greatly affect the visual environment reached as
high as 90%, and the effect on the thermal environment accounts for 50-80%. The
majority of the occupants stated that they preferred the space near the windows because it
affords brightness (80%), view (70-80%), and extensive visual range (50-60%). Inoue et
al. concluded that the reasons why blinds are operated can be inferred from the negative
factors in the evaluation of seats near windows. The predominant negative factors found
in this study are heat and glare generated by direct solar radiation.

Pigg et al. (1996) reported that 43% of building occupants adjusted their blinds to
reduce the direct light coming into the room, while 37% said that they do so to reduce the
glare on their computer screen.

Vine et al. (1998) compared satisfaction levels of 14 participants who experienced
three hours in a full-scale test office under three different modes of an integrated
Venetian blind and lighting system. They found that most participants preferred a higher

workplane illuminance than the default range from 700 -1500 lux. Vine et al. concluded
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that integrated Venetian blind and lighting systems exhibit high user acceptance, but that
larger samples and longer measurement periods would be necessary to fully test this
conclusion.

The few studies that have investigated automated blind operations show that only
50-60% of the building occupants were satisfied with the automated systems (Inoue et al.,
1988, Jain, 1998). Only 57% of the sample felt that the overall lighting was comfortable,
compared to manual override mode and manual blind control (78% and 85%
respectively). These results demonstrate a need to investigate subjective responses to
automated blind control systems and/or develop automated blind control algorithms that

are based on user needs and preferences.

2.3.3 Other potential factors
There are many other physical, physiological, psychological, and social factors

that influence window blind control behavior. Below are a few examples.

2.3.3.1 Visual privacy and visual exposure

Heerwagen (1990) suggests that a successful window design must provide a
balance between visual access and visual exposure that is appropriate for the context and
for the personal preferences of occupants. In the case of office buildings, it may be
implied that the ideal fenestration systems should allow occupants to “see without being

seen.”
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2.3.3.2 View and access to environmental information

One function of window is the addition of a dynamic, active quality to an interior
environment (Collins, 1975). Although almost any view is acceptable, some evidence
suggests that views with high information content are preferable. Manning (1965)
reported that nearly 90 percent of the participants in his study considered it important to
be able to see out of their offices. Markus (1967) investigated the view function of
windows and suggested that the satisfaction derived from a window view is probably
related to the total visual field which it occupies, comprising the immediate foreground,
middle distance, and sky.

Because most studies of glare from large source have been conducted in
controlled laboratory settings, the hypothesis that view influences discomfort glare rating
has not been confirmed. However, anecdotal evidence suggested that the appraisal of
glare from actual windows, unlike glare from artificial lighting, may be affected by
factors such as quality, in addition to the size and appearance, of the window. For
example, Boubekri and Boyer (1992) conducted an experiment where subjective
responses of discomfort glare sensation from 20 participants were compared with
calculated glare using the Cornell glare formula (Hopkinson, 1972; Chauvel et al., 1982).
Results from this experiment showed that glare was more tolerable than the daylight glare

index predicts. It is concluded that this hypothesis remains to be tested.
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2.3.3.3 Daylight, sunlight, satisfaction, and productivity

Growing evidence shows that there is an association between perceived
productivity and factors such as comfort, health, and satisfaction of staff in office
organizations (Leaman & Bordass, 1999). The presence of a window and daylight
certainly has an effect on these factors. The argument is that over the life-cycle of a
building, aggregate energy costs are very modest when compared to aggregate wages
paid to employees. Despite long energy payback periods, if daylight can improve
employee productivity, these productivity gains can offset the costs of almost any
daylighting system.

The association between daylight and productivity has recently been the topic of
investigation in retail and school settings (Heschong, 2002; Heschong, Wright, & Okura,
2002a, 2002b). Although the correlational analysis conducted in these studies cannot
prove that daylighting causes increased sales in retail environments nor improved student
performance in school environments, Heschong et al. (2002b) suggests that there is
indeed an important daylighting effect associated with performance and productivity with
increased window or skylight areas in buildings. These researchers have suggested three
potential pathways for a daylight mechanism that improves human performance:
increased visibility, enhanced mood, and improved health. Accounting for the benefits of
daylight, it is hypothesized that building occupants who prefer to have access to daylight
may leave their window blind open more than those that have no preference. This

hypothesis, however, will not be tested in the current study.
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2.3.3.4 Effect of long-term exposure

Discomfort from glare appears to have a cumulative effect. The longer building
occupants are exposed to a glare source, the more sensitive to glare they become.
Poulton (1991) suggests that discomfort from glare is more troublesome at the end of the
day or late in the week. This effect may occur even with very low luminance glare

sources.

2.3.3.5 Age and gender

It is well established that visual performance decreases with age. The effect of
age on discomfort from glare is undoubtedly an area that needs investigation. Results
from previous studies suggest that an age effect exists. For example, Fisher and Christie
(1965) found a significant positive correlation between age and the coefficient K in the
formula for veiling luminance in disability from glare. This means that a given lighting
condition would produce greater disability for older persons. Bennett (1977) reported
that older people were more sensitive to discomfort from overly bright lighting systems
than young people. The average population is more sensitive in direct proportion to their
age from early 20s to their 70s. It is reasonable to expect that as various aspects of the
visual system deteriorate with age, a greater sensitivity to discomfort from glare might
result.

Although metabolism decreases slightly with age, previous studies (Nevins,
Rohles, Springer, & Geyerherm, 1966; Fanger, 1982; Fanger & Langkilde, 1979) found
that thermal environments preferred by older people do not differ from those preferred by

younger people. However, since elderly people have lower activity than younger people,
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the ambient temperature level in the homes of older people is found to be higher than the
temperature level in the homes of younger people (ASHRAE, 1997).

Previously cited experiments by Fanger (1982), Fanger and Langkilde (1975), and
Nevins et al. (1966) also compared thermal environment preferences between male and
female participants. They concluded that gender was not found to have an effect on

thermal environment preferences.

2.3.3.6 Contextual influences

Bennett (1977) conducted an experiment with 140 participants to investigate the
relationship between glare and indoor-outdoor occupation. Results indicated that indoor
workers were more sensitive to discomfort from glare than outdoor workers. This was
most likely the result of psychological adaptation in which outdoor workers expected
higher illuminance, therefore, they were more tolerant of glare compared to indoor
workers. Based on the results of this experiment, it could be argued, then, that there are
differences in glare tolerance among office workers due to past experience and
expectations.

For thermal comfort, ASHRAE (1997) similarly suggested that people who are
used to working and living in warm climates could more easily accept and maintain
higher work performance in hot environments than people from cold climates. While
adaptation has minimal influence on the preferred ambient temperature, in uncomfortable
warm or cold environments there will often be an influence of adaptation on

performance.
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2.3.3.7 Effect of task viewing position on glare

While much attention has been given to evaluating discomfort glare from
windows, very little work has evaluated how glare from windows is affected by the
discomfort from bright areas surrounding the task site. Discomfort from glare has been
assessed in previous studies by viewing and rating the glare source directly in conditions
that simulate a worker looking up from a work task.

To be sure that research results are relevant to today’s workforce and their
environment, it is important to investigate situations in which the glare source occupies a
substantial part of the visual field while subjects actually perform work tasks (Osterhaus
& Bailey, 1992). Most modern office workers spend a lot of time at computer
workstations. These include the Cathode Ray Tube (CRT) type monitor with a highly
reflective surface and Liquid Crystal Display (LCD) type monitor with a matte finish.
The location of Video Display Terminal (VDT) tasks in relation to windows should be

taken into account in research examining discomfort from glare.

2.3.3.8 Interaction effects

The comfort or discomfort of an office occupant is predominantly determined by
four main environmental factors: air quality, thermal comfort, acoustical ambience, and
visual comfort. The interaction effects of these variables on comfort are not well-
established and are usually based on only a few anecdotal reports. For instance, the
effect of noise on visual fatigue has been demonstrated, and the influence of visual
information on auditory sensation has been reported recently (Laurentin, Berrutto, &

Fontoynont, 2000). However, their interaction and collective effect has not been studied.
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Yamazaki, Nomoto, Yokota, and Murai (1998) investigated the effect of air
temperature, light, and sound on perceived work environment. One of the major results
obtained from the experiment was that when illuminance was low, the sensitivity to
temperature was low, and with increasing illuminance, the sensitivity to temperature
increased.

Laurentin et al. (2000) conducted an experiment specifically to test the hypothesis
that thermal conditions have an effect on visual comfort. Twenty subjects reported visual
and thermal comfort levels at two temperature conditions (20.5 and 27 °C), and under
three light source types (daylight, electric light, and combined lighting) at a constant 300
lux illuminance. A significant effect of thermal conditions on lighting environment
sensation was found under electric light only. The hypothesis that thermal conditions
influence visual comfort appraisal was not supported. It was concluded that the effect of
thermal discomfort on visual discomfort may not be significant because the maximum
temperature in Laurentin’s study was only 3°C above the (thermal) comfort zone,

The examples show that an interaction between thermal and visual comfort is
plausible. A future predictive model of visual discomfort from daylight may integrate the

effect of thermal discomfort as one of the confounding variables.

A list of the above-mentioned factors suggests that window blind control behavior
is shaped by a complex range and balance of various physical, physiological,
psychological, and social factors. The main and interaction effects of these factors on the
window blind control behavior, however, are not fully understood. For example, it is

hypothesized that in some situations such as ground level rooms, the desire for privacy
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may overcome the desire for view and the desire for natural light (Collins, 1975).
Nevertheless, it is not possible to examine all factors at once. Therefore, this study
focuses on factors that can be direct implemented in current building control systems and
energy simulation programs. The explanation of the chosen variables, which are mainly

related to the visual and thermal environment, can be found in Chapter 3.

2.3.4 Existing window blind control algorithms

Currently, the development of blind control algorithms for automated and
manually controlled blinds is still at a preliminary stage. For automated blinds, early
control algorithms were “time controlled” for orientation and season or were based on a
single solar radiation threshold value. For example, blinds were automatically adjusted
based on the amount of direct solar radiation that reaches the occupants of the room
(Inoue et al., 1988; Leslie, Raghaven, Howlett, & Eaton, 2005). Newsham’s (1994) blind
operation model was based on the thermal comfort model assumption that, if sunlight
with intensity greater than 233 W/m? fell on the occupants, the blinds would be closed.
The value of 233 W/m?* was chosen to reflect the 20% PPD thermal comfort criterion of
the ISO Standard 7730 (1984). At the Helicon building in the UK, the blinds are lowered
to the horizontal position when solar radiation incident on the fagade reaches a threshold
of 150 W/m? (CIBSE, 1996). Lastly, Oscar Faber Associates (as cited in Foster &
Oreszczyn, 2001) chose the solar radiation threshold value of 300 W/m? to represent the

threshold that occupants would start to use the window blinds.
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Recent automatic blind control algorithms are closed-loop algorithms that
integrate more environmental variables into the algorithm, such as workplane illuminance
and sun angle. The major improvement is that the systems include manual override
capability and possible optimization between visual and thermal comfort conditions
(Guillemin & Morel, 2001). For example, the goal for the control algorithm of the
automated Venetian blinds at the Oakland Federal Building’s test-bed facility was to keep
the interior workplane illuminance within the range of designed illuminance,
approximately between 540 to 700 lux (Vine et al., 1998). The commercially available
MechoShade’s AAA SolarTrac ™ adjusts shades in accordance with the solar angle and
BTU load (MechoShade, 2001). Most recently, adaptive-fuzzy control, in which the
position of window blinds are determined based on the optimization of multivariable
predictors (solar radiation, visual comfort, thermal comfort) have been developed and
simulated with a test facade model (Assimakopoulous, Tsangrassoulis, Guarracino, &
Santamouris, 2004; Park, Augenbroe, Sadegh, Thitisawat, & Messadi, 2004).

For blinds that are manually controlled, there are only a few manual window blind
control models that have been published in journal articles. For example, Reinhart’s
(2001) manual blind operation algorithm incorporates time of the day, space occupancy,
and solar radiation as the major factors in blind opening or closing functions. However,
Reinhart stated that the factor of time in his model is an over-simplification of reality and
lacks supporting data. Furthermore, the model also ignores any thermally-driven
mechanisms, which might further encourage the closing of blinds to avoid overheating

during the summer or opening of blinds for increasing personal warmth during winter.
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In summary, several blind control algorithms have been developed and
implemented in buildings since the 1980s. Existing models reflect the function of
windows in providing “physical” comfort with less consideration on the interaction
between physical, physiological, psychological, and social dimensions. Even though
recent algorithms include many variables, they are theoretically derived rather than
derived from actual practice, and therefore their capacity to reflect building occupants’
preferences when implemented in actual buildings can be challenged. Only the models
from Inoue et al. (1988) and Reinhart (2001) were derived from actual observations.
Clearly, more field investigation is needed in order to understand the manual operation of

window blinds.
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Figure 2.8 Block diagrams of recent window blind control models. Left: Newsham
(1994) block diagram for manual blind control based on 20% PPD Thermal comfort
criterion of ISO 7730 (1984). Right: Reinhart (2001) blind control model, which is a
modification of Newsham’s model. This model is based on the assumption that building
occupants control their window blinds for visual comfort (low direct solar irradiance
triggers blind closing actions).
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2.4 Gaps in the literature

This literature review has identified several gaps in the literature on window blind
control:

1. Previous research suggests that physical factors, such as visual and thermal
comfort, are the major factors that influence the control of window blinds (Rubin et al.,
1978; Rea, 1984; Lindsay & Littlefair, 1992; Newsham, 1994; Reinhart, 2001). In
additional to the physical factors, the review of literature shows that physiological,
psychological and social factors can influence the general perception of comfort as well.
The main and interaction effects of these factors on the window blind control behavior,
however, are not fully understood. Therefore, a combination of quantitative
measurements and subjective surveys are needed in order to understand the effects of
these factors on window blind control behavior and comfort appraisal.

2. Visual and thermal comfort factors (which have been cited in previous studies
as the primary factors in blind control behavior) have not been investigated thoroughly.
This might be the result of the current underdeveloped state of prediction methods for
discomfort from glare from daylight.

3. Previous studies of window blind control were not conclusive; not all major
facade orientations were monitored in a single study. In addition, the impact of room
occupancy and seating position on window blind usage patterns has not been investigated
in any study.

4. Measures of window blind occlusion have largely excluded window blind slat
angles. Different window blind slat angles can drastically increase or decrease

workplane illuminance for workspace near the window opening (Christoffersen, 1995).
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In previous studies, window blind slat angles were ignored or identified as either open or
closed. Blind slat angle should be investigated as a component of window blind
occlusion indices.

5. In previous studies, researchers used cameras or camcorders to monitor the
status of window blinds. The window blind positions were visually examined. While the
position can be easily seen, there is potential error in recording it. Furthermore, the
angles of the blind slats are usually ignored because of the different relative camera
angles on different floors of tall buildings (Rea, 1984). There is a need for a more
reliable method for measuring the window blind position and blind slat angle.

6. The existing window blind control models are oversimplified. The blind
control models are constructed with an all-or-none absolute threshold rule. Window
blind control should be expressed in terms of probability of blind movement in
correlation with visual or thermal factors.

7. Only two window blind control models were derived from actual field studies.
While theoretically constructed models optimize many variables, they may have limited

applicability to real-life settings.
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CHAPTER 3

METHOD

3.1 Introduction

Traditionally, environmental control system studies focus on only one domain of
the physical environment: the lighting domain or the thermal domain. In addition, the
evaluation of a system’s technical performance is often based on data from the physical
environment, and the integration of subjective responses is less common. The literature
review establishes that window blind control behaviors are influenced by many factors,
including physical and physiological, psychological and social variables. This study of
Venetian blind control behavior focuses on the interaction between two environmental
domains that are directly regulated by window blinds, the lighting and thermal
environments. A variety of methods were used to collect and analyze the physical
environmental and subjective data. Prior to the main experiment, pilot survey and study
of window blind usage were conducted to validate research methods, test a few
preliminary hypotheses, and gather preliminary information regarding frequency of blind
change and occlusion value between facade orientations. The pilot study data were later
used to inform the design of the main experiment. In addition, the data were used to
validate the accuracy of the derived window blind control models.

This chapter describes the methods used to conduct the investigation, beginning
with the study variables and instruments. The second section describes the research
procedure and participant selection procedure. Lastly, the data analysis techniques are

explained.
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3.2 Study variables

Table 3.1 provides a list of all of the variables measured in this study. The
dependent variables are related to window blind movements, especially, window blind
closing event (yes = 1, no = 0). For independent variables, only those variables that met
the following criteria are selected for inclusion in the study:

1) The variable is part of an equation used to calculate visual or thermal comfort.

2) The variable provides a measure of the physiological/psychological variability

of an individual participant.

3) The variable is cited in previous window blind research.

In this study, independent variables are categorized into two types, treatment
(stimulus) and confounding factors. Treatment variables are directly related to the
stimulus that cause discomfort sensation. Confounding factors, on the contrary, are
related to both the dependent and independent variables and may confound the
association but they may or may not imply the causation. In this study, the confounding
variables are considered grouping variable of sort.

A few secondary factors were included in the survey portion of the study, but
were not taken into consideration in the field study portion due to a limited number of
research participants. Examples of these variables include satisfaction with view, need

for privacy, age, and gender.
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Table 3.1 List of Variables in the Current Study

Type of variables Items

Dependent variables . Window blind closing event (yes = 1, no = 0)
. Window blind occlusion value’

. Frequency of window blind adjustment’

—_0 DN =

. Visual Comfort
1.1 Average window luminance*
1.2 Background luminance*
1.3 Daylight Glare Indices*
1.4 Maximum window luminance*

Independent variables

2. Luminance ratios between VDT task and
2.1 Adjacent surface (60° visual cone)*
2.2 Surrounding surface (120° visual cone)*

3. Thermal comfort
3.1 Air temperature*
3.2 Mean Radiant Temperature (MRT)*
3.3 Relative Humidity*
3.4 Predicted Mean Vote (PMV)
3.5 Predicted Percent Dissatisfied (PPD)

4. Subjective responses
4.1 Glare Sensation Vote (GSV)*
4.2 Brightness preference**
4.3 ASHRAE Thermal sensation vote*
4.4 Thermal preference**
4.5 Self-reported sensitivity to brightness**
4.6 Self-reported sensitivity to temperature**

5. Workplane illuminance*
6. Vertical solar radiation at window*

7. Additional confounding factors**
7.1 Direct solar penetration
7.2 Direction of VDT screen
7.3 Fagade orientation’
7.4 Sky condition’
7.5 Age’
7.6 Gender'

* Treatment variables
** Confounding factors
" Variables included only in the survey portion of the study
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3.2.1 Window blind movement

The main dependent variables in this study were related to window blind
movement. They was measured in three ways: whether window blind states were open or
closed (0 = closed, 1 = open), window blind occlusion level (a continuous value ranging
from fully closed = 0 to fully open = 100), and an ordinal value representing frequency of
window blind adjustment on a typical day (less than once per day, once per day, and

more than once per day).

3.2.2 Visual comfort

Glare is defined by the Commission Internationale de I’Eclairage (CIE) as “the
condition of vision in which there is discomfort or a reduction in the ability to see details
or objects, or both, due to an unsuitable distribution or range of luminance or to extreme
contrasts in space or time” (CIE, 1983). There are two separate forms of glare:
discomfort glare, which causes discomfort without necessarily impairing vision of
objects, and disability glare, which impairs vision without necessarily causing
discomfort.

Although both forms of glare can occur simultaneously, they are quite different
phenomena. Disability glare depends mainly on the quantity of light falling on the eye
and is largely independent of luminance of the source. When light of relatively high
luminance is seen against a low luminance background, it reduces the ability of the
observer to see by reducing the contrast in the retinal image. Loss of vision can occur
because contrast sensitivity decreases when glare is present. In buildings, direct sunlight

in the field of view can cause disability glare.
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Discomfort glare, on the other hand, depends on the source luminance.
Discomfort glare occurs when the presence of a light source that is of higher intensity
than that to which the eye is currently adapted leads to unpleasant sensations that range
from a mild annoyance to pain. Discomfort glare does not necessarily reduce visibility.
In addition, discomfort glare can build up considerably in interior spaces where building
occupants are exposed to high luminance sources for a long period of time.

Because glare is a subjective phenomenon; the primary method of investigation
usually involves the subjective judgment of observers. In this method, observers rank
glare sources of different luminance levels according to the discomfort sensation they
perceive. Glare index equations are derived from these experiments, which produce
guidelines and recommendations for lighting installations.

There are many predictive models of visual discomfort. These predictive models
include the American Visual Comfort Probability (IESNA, 2000), the British Glare Index
(Hopkinson & Bradley, 1960; Hopkinson, 1949, 1963; Hopkinson & Collins, 1963), the
Luminance Limit (Bodmann, 1967), the CIE Glare Index (CIE, 1983; Navvab & Altland,
1997), and the Unified Glare Rating (Eindhorn, 1969, 1979, 1998; CIE, 1995). These
models all share similar predictive equations which include luminance of the source (Ly),
adaptation (or background) luminance (L), position of the source relative to the line of
sight (p), and apparent size of the glare source (w) (Boyce, 2003). All of these models

can be expressed using the same general form:

G=—22"5 3.1)
L, - p* (

49

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005 https://escholarship.org/uc/item/3rd2f2bg



Equation 3.1 suggests that the discomfort glare sensation increases with the luminance of
the source and the solid angle subtended by the source, and decreases with increasing
background luminance and deviation of the glare source from the line of sight.

Most of the glare models, however, cannot be used to predict discomfort glare
from daylight. One of the assumptions of these models is that the size of a glare source is
less than 0.01 steradian. The Daylight Glare Index (DGI; Hopkinson, 1963; Chauvel et
al., 1982) is the only model that has been widely accepted in predicting discomfort glare
from large sources such as windows.

Based on the Hopkinson Daylight Glare Index (1963), Chauvel et al. (1982)
reviewed studies of glare from large artificial light sources, and investigated glare from
daylight seen through real windows. The authors then modified the formula by giving a
new definition to source luminance and adding the average luminance of the window as a

new parameter. The new Chauvel et al. (1982) formula is given below:

n 76 . 008
DGI =1010g0.478> L 3.2)
i=1 Lb + (0.07 * (l)s' * LJ)
where
L Average luminance of each glare source in the field of view (cd/m?)
Ly Average luminance of the background
) Solid angle of the source seen from the point of observation (sr)

Q Solid angle subtended by the source, modified for the effect of the position
of the observer in relation to the source (sr)

n Number of glare sources in the field of view
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To assist in determining L, and L;, in actual built environment, Aizlewood (2001)
proposed a protocol for continuous measurement of shielded and unshielded vertical
illuminance from which L and L, can be derived. This relieves the need for making a

series of spot luminance measurements. An example of vertical sensors is shown in

Figure 3.1.

Figure 3.1 Example of shielded and unshielded illuminance sensors used to calculate the
DGI (from Aizlewood, 2001).

The glare source is determined from:

E
L =— (3.3)
@
where
E; Average vertical illuminance from shielded illuminance sensor (lux)
0] Configuration factor of source in respect to the measurement point
51

PhD Dissertation, Dept. of Architecture, UC Berkeley 2005 https://escholarship.org/uc/item/3rd2f2bg



The background luminance L, is given by:

_ Es _Eun

e 3.4
z-(1-9) G

b

where

E.. Average vertical illuminance from unshielded illuminance sensor (lux)

The solid angle subtended by the glare source (window) to the point of

observation can be calculated using the following equation:

A- .
o= cos@-cos@

42 3.5)
where
A Window (source) area
d Distance from the viewpoint to the center of the source
0 The angle between the normal to the source and the direction of the source
from the observer in the vertical plane
o The angle between the normal to the source and the direction of the source

from the observer in the horizontal plane

Finally, the solid angle subtended by the source, modified for the position of the
light source with respect to the position index (see Figure 3.2), can be calculated using

the following equation:

Q=P,.w (3.6)
where
P; Position index
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TaBLE 12.7
POSITION FACTOR p {FOR USE WITH FIGURE 12.7)
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V = vertical distance from horizontal line of vision
L = lateral distance from horizontal line of vision
R = horizontal distance from eye of observer

Figure 3.2 Table of position index (from Hopkinson et al., 1966, p.323)

While DGI has been accepted as the standard for predicting glare from large
sources for many years, several anecdotal studies have challenged the reliability and
validity of DGI. For example, subjective assessment of discomfort glare under real sky
conditions has been found to be less than that predicted from DGI in two studies
(Boubekri & Boyer, 1991; Iwata et al., 1991). Boubekri and Boyer suggested that view
pleasantness may have influenced the assessment.

Because DGI was based on an experiment with uniform light sources (Hopkinson,
1972), Waters et al. (1995) showed that a non-uniform glare source caused more glare
than a uniform source when positioned perpendicular to the line of sight.

Inoue and Itoh (1989) suggested that when the glare source size approached 2w
steradians, background luminance was highly influenced by the source. Therefore, the

calculated DGI should be independent of background luminance.
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In calculating glare from large sources, different subdivisions of a large glare
source resulted in different glare index values. That is, the glare index value increased as
the number of source subdivisions increased (CIE, 1983; Iwata & Tokura, 1998;
Inkarojrit et al., 2005).

Finally, Aizlewood (2001) suggested that the DGI is a daylight glare index, not a
sunlight glare index. If direct sunlight fell on the measuring apparatus, the formula
became unreliable.

Many researchers have proposed alternative methods to predict discomfort glare
sensations. For example, vertical illuminance (or simple brightness) may be used to
predict discomfort glare (Osterhaus & Bailey, 1991; Osterhaus, 1998; Loe et al., 2000;
Aries, 2003; Cuttle, 2003). Using an apparatus similar to Aizlewood’s (2001) measure,
Nazzal (2001) conducted an experiment using shielded and unshielded illuminance
sensors to calculate DGI. With the hypothesis that sky luminance has a significant
influence on discomfort glare, Nazzal (2001) replaced the L; (nominator in the Chauvel’s
formula) with L., the average vertical unshielded illuminance from the surrounding
environment (at the window). Nazzal (2001) reported that the new DGIy method

provided reasonable (more stable) results. The DGIy formula is given as:

DG, = 1010g0.4783) —Lenernr 2 (3.7)
v S L 0070 1) '
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Fisekis et al. (2003) explored the effect of the adaptation function by evaluating
DGI according to different interpretations of the background luminance. Realizing that
for a large glare source the shielded and unshielded vertical illuminance sensors tend to
become equal (E,, = E;), Fisekis et al. (2003) hypothesized that DGI can be
overestimated.

Therefore, another representation of the background luminance (adaptation

luminance) has been used to avoid this limitation:

s (3.8)

By correlating subjective responses with measured illuminance data, Fisekis et al.
(2003) showed that DGI-L; performed well for the criteria falling within the discomfort
zone (DGI>24) and overestimated the predictions within the comfort zone. DGI-L, also
performed better as a predictor at lower glare source levels, and underestimated
predictions at higher glare source levels. Fisekis et al. concluded that as the source
luminance rises, a saturation process takes place and the influence of the