INTELLIGENT BUILDING SKINS:
PARAMETRIC-BASED ALGORITHM FOR KINETIC FACADES DESIGN AND DAYLIGHTING

PERFORMANCE INTEGRATION

by

Mohamed Mansour El Sheikh

A Thesis Presented to the
FACULTY OF THE USC SCHOOL OF ARCHITECTURE
UNIVERSITY OF SOUTHERN CALIFORNIA
In Partial Fulfillment of the
Requirements for the Degree
MASTER OF BUILDING SCIENCE

May 2011

Copyright 2011 Mohamed Mansour El Sheikh



ACKNOWLEDGMENTS

| would like to express my deep and sincere gratitude to Karen Kensek. Her wide knowledge and

her logical way of thinking have been of great value to me from the very early stage. Her

understanding, encouraging and personal guidance has provided a good basis for this thesis. She

has always provided me with the materials required for the success of my studies, as well as
introducing me to new ideas and technology. Karen, you have been a great and generous

mentor, whom | hope to get another chance to work with in the future.

| gratefully acknowledge Dr. David Gerber for his advice, supervision, and crucial contributions,
which have made him a backbone of this thesis. His involvement and originality have triggered
and nourished my intellectual maturity, which | will benefit from for a long time to come. With
his enthusiasm and inspiration, and his ability to explain things clearly and simply, he

contributed to the success of this thesis. David, | am grateful in every possible way and hope to

keep up our collaboration in the future.

My special acknowledgements go to the person who inspired me to explore this field, Nathan
Miller. He introduced me to parametric design in one of his classes, in which | had the chance to
discover my passion about it. Nathan’s great work in parametric design has influenced my
approach to problem solving, especially in my thesis work. | have also benefited from his

continuous advice, guidance, and critical comments. | am indebted to him more than he knows.



| warmly thank Professor Marc Schiler, a role model and gracious person, for his valuable advice
and friendly help. His interesting explorations and extensive discussions around my work have
been very helpful for this study. | am proud to record that | had the opportunity to work with
such an exceptionally experienced person. Though he is not an official thesis advisor, he served
on my thesis with true passion, sincerity, and kindness. Marc, words fail to express my

appreciation to you.

| owe a special acknowledgment to Greg Otto, who was a gracious mentor at the early stages of
this thesis. | am thankful that in the midst of all his activities, he provided me with the time and
guidance to properly structure my study. His critical feedback in the beginning was crucial to the

success of this study. Greg, you have been and will always be an exceptional mentor to me.

| would like to thank Professor Doug Noble for his support and guidance. He supervised my
previous research work and has always been a good person for advice. He has always supported
me in pursuing my research on building skins, and has provided me with all of the resources
required for my success. Doug, thanks for providing me with the good foundation necessary for

the success of this study; it has been pleasure working with you.

My parents, brother, and sisters deserve special mention for their inseparable support and
prayers. My father, Mansour El Sheikh, is the person who set the foundation for my learning
character, showing me the joy of intellectual pursuit ever since | was a child. My mother is the

one who sincerely raised me with her caring and gentle love, and has always been a strong



supporter of my life path. Rana, Ahmed, and Salma, thanks for being supportive, loving, and

caring siblings.

Finally, | would like to express my gratitude to everyone who supported me in bringing this

thesis to light.



TABLE OF CONTENTS

ACKNOWLEDGIMIENTS .....cccciieieiiasiairasrenrasrossasrossasrossassossassossassossasssssssssssasssssasssssassassasssssassasss ii
LIST OF TABLES ......cccieuiiuieuiuaienieaienseasensensossessossessossessossessassassossassossassassassassassassassassassassassans Viii
LIST OF FIGURES.....cccieuteuieuseasenseasensearensensossessossassosssssosssssosssssassassassassassassossassassassassassassassassas iX
ABS T RACT .....icieieieiieieieeiaeesrasessacassasasessasessasassscassssassssasassasassssassasassssasassasassssassssassssasassasassas Xvi
CHAPTER 1 INTRODUCTION......cccccieueiaseeeraseacroseaceoseaceosssssasssssasssssasssssssssssssssssssssssssssssassassassnse 1
O O = 7Yoo 1 o PRSP 2

1.2, RESEARCH STATEMENT .uutuuuuuuuuunnssaeesseeeeeeeeeseeeeseessmssssssssssssssnssesssssssesesesseeesssssssssssssssnsssesssssesees 12

1.3, GOALS AND OBJECTIVE cettuuuntererueunneeesesuunnseeessssunaeesssssnasaeesssssnnseesssssnnnsseessssnnneesessssnseesesssnnnnsesens 14

L1.3.1  TLLUMINANCE ...t tettttiee et eetttie e e et ettt e e e e ettt e s e e e aata e eaeaaaaaaseeeeasaaensaeesssannsesesssnnnesesessnnnsanans 15

1.3.2  LUMINOUS DISTRIBUTION 1vtuuutettrurunseeereiunenseeesusunseeesesssensesesemunnssessssssnsesssessssnnesssssmnnsasees 15

1.3.3  LIGHT PENETRATION tuuutttettuuuetererununseeerersnsseeesesunesesesssssseesremssesseeesessnssseeesessnnesssessnnsesens 16

1.4, STRUCTURE AND IMIETHOD . ..uuuuuiieiieeeseeeeeeeeeeeeeeetreetssassaaaneassessseeeeeesaeeeseeneeessesnssanssnnnnsnnanesesases 16

L4 1 INVESTIGATION ..uuuuuuueaseeeeeeeeeeeeeeeeeeeereeeessnssssnnsassnssaaessesseseeseeseeesseessssssssnssnnnssnnsssesssessens 17

1.4.2  PROCESSING LOGIC...uuiiieiiiiieeeeiiiiieeeeeetiiee s e e eeatie e e e e etaaseeeeeetaaeseeeassanneseeesasnnaeseeesnnnnsanans 18

1.4.3  DOCUMENTATION tettuuntetettruueeeererususeeeresuneseessasunaeessesssnsaesessssnnsessssssnnesesssssnmnesssessnnnsasees 20

1.4.4  SIMULATION IMETHOD ..ietvvuieieitiuiiieeeeteiinnseeerasuieeeesessnansesesersnensesesssunnsssssssssnnesessssnnnsasens 21

1.5, CONCLUSION .ttttuetttettttieeeeeetutiasesestttaieseeesessaaeseeeasssaseeeeasasesseeesasanssseesssssnnseesessssnseeesessnnneeenes 24
CHAPTER 2 INTELLIGENT SKINS.....cccciuieucrateacrateacraseaseaseaseossaseaseassasssssassassssssssssssssssssssssssssssss 26
2.1, OVERVIEW cetttitiiiuuttuntuuinaaasseeeseeeeeesseeeeeeessessssssssssssssssssssesesssessssseeeeeeeeseessssssssssssnsssssssseesssssees 27

2.2, INTELLIGENCE IN ARCHITECTURE ..uueeevtttuuneeresuennseeesessnnnsesesssnnseeesssssnnsesesssssnnseesssssnneeesssssnnneesessnnnn 27

2.3, SKIN AS ENVIRONMENTAL FILTER ...etevtuuueeereruunnseeerenunnsesessssusessssssssnessssssmnseesssssnnesssssssneessssnens 34

2.4, INTELLIGENT KINETICS AND DAYLIGHTING PERFORMANCE.....cctuuuueeeeerunrnneeerrnunnseeesensnnseessssssnneeesesnens 39

2.5.  TYPOLOGY OF KINETICS IN ARCHITECTURE...cettuuuueeereruuunreeererunnnseserunnnsesesssmsnnseessesmnssseesssssneesssennns 42

2.6, HUMAN INTERACTION AND CONTROLS ..ceeeeerrrrrerrreerrnnnnnnnnnsseseessessseseeeseeessesnsmssssssnnsnsnsssssseesessaees 47

2.7. IMODELING INTELLIGENT KINETICS .tevtuuuueeeeeiuuuneeeretiniseeereniueeeeeeannanesesresnnnsseeeessnsseesessnnnsesenennns 48
CHAPTER 3 DYNAMIC DAYLIGHTING .....ccccuieueiaieasraseasioseaseaseaseasesssasesssasssssssssssassssssssssssssnsansss 52
S 20 S 1 300 01U Lot 1 o N U UPPPPR 53

3.2, DAYLIGHT REWARDS ...uititttiieeetttitieseeettttieeseeetssusesesessnansesesessnsseesssssnnesesesssnnsesesemmneseeeensnnnnns 55

3.2.1  HUMAN HEALTH AND PRODUCTIVITY cetttuuuseeeeturuneeeertrnnnnseesennunesessssssnneessesmsnnesesesmnnssesssennnnnns 55

3.2.2  INDIVIDUAL OUTCOMES ..uuueeteruuuneeertrrunsseesturnnaeesressnasseesssmnnsssessensnnneseesmssnesessesneneeesenmnns 57

3.2.3  ENERGY USAGE ..ciiiiiiiiiiiiiiiiiiiiiiiiesieeeeeeeeeeeeteeeteeesaesssasssssssssssaasseessssessesseeeeeeeressssssssssnnnns 59

3.3, DAVYLIGHT FUNDAMENTALS ..etttttttetttttrintstiansnnanasseeseeseeeseseeseeeessessssssssssnsnsssssssesssssssseeseeseeesnnes 61

N 20 R o 1012 o | [ 61

3.3.2  PROPERTIES OF DAYLIGHT ...iiiitiuiieeeitiiieeseeettiiieeeeettaieseeesettaieeeeessstaneeseessnnnseeesessnnnsesesssnnnnns 63

3.3.3  FORM AND ORIENTATION ...etttuuueeeettrunnseeeseusunseesessnnaseeesemmnsssesssssunnssesesssnnseesssssnnsssssssnnnens 65

3.3.4  INTERNAL FACTORS IIMPACT c.ettuiieieeiitiieseeeetuiiieeeeetsaiseeeststaneseesssssnnesesessnnssseesessnnnsesesennnnnns 67



3.4,  PERFORMANCE INDICATORS ..euuetttneettuneeesneerssneersnneessuessssneesssneesssnsesssnsessneesssnessseesssneessnneessnnens 68

3.4, 1 PREVIOUS WORK «.iiivttuieeeeititiseeeettiuieseeestusueeesssssnasssesessunnssssssssaneessssssnneessssmmnesesssssnnnnns 68
3.4.2  ILLUMINANCE ettt et ttttttieeeetttaiesseeetttuesseeesasaseeeeasanaseesessaaseesaessanseeeessssnsssesessnnnsesesessnnnns 70
3.4.3  LUMINOUS DISTRIBUTION ..uuvuuuuuuuuessseeeeeaeeessseesseesssssssssssnnnnnsssssssseesssssssessesssesnnssssssssnsnnnnnn 71
3.4.4  DEPTH OF LIGHT PENETRATION ...uuuieesieeeeeeeeeetteeeeeeereennsnnssnnnsssssnasseessssssaesseeesseenesssssnssssnnnns 73
3.4.5  EVALUATION CRITERIA ..euvtuutuuuuunnniaaeseeeeeeeeeeasseeseeessssssssssssnnnnnnnaassesaeesessesssssssssssssssssssnnnnnnn 74
3.5.  DAYLIGHT-DEFLECTION TECHNIQUE ..uuuuteertiuieeeeeruuneeeesesnnnseeeresnnnesesesssnneeesessnnsesesesnnneeesesssnnnens 76
3.5.1 EVOLUTION OF LIGHT DEFLECTION ..evtvuuuieeeruuueeeeesunneseeesesnnnesesessssnnesessssnnseessessnnnsesesssnnnnns 76
3.5.2  CONCEPT OF DAYLIGHT DEFLECTION vtvuuunieeeruruneeeersunnnnseesessunsessssssnnseesesssnneeesensnnesesssesnnnnns 77
3.5.3  DAYLIGHT HARVESTING USING LIGHT-DEFLECTORS ...cceeiiuriiiiiiiiiiee it 77
CHAPTER 4 INTELLIGENT SKIN DESIGN TOOL......ccccccueieieeciaseaceaseaceaceaseoseaceaseaseaseassassassasssssssss 82
4.1, INTRODUCTION ..tteetiieeteeerteeneuuessssssnssaasseeessseseeeeeeeseessssesssssssssssssssssesseesssssesesseesseessssssssnsssnnnnnn 83
4.2, CONCEPTUALIDEA. .. i etttiiee et eetttiee e et etaee e e e ettt e e e e e eeat e e e e e ettt s eeeeetaaaseeeaatsanseeearssanseeeresnnnnsaaens 85
4.3, DESIGN TOOL DOCUMENTATION ..uuuutettttueseeettruieseeetssnaseessernneseseressnnssesesnsmnesessrsmnseseresmnenseeens 89
A.3.1  SKIN SYSTEM 1uuiieiiiiieseeeetttieeeeettttseeeettuuiseeesestusesaasssasesesesunnssesesessnsesessssssneeesessnnnseeees 89
4.3.2  DIVA COMPONENT ttuuuttettttueeeetttutiseeeetttnieseeesestuesesessssssesesersnssseteressssnseessmsssneserersnanseeees 91
4.3.3  JLLUMINANCE VALUES .. uueeeieeeeeeeeeeeteeetteeseeaessaaasasasessasaseeesseseassseeeseesnssssssssnssnnnsnnssnessesses 91
4.3.4  EVALUATION AND PERFORMANCE CRITERIA....uuutiettrtuieeeeeriniaeeererunnseeeeennneseeensnnnseeesennnnnseeens 92
CHAPTER 5 DAYLIGHTING SIMULATION METHOD .....c.ccccciuiieiiaiiaciaseasioneaceoseassoseaseossassassassas 104
L0 N O Y 1 A Y PSPPI 105
5.2, SIMULATION CONDITIONS rvuuueeeetttuuunseeereruueseeesssnsesssesssnsessssmmnseessssmmeeesenmmmnesesemmnreeesemmns 106
5.2.1  LOCATION, DATE & TIME...ccivtuuiieiriitiieeeereettiieeeseerateeeesestsneeesrestneeesssssnaseessesrsneeessessnnns 106
5.2.2  SPACE DIMENSIONS & IMATERIALS .. uiiieeeeieeeeeeeeeeiieeeeeersasesennnnnaaesseaeeeeaeseasaeseseesseenmesssnnes 107
5.2.3  RADIANCE SETTINGS ..evvttrvuruuuununnnnnssisaesseeesesseeeeseeeeeesmssmssssssssssssssssnsesesesssssessseeseeessesssnnes 109
5.3, SIMULATION IMIETHOD .. .ccettuuieeetetuneeeeeeettieeeeeesstneeeeeessnnnsesesesnnnnseeesssnneeesesssnnsesesessnnnsesesssnnns 111
5.4.  UNDERSTANDING SIMULATION RESULTS .uuuuuuueeeiieeeeeeeeeeeeeeeeeeeeesssssssunnnnnaaaeeseeeeaaaaesssessssessssssnnns 119
5.5.  VISUALIZATION OF SIMULATED SCHEMES ..evvvuuieierutiineeereiunieseeesensnesssssssnnneeesenssnsesssesmnnesesssssnnns 122
CHAPTER 6 SIMULATION ANALYSIS.....ccccotaieiieiaerarasesacesrosasescacessasassasassasassssasassssassasassssasasse 124
6.1, DATA ANALYSIS IMETHOD .c.uuuuetettttuieeeetttiieseeeruutnsesesessnnsesesesunssseeesssmnseesesesssnesesermmnsesessmnnns 126
6.1.1  DIAGRAMS AND CHARTS .vvvuuuuuuuunnnnnssaseseeeesesseeseseeeeeessssssssssssssssnnssssessesssssssesssseseeessmmssnnes 126
6.1.2  KINETIC SCENARIO COMPILATION METHOD ...eetvtuineeerirunnneeernrnneneeeeennnneeeeresnnneeesnnsnnseessesnnns 128
6.2.  SELECT CASE ANALYSIS UNDER CLEAR SKY ..vttuuueieeeruuunseeeresunnseseresnnesesesssnnneeesesssnsessssssnnneesssssnnns 129
6.2.1  LIGHTSHELF AND HORIZONTAL LOUVERS. ... tetttttiieeeeertetseeeseetnneseeesssnaeessssssnsesssssssnnsesssssnnns 130
6.2.2  SHADING CONFIGURATION 352 AND 559 .....ccuviiiiiiieiiiic it cte ettt ettt et e 134
6.2.3  COMBINED CONFIGURATION 24° AND 1562 ....oiiiiviieiiiieeieeecreeecree et ettt 135
6.2.4 COMBINED CONFIGURATION 26% AND 163% ....oiiiiiiiiiiiiieee ettt ettt et et e 138
6.3.  OVERCAST SKY CONDITION DISCUSSION ....uuuuierireeeeeeeeeeeeeeeeeeneernnnnnnsessessasassesessssseseseeessesmsmnsnnes 140
6.4.  KINETIC SCENARIO FOR ACTUATION PATTERN ..uiiieeiieeeeeeeeeeeeeeeeeertssnttnnniaeeeseeeeeeaaaaesseesseesssssnnnns 144
6.5, ANALYSIS CONCLUSION ...ctttuuiteeettttiiseeettttiesesersstsesesessnnnseeessssnnsessssssneeesssssnnsesesssmmnsesssssnnns 146
CHAPTER 7 CONCLUSION AND FUTURE WORK ....cccccoteeeeiaraseacacearasensacassasassssasassasassasassasasasse 149
2 T 0] N ol I U1 [ ] PPN 150
7.1.1  SCOPE AND LIMITATIONS ...eeiieiiiee ettt s s e e e s e e e e e e e e aeeeeeeeeeseeaannees 155



7.2, FUTURE WORK ...citttiiiiiiiititttt ettt e e e e s s e e e e e s e e e 158

7.2.1  OCCUPANTS BEHAVIOR .ottt e e e e e e e e e e e e e e eeseeaveaaaaaes 158

7.2.2  GLARE REMEDIATION .. ciittiiieiiiiitiiee ettt e eeeevee e e ee et e e e s eeabneeesesbaaseeesesranneeesessanns 160

7.2.3  HEAT GAIN AND THERMAL COMPFORT ...utuiiiiiieiiiieeeeetiieeeeeeetiieeesesssineeesessanneeessssnnns 160

2 Y 1\ G @ LAY/ = 3 160

7.2.5 SURROUNDING URBAN CONTEXT ...civuieiiiueiiiieeeeieeeeiieeetieeeetieeeesneeeesneesesneessnneessnnnans 161

7.3, SUMMARY .euuiitiieiiteeeete ettt e ettt e st e e st eseat e s saa e sasaesstnsesstasesstneasatnessanssssneersaneessnneersnneesren 162
BIBLIOGRAPHY ....ccieuieeerereeeseereresesresesrosasessassssasessssassasassssasassssassssassssassssassssasassssassssasassasass 165
APPENDIX A: ILLUMINANCE NODE POINT RESULTS .....ccccoteieiecenrasaracacrarosassosessasassasassasasanse 172
APPENDIX B: RESULTS FOR CHART PLOTTING. .. ccctuteteuteceurecesracesrosasessnsessasassessssasassasassssassase 250

vii



LIST OF TABLES

TABLE 6-1: PERFORMANCE PERCENTAGE TABLE ...cceiiiiiiurirrttiteteeeeeeeiiiiiiriisettteeeeessssssssnaasasssteeessssssssnsnsssssssesessss 147
TABLE 10-1: GLAZING ONLY CHART VALUES. ...t euttesteenueteuteenteenseesmsesseenseesseesasesaseeseesmsesaseenseesseesnsesnneenseesneesnnenn 250
TABLE 10-2: LIGHTSHELF CHART VALUES. ....cttttttteettiiiinnrteeeeeeeeeeeessssasnnnreetteeeessseesssnnsnnnsaeeeeeeessssssannnnnsnnneeeeeeens 250
TABLE 10-3: HORIZONTAL LOUVERS CHART VALUES. .....uuuuttierittiteeeeeeiiiiiiriretttteeee s s s ssissnaasessaees s s s ssnnssnnssseeaeesss 250
TABLE 10-4: SHADING 0° AND 45° CHART VALUES.....ceiutiieeiiitiiieeiiieie e siet e siae e e sirae s e s iane s e senas e e s sinaeeeesnnes 251
TABLE 10-5: SHADING 10° AND 45°% CHART VALUES. ¢..uuttteetiiuitereeeritrteessatretesennsreeessausaeeesessnseeeesanneeeessasseeessnnnee 251
TABLE 10-6: SHADING 35° AND 55°% CHART VALUES. .. uuvtteeeiiuiteteeeirtteeesnnreressinrneessansaeeesssnsneeessanneneessannneeessnnnes 251
TABLE 10-1: HARVESTING 145° AND 160° CHART VALUES ...ceutteueerureeteenteesieesnteeteesseesasesareebeesseesanesnseesseesunesnnens 251
TABLE 10-7: HARVESTING 153° AND 153° CHART VALUES ..ccetuuvttteeeittteessnitteeeseaitreeeesanneeeessannneeesssnneneessannneeessnnnee 252
TABLE 10-8: COMBINED 24° AND 156° CHART VALUES ....vveetiiurrereeniirieeeesiireeressnirreeesssinaeeessssnneeessanneeeessnnneeesssnnee 252
TABLE 10-9: COMBINED 26° AND 163° CHART VALUES ...ovtiiiiiiiiiieiiiiiieeeiireetessrrneessraeeessenaeeesseanaeeessnnneeessnnes 252
TABLE 10-10: COMBINED 55% AND 168° CHART VALUES .....evttteieeeeeeiiiiinrrieeeteeeeeessesssnnnnnnneeeeeessssssssnnnnnsnneeeeeeens 252
TABLE 10-11: COMBINED 10° AND 170° CHART VALUES ...ceetiiutttteeeiriteeesiiteeteessiireeessaurateessannneeessanneeeessannneeessnnnes 253
TABLE 10-12: TOP-LOWER SPLIT 162° AND 28° CHART VALUES. c...ccuutteuteeteenueesureeteesseesasesnseenseesueesasesnseesseesunesnneas 253

viii



LIST OF FIGURES

FIGURE 1-1: CURTAIN WALLS .ttt e e e s bbb e s e e s e e e e s e s s s s bbb e e e e e e eeessesans 2
FIGURE 1-2: ELECTRICITY USE IN USA ...ttt ettt ettt ettt ettt ettt et sbe e st e et e b e st e et e e sbeesaeeeabeennees 4
FIGURE 1-3: DAYLIT ZONE..ctttttttiiiuinittttteeeeeeeee e s s s bbbttt e e eeeseseaasnsb b aa et et e eeeessesssnsssaaaeeeaeeeeessasannrrbreeeeeeesssesnns 6
FIGURE 1-4: FLARE FAGAD ..vuuiitiiiitieeeite e ettt e et e e ete e e st e e e st e e ase e saaneessaneessaneastaneestaeesstnessnneessnnasssnneessnnesssnnesnnns 8
FIGURE 1-5: INDEPENDENT TILT ANGLES ...uvttvtteuteeteenueenuseeteesseesseesaseenseesseesmsesmseesseesseesasesaseenseesmeesmnesnseesunesmnesnne 14
FIGURE 1-6: SYSTEM LOGIC c.etieiiiiiiiiiiittttteeeee e e e e s sttt et e e e e s s s s bbb et e e e e e e e s s s bbb s s e e e e e e e e e e s s s aannrbbaeeeeeeeeseeas 19
FIGURE 1-7: INDEPENDENT ACTUATION ...vvtttteeeetstiiiiiinrrrtteteeeeeessssssisrrsasttteeeesssssssssssssssseeseesssssnsssnrrssseseeeessssnns 23
FIGURE 2-1: INTELLIGENT BUILDING FEATURES AND HUMAN INTELLIGENCE ..ceuvveureeureeieesieesureereesueesureenneenneesueesaneenne 28
FIGURE 2-2: INTELLIGENT PROCESS ....uvvvvtttteeeeeesseiiiiniiiteeeteeeessssessssrs ettt e e e e e s s s esssnsaeeeeeaaeessssasnnnrraeeeeeeesssenns 32
FIGURE 2-3: QUALITIES OF BUILDING INTELLIGENCE .....uuuuvrrrtitteeeeetiiiiiirirrsrsttteeeessnnssssnssssseeeeeessssnssnnnnssssseeesssssnns 32
FIGURE 2-4: EGYPTIAN IMASHRABIYYA ..cuvtietteuteeteenttesite et esteesaeesateeabeesbeesaeesabeebeesseesateeabeenseesaeesaneenseesanesaneeane 35
FIGURE 2-5: BRISE SOLEIL .ttttteettiiiiiieeetteeeeeeeeeesssains ettt e eeeeseessassnnraeee e e eeeeeseaanssnsaneeeeeeaeeessaaannnrraeeeeeaeessanns 37
FIGURE 2-6: KINETIC TYPOLOGY ...uuuuuiritiiieeeeeeeeiiiiiiirirttt ittt e e s s s s s s ettt e e e e s s s siabaaa s e e e e e aaeesssassannbbaeeeeeeesesees 43
FIGURE 2-6: CONTINUED «..ceuttetteeuteeteenteeeutteuteeteenueesuseesteenseesseesaseenseeaseesaseenbeenseesseesabeeaseesaeesaseenneenseesanesanesnne 44
FIGURE 2-6: CONTINUED «...tteuttteuteeeuteesueeesaseeesseeesuseessnseesssseesnsseesnsseessseeesssesanssessnsesesnsseesnseeesnseeessseessnseesnnes 45
FIGURE 2-6: CONTINUED ..ettttteitiiiiiniittttteeeees s e s s sttt et e e e e e s e s ssssb b e b ettt e e e e s s s eaasbmaa b e e eeeaaeeesssassnnbbaeeeeeeeassenas 46
FIGURE 3 -1: ELECTROMAGNETIC SPECTRUM ..cetiiiiiiiiiiniiniiiiieeeetiiisiiiiiirssetr e e e e e s ssassbansssseeeseessssnsssnsrnssesseeesesssnns 54
FIGURE 3-2: QUALITIES OF LIGHTING +.uvtetttautteteeteenseesseenseesseesseesateenseesseesmsesaseenseesseesaseeaseenseesunesaneenseesunesmnesnne 58
FIGURE 3-3: INDIVIDUAL OUTCOME ...uuvuvrtiiteieeeeiiiiiiiiiiittttteeeeessssssissssssstteeeessssssssssassssessssssssnssnnnsssseseeesssssnas 59
FIGURE 3-4: ENERGY USAGE IN OFFICES...uutttiiiiiiiiiiiiiniiiiiiiieeeeeiiiisiiiiisssstrreeeessssssbsnsssseesesessssssssnnsssssseessssssnns 61
FIGURE 3-5: ATMOSPHERE LAYERS. ...ccuttettieutiiteeteentee st et esie e st st e bt esbe e st e et e bt e sheesateeabeesaeesaeesaneenbeesanesaneeane 62
FIGURE 3-6: DAYLIGHTING CHARACTERISTICS teeetviiiiiiiirrrrrttreeeeesesssssiisrrrssttteeeeessssisnssasssseeessessssasssnnnssseseeeessessnns 64
FIGURE 3-7: BUILDING FORM AND ORIENTATION ...oiiiuuiniiriiitiieeeeeiiiiiiiiiistettteeeesssssssnsaassseseeeeessssssnnssssssesesesssses 66



FIGURE 3-8: SUN PATH DIAGRAM ...cvvuniiitniertunteetieeeesteerssneesssneessaneessaneessneessseesssesssnaesssneesssnsesssnsesssnsessssesssneesees 67

FIGURE 3-9: |ES LIGHTING HANDBOOK ILLUMINATION ....uuueeeteeeeeeeeeeeeteeeteeteenennunnsaaeaeaaaaesaeeeeeaeeeeeseeeeeessesssnnnnnnnnnnn 71
FIGURE 3-10: ILLUMINANCE DISTRIBUTION ...ceettuutteteeeureeeessaunrereessuseeeessausseeessssssseessanseeessssmsseesssnsseeessssmseeesssnnsees 72
FIGURE 3-11: ILLUMINANCE-DEPTH RELATIONSHIP.....uuitttiiieeeeeeeeeeeesstitttreeeeeeeessssssnsnnnsseeeesasessssssnnsssssseseeeeesesns 73
FIGURE 3-12: INTERPRETATION OF INDICATORS ....evttuuuuiuuuaesaeeeeeeeeeaeeeeeteeaeenessnnssunnaaaasasaaeesaaaeeeeseeeeeeesensssnnnnnnnnnnn 75
FIGURE 3-13: SIMPLE LIGHT DEFLECTION ...vvteeeiuutteteeeurteeesssitreeeeesuseseesssunseeessssssseessssssesssssssseesssnssseessssssseesssnnnees 76
FIGURE 3-14: COMBINED CONFIGURATION ..c1tttttuuuttuuuunsnnnasseeseseeeeeeseeseeesssssssssnsssnssssssasssssesssseseesseesseesssssssssnnnnnnnns 79
FIGURE 3-15: ANGLES CALCULATION ..etttttttttntuunntuuuuuueaassaeeeeeeeeaeteeeteeaseesssnsssaanaaaaaaaeaaeeeeaaeeeeeeeeeeenssnnsssnnnnnnnnnn 80
FIGURE 4-1: SYSTEM LOGIC «.vvteessutreressuteeeessausseeesssusseeessasssesesssussseessanssseeessssseessssssseessssssseeessnsseessssssseeessnsees 86
FIGURE 4-2: SPACE DIMENSION ....ciiiitieettttttttnttnanstuaaaeaaassseeeeseeeeeseeseeessssssssnnnssnsssssssasseesseeeeeeeseeseeessssssssnnnnnnnnns 87
FIGURE 4-3: LOUVERS DEFINITION. ....ctttttttttttuntuunnsuunauaaaaasaaeeeeeeeeeeseeeeteneessssnnnnnnnaanssaaesaeseeeeeeeeeeeeeeenssnnssnnnnnnnnnnn 88
FIGURE 4-4: INDEPENDENT SPLIT SYSTEM....ttteetiutreteeaureeeessauseeeesssuseeeessanmseeessssssseessssssseessssssseesssnsseeesssssseeeessnnsees 88
FIGURE 4-5: INDEPENDENT LOUVER ACTUATION .eeeiueiettiteeeeeeeseeesssssnsssssseesesessssssssnsssnssssseesasesssssnnssssssseeeeeeeseeens 90
FIGURE 4-6: ILLUMINANCE SCALE ....ceiiiittttitttttitteti e aaaeseaeeeeeeeeeeteetteeaeeaestannsa s aaeeaeeaeeeaeeeeeeeeeeeessnnnsnnnnnnnnnnn 90
FIGURE 4-7: DIVA COMPONENT SECTION ..vvveeeiutreteraureeeesssusreeesssussseessssssesesssssseessnsssseessssssseesssnssesssnsssseessssnees 93
FIGURE 4-8: VALUE ADJUSTIMENT ...uuuutttttteeeeeeeeeeesssanessseneeeeeassessssssnsssssssseseeeesssssssasssssssssessseessssmmsssssssseseeeesssens 94
FIGURE 4-9: ILLUMINANCE VALUES ADJUSTIMENT .. ..ttaaeeeseeeeeeeeeeeeeeeteetaessssnnnssaaaaaaaeesaeeeeaaaeeaeeeeeeeeesensssnnnnnnnnnns 97
FIGURE 4-10: CALCULATION POINTS EXTRACTION .....uuuuuuuuasseeeeeeeeeeeseeeteeeneenssnnnsnnnnnensaesaeeseeeeeeeereeneennsnnssnnnnnnnnnnns 98
FIGURE 4-11: ILLUMINANCE EVALUATION RESULT ..evttuiiiiiieessee e et e e eeeeeeeettttnneesssss e e s s s e e s e eeeeeeeseeneennnnnnnsnnnnnaaees 99
FIGURE 4-12: LUMINOUS DISTRIBUTION EVALUATION CRITERIA ....ceiiieettitttiutinnnuuaniiaaeeeseeeeeeaaeeeeeeeeeensensssnnnnnannnnnsnns 100
FIGURE 4-13: GENETIC ALGORITHM FITNESS VALUE .....uueeteeeeeeeeeeeeeeeeteerenennnnnnnnaaaaaaasseaeeeeeeeeeereeneennsnnsnnnnnnnnnnnnsnns 101
FIGURE 5-1: SPACE DIMENSIONS ....uvttteeeuureeeessurteeesnusseeessausseeessssseseessassseeesssssseesssssseesssssseeesssnssseessnssseeessnnne 107
FIGURE 5-2: IMIODELED SPACE ....eiieiiiiittttitietttuei e e e s e e e e e e eeeeaeeeeetettetabbea s s s e e e e e e aeeeeeaeeeeeeeeeenssnnsbnnnna e ees 108
FIGURE 5-3: IMATERIALS SELECTION..cctttttttrrrunnrnunnnnnuueesaaeeseeeeeeeeeeeetnnnennnssnnnnnnnaasssasseeeeeeeeeeeseenneennsnnsnnnnnnnnnnnsnnns 109



FIGURE 5-4: SIMULATION PARANMETERS. ..vvuuttvtuertuntersuneersusessueesssneesssneessseesssneessseessneesstneessoeesssaeesssoeessnneessnnes 110

FIGURE 5-5: RADIANCE PARAMETERS. ...cctttttturtruununuuuunsaaaeeeeeeeeeeeeeeeeetenesssnsssnnnansssassaeeeeeeeeeeeeeeneeensnssnnnnnnnnnnnnnnns 111
FIGURE 5-6: REDIRECTED ANGLE FOR SINGLE CONFIGURATION .....vtteeruerreeessurteeesssureeeesssuseeeesssmseneessssseeesssnsseeessnnnes 112
FIGURE 5-7: REDIRECTED ANGLE FOR COMBINED CONFIGURATION 1.eteeeuuettiiireeeeeeeessssnsannnsssnneeeeseeessssnsnnsnsnneeeeeeeess 113
FIGURE 5-8: REVISED ANGLES DIAGRAM ...ctttuttttuuuuuuiuaaaeeeeeeeeeeeeeeetteteessssssssnaaaasasassaeeeaaaaeeeseeeeeenssssssnnnnnnnnnnnsnns 114
FIGURE 5-9: LOUVER CONFIGURATION ....uutttteeesuttteeesssteeeesssussesesssseeeesssssseeessssssseesssssseesssssseessssnssseessnssseeessnnnes 114
FIGURE 5-10: SEMI-CLOSED CONDITION ...tttttuvttuunuuunnnnnsaeessseeeeesseeeeeessessssssssssssnssssassssseseseesesseesseessssssssnnnnnssnnsssns 115
FIGURE 5-11: OPTIMAL TILT ANGLES «.tetttttttunnruunuuuuuueaaaeeeeeeeeeeeeeeeeeeteesssssssnnnnansssassaeeeeeaeeeeseeeeeeenessssnnnnnnnnnnsns 116
FIGURE 5-12: SIMULATION CASES.....etteeeuutteeeessurteeessautreeessausseeessssseeeessassesessassseesssssseessssseessssnssseessnssseeessnnnes 118
FIGURE 5-13: VISUAL PRESENTATION OF TILT ANGLES ..uuuvvvvrreeeeeeesesssssssunnnrreeeeeseessessssssnssssseeseseseesssmmsnssssneeseeeees 119
FIGURE 5-14: |LLUMINANCE NODES RESULTS SAIMPLE ....uiieetteeeeeeeteeettetteeentenntnuaaeaaassaeeeeeaaeeseeeeneenssnnssnnnnnnnnnnnsnns 120
FIGURE 5-15: FRONT VIEW OF SIMULATED SCHEMES ..uuvvveeessurteressureeeesssseeeesssssseeesssnssseessssseesssssssseesssnsseeessnnnes 122
FIGURE 5-16: PERSPECTIVE VIEW OF SIMULATED SCHEMES .vvvveteeeeeeeesssauuerrrreeeeeeeessessssssnsssssseesseesssssmssssssssseesesees 123
FIGURE 6-1: INDEPENDENT TILT-ANGLE SYSTEM ....uuuuuaaaaeeeeeeeeeaeeeeeteeteeeseensssnaaaaeasaaeeeeaaeeaeseeeeeenssnsssnnnnnnnnnnnnnns 125
FIGURE 6-2: CHART VALUES SELECTION SAMPLE «..uvttteesutrreeesssureeeesssreeeesssuseesessssseseesssssesesssssseessssnssseessnsseeessnnnes 127
FIGURE 632 CHART SAMPLE ... tettttiiteeettttieeeeetttuaeeettesuasseeettsanasseeetasnaseeessnsseeentsnnnnseeesesnnnsserensnnnseeeresnnnnsees 128
FIGURE 6-4: LIGHTSHELF ILLUMINANCE RESULTS ... aaeeeeeeeeeaeeeeeteeteensssnssnnaaaasaassaeeeeaaaeeeseeeeeesssnsssnnnnnnnnnnnnnns 131
FIGURE 6-5: ZOOMED LIGHTSHELF ILLUMINANCE RESULTS...ceeeteeeeeteeeeteeteennnnnnnnnaneaasseeeeeeeeeeeseeeneennsnnsnnnnnnnnnnnssnns 131
FIGURE 6-6: ZOOMED HORIZONTAL LOUVERS ILLUMINANCE RESULTS...uutteettruuneererennnneeerennnenseeerernnesesensnnnseeerennnnnsees 133
FIGURE 6-7: HORIZONTAL LOUVERS ILLUMINANCE RESULTS ...ciieeeetieeettttttetttnnntuaaaaaasseeeeeeaeeeeseeeeeenssnnssnnnnnnnnnnnsnns 133
FIGURE 6-8: SHADING CONFIGURATION ILLUMINANCE RESULTS ...ceeeitetrterrennnnnnnnnnnieaaesseeeeeeeeeeereeereennennsnnnnnnnnnnnsnnns 135
FIGURE 6-9: COMBINED CONFIGURATION ILLUMINANCE RESULTS ..eveerutrreeessurreeessaureeeessnseeeesssnseeesssseeeessnsseeesssnnes 136
FIGURE 6-10: ZOOMED COMBINED CONFIGURATION ILLUMINANCE RESULTS w..vvvuuuuuiiiaaeeeeeeeeeeeeeeereeeeeneensnnnnnnnanannnnnns 137
FIGURE 6-11: COMBINED CONFIGURATION ILLUMINANCE RESULTS ...ceetttereenrrnnnnnnnnienaaseeeeeeeeeeeereeeneennennsnnnnnnnnnnnnsnns 139

Xi



FIGURE 6-12: ZOOMED COMBINED CONFIGURATION ILLUMINANCE RESULTS w.vvvuuuuuuinnaaeeeeeeeeeeeeeeeeeeeeeenenssnnnnnnnnnnnnsnns 140

FIGURE 6-13: HARVESTING CONFIGURATION ILLUMINANCE RESULTS ..cetettteurrunnnnnnnunnaasseeeeeeeeeeereeemeenmensssnnnnnnnnnnssnns 141
FIGURE 6-14: COMBINED CONFIGURATION ILLUMINANCE RESULTS 1euuvvreeeerureeeesssureeeesssnseeeessnusneeesssseseessssseeesssnnes 142
FIGURE 6-15: COMBINED-SPLIT CONFIGURATION ILLUMINANCE RESULTS....uvvvvrtereeeeessssssnunnsnneneeeeseeessssnsnnnnnsneeeeeeeesns 144
FIGURE 6-16: COMPILED SCENARIO FOR CLEAR SKY ....uuueeseeeeeeeeeeeteeettttttuenttnstuaaaaaaeseeeeeeaaeeeeeeeeeeessenssnnnnannnnnns 145
FIGURE 6-17: COMPILED SCENARIO FOR OVERCAST SKY ..uvvteessurteressureeeesssuseeeessssseeesssseseesssssneesssnssseessnssseeessnnnes 146
FIGURE 7-1: STATIC VERSUS KINETIC ..vttvvttteeeeeeessssaunsusseseeeeesesesssssnsssssssseseeesssssssssssnsssssssessssesssssnsnsnsssssseeeeeess 155
FIGURE 7-2: ARCHITECTURE FOR HUMAN BEHAVIOR DETECTION SYSTEM ...cttttituuruunuuunnaasaaeeeeeaeeeereeeeeeneeensnnnnnnnnnnnnnnns 159
FIGURE 7-3: ALGORITHM LOGIC FOR FUTURE WORK 1uuuvveeessureeeessureeeesssstseesssusseeesssssseesssssssessssnssseessnssseeessnnnes 162
FIGURE 9-1: GLAZING ONLY RESULTS ..eettttttturnruununnunannaeeseeeeeeeeeeeeeeessemssssssssnnnsnssssssssssseseeeesseeseeessssssssnnnnnnnnnnsnns 172
FIGURE 9-2: GLAZING ONLY RESULTS ...tetttetttunnrunnunuuuunsaaaeeeeeeeeeseeeeeeesenssssnssnnnnansssasseeeeeeeeeeeseeemeeensnssnnnnnnnnnnnssnns 173
FIGURE 9-3: GLAZING ONLY RESULTS +.eteeeuurteeessurteeesssreeeesssuseeeessnsseeeessassseeessasssseesssssseesssssseeesssssseessnssseeessnnnes 174
FIGURE 9-4: GLAZING ONLY RESULTS «.uuvvvvurrreeseeeeessssnunsssesseeeeseesesssssnsssssssseeesesssssessasssssssssssesseesssssmssssssssssenseeeees 175
FIGURE 9-5: GLAZING ONLY RESULTS «..tetttttttunnruuuuunuuueeaaeeeeeeeeeeeeeeeeeateessssnsssnnnanssaasseeeeeeeeeeeseeeeeenssssssnnnnnnnnnnnsnns 176
FIGURE 9-6: GLAZING ONLY RESULTS +.vteeeutrureessurreeessureeeesssssesessssseseessnsseeessssssseessnssseessnssssessssnssseessnssseeessnnnes 177
FIGURE 9-7: LIGHTSHELF RESULTS «..uuutvttttteeeeseeessssanusssssseeeeeesesesssssssssssssssesssesssssssnsnsssssssssesseesssssnmsssssssssenseeeees 178
FIGURE -8 LIGHTSHELF RESULTS «..eettttttttttusstuunuuuuaaaaeeeeeeeeaeeeeeeeaseessssnsssnaaaeaaaesaeeeeeaaeeeseeeseenssnnssnnnnnnnnnnnsnns 179
FIGURE 9-9: LIGHTSHELF RESULTS «..eetttttttetttunnrnunneuuseesaeeeeeeeeeeeeeeeteesennssnnssnnaaaassasseeeeeeeeeeeseeeneensennsnnnnnnnnnnnnsnns 180
FIGURE 9-10: LIGHTSHELF RESULTS ..ttteeeuurtteessurteeessureeeessauseeeessnreeeessanseeeessanssneessssseeesssnssneesssssseesssnsseeessnnnes 181
FIGURE 9-11: LIGHTSHELF RESULTS ..ettttttttttunstuununuuuaeeaaeeeeeeeeeeeeeeeeeasenssssnsssnnnasssaassseeeeeeeessseeseeeessnsssnnnnnnnnnnnnnns 182
FIGURE 9-12: LIGHTSHELF RESULTS ..ettttttttrrunnrnnnnnnnuueeaaeeeeeeeeeeeeeeeteesennnssnssnnnnansssassseeeeeeeeesreeenennnsnnsnnnnnnnnnnnssnns 183
FIGURE 9-13: HORIZONTAL LOUVERS RESULTS .uuvvteteeurrreesssnreeeessuureeeessauseeeessasseeeessnsssesessnnsssessssssseessnnsseeessnnnes 184
FIGURE 9-14: HORIZONTAL LOUVERS RESULTS ...ttuuuuuuasaeeeeeeeeeeeeeeetettetsssssssnaaaaa i aaassaeeeeaaaeeeseeeseenssnsssnnnnnnnnnnnsnns 185
FIGURE 9-15: HORIZONTAL LOUVERS RESULTS ..ttuuuuuuiuaeesseeeeeeeeeeeeteerennnsnnssnnnaaasassaeeeeeeeeeeseeeneennsnnsnnnnnnnnnnnnnnns 186

Xii



FIGURE 9-16: HORIZONTAL LOUVERS RESULTS vvuuervtutertrnersuneersuneersueesssneesssneesssneesssneesssneessneessaeesssoeesssaeessnneessnnns 187

FIGURE 9-17: HORIZONTAL LOUVERS RESULTS teeteiiiiiiirrirttttteeeeesinssiiiiiiresttteeee s s s ssssssasaassseeeeessssssnnsssssseseesssns 188
FIGURE 9-18: HORIZONTAL LOUVERS RESULTS ..c.uteeuteesetauteenreenseenmeesnseenteenseesmsesnseenseesseesaseenneesseesmsesnneenseesmnennnens 189
FIGURE 9-19: SHADING 0% AND 45° RESULTS ..uuuvttteeeuurreeesaiurtreesaureeeessausteeesaamreeeessanseeeessansseeesssnssneessnsseeessnnnes 190
FIGURE 9-20: SHADING 0% AND 45° RESULTS .uuevttteeeuirreessiirteeesaireeeessaineeeesasraeeessamneeeessssreneessnnneneesssssnneessnnes 191
FIGURE 9-21: SHADING 0% AND 45° RESULTS .uuuveiieiinrreeeiiirtteessireeeessireetesssraeeessmneeeesssnaeeesssnnaseessnnnneeessannes 192
FIGURE 9-22: SHADING 0% AND 45° RESULTS ..uuuvttteesuurreeesaurteeesaureeeessauseeeesaansseeessanseeeesssnsseeesssnssseesssnsseeessnnnes 193
FIGURE 9-23: SHADING 0% AND 45° RESULTS .uuvvttteeeuirieeseiirteeessirreeessaineeeessnraeeessmneeeesssmnnneessnnneneessnsnneeessnnnes 194
FIGURE 9-24: SHADING 0% AND 45° RESULTS ..uevtiieiirreeeiiireteeesireeeessireetesssraeeessmreesesssnaeeessnnaeeessnnneeessannes 195
FIGURE 9-25: SHADING 10°% AND 45° RESULTS «..uuvttteeeuurreeessiureeeesanreeeessauseetesaausseeessanseeeesssnsseeesssnssseesssnsseeesssnnes 196
FIGURE 9-26: SHADING 10° AND 45° RESULTS ...uevvtteerurreeesiirtteessnrreeessinreetessasraeeessamneeeesssmsaneessnneseessnssseeessnnnes 197
FIGURE 9-27: SHADING 10° AND 45° RESULTS ....evvtieiiurrieeiiirtttessiraeeessireetessiraeeessmnaesesssnaeeesssnnaseessannaseessannes 198
FIGURE 9-28: SHADING 10° AND 45° RESULTS eeeetiiienrrireereeeeesseeesssnnrrreeeeeeeeesssesnssnsnnnneeeeeeeessssnnnnnnnnnneeeeeesens 199
FIGURE 9-29: SHADING 10° AND 45° RESULTS ....evttteerurreeesiinttetesasreeeesssutteeessasraeeessanseeeessnssseeesssnsseeessssseeessnnes 200
FIGURE 9-30: SHADING 10° AND 45° RESULTS ....evvtieiiurreeesiirtteeesireteessireesessasnaeeessmneeeessnnaeeesssnnaseessssnneeesssnnes 201
FIGURE 9-31: SHADING 35° AND 55° RESULTS .eeeeiiiiiiiiiretteeeeeeseeeesssiinirree et e e e e s s e esmnnneeaeeeeeaeessssnmnnnnnnneeeeeeeens 202
FIGURE 9-32: SHADING 35% AND 55° RESULTS ....evttteeiiiieeeiiitttteesitieeessiieeeessnrteeessmreeeessmraeeessnnnaeeesannnneeessnnnes 203
FIGURE 9-33: SHADING 35% AND 55° RESULTS ...uevttiieiiriieeiiittteeeeirreeessireetessiraeeessmreeeessnrneeessnnaeeessnnneeessnnnes 204
FIGURE 9-34: SHADING 35% AND 55° RESULTS ....cvvtiiiiiiiieeiiiriiieeiiiree e siret s e s sibae e e siaae s s s sibas e e s sabaseesssnaeeessnnns 205
FIGURE 9-35: SHADING 35% AND 55° RESULTS ....uvttteeeuitteesiiittteeesitteeessiuteeeessanbeeeessamneeeessnrseeessnnneeeessnnsseeessnnnes 206
FIGURE 9-36: SHADING 35% AND 55° RESULTS ....evttieeiirieeeiiirttieestireeessireeeessinreeessmneeeessiraeeesssnnaeeessnnnnneessnnnes 207
FIGURE 9-37: HARVESTING 145° AND 160° RESULTS .. uuvvieiiiirriieiiirrteeenireteeesrneeessireeeessirae e e s ssnaeeessssnneeessnnes 208
FIGURE 9-38: HARVESTING 145° AND 160 RESULTS ....uuvvteeeiurtetesairreeessirteeesenirreeessamreeeessmrseeessnnnaneessnnsneeessnnnes 209
FIGURE 9-39: HARVESTING 145° AND 160° RESULTS ....uurvieieiiirteieerirreeeenrteeesssinreeessireeeessnraeeeessnnaeeesssnnneeessannes 210



FIGURE 9-40:

FIGURE 9-41:

FIGURE 9-42:

FIGURE 9-43:

FIGURE 9-44:

FIGURE 9-45:

FIGURE 9-46:

FIGURE 9-47:

FIGURE 9-48:

FIGURE 9-48:

FIGURE 9-49:

FIGURE 9-50:

FIGURE 9-51:

FIGURE 9-52:

FIGURE 9-53:

FIGURE 9-54:

FIGURE 9-55:

FIGURE 9-56:

FIGURE 9-57:

FIGURE 9-58:

FIGURE 9-59:

FIGURE 9-60:

FIGURE 9-61:

FIGURE 9-62:

HARVESTING 145° AND 160° RESULTS..cceeturrtreeaurreeesiitteeesanirrteessauneeeesasnrseeessansseeessansneeesssnseneessas 211
HARVESTING 145° AND 160° RESULTS..cceeiurrereerurreeesiireetesesirrteessanneeeesssnraeeesssnnsneessssnneeessnnneneessas 212
HARVESTING 145° AND 160° RESULTS...ceiiurriiiiiiriieeiiirrereenirnteessireesessiraeeessmnaeeessinaseesssnnaseessas 213
HARVESTING 153° AND 153 % RESULTS . .ccetiutttteeaitieeeesiiteteeeiteteesssuseeeessnbeteessmneeeesssnbneeeesnaneeeessas 214
HARVESTING 153° AND 153° RESULTS..ceeiiurttieiiirieeeeiiiiteeeeeitreeessirteeessirrteessmnbeeessmrneeeesnnneeeesnas 215
HARVESTING 153° AND 153° RESULTS..ceeiiuritiiiiiriieeeiireeteesitete e siree e e sirate e sirre e e s senae e e e snnaeeeenas 216
HARVESTING 153% AND 153 RESULTS..ceetiurttteeeurieeesiiiiteeeseiirrteesssuneeeesssubeeeessansseeesssnsneeessnnneeeessas 217
HARVESTING 153° AND 153 RESULTS . .ceetiutitieeiiriieesiiiteeeesitrteessinteeesssreeeessnnbeeessnrneeeesnnneeeeenas 218
HARVESTING 153° AND 153° RESULTS..cceiiuriiieiiiriieeeiireeie et e e siree e sirae e e s sirae e e s sinae e e e sennaeeeenas 219
COMBINED 10° AND 170° RESULTS c.uuvttteeeurrreessaurereessmreeeessnuneeeessmseeeessnnneeeessasneeessnssneessnnmsnees 220
COMBINED 10° AND 170° RESULTS c.uuvvereeairrreeesiireteessireeeessnneeeessnraeeessmneeeessannneeessnnnaneessanneeees 221
COMBINED 10° AND 170° RESULTS c.uuvviieiieriieeeiiirtteesirnteeesireeeessirneeessmneeeessinaeeessnraseesssnneeas 222
COMBINED 10°% AND 170° RESULTS c.etteeeetiiiinnrrrrreeeeeeeeeessssinnrreeeeeeeesssessssasnnrnrneeeeeeesssessannnnnnnnnes 223
COMBINED 10° AND 170° RESULTS c.uuvteteeeurrreeesiirereessireeeessineeeesssraeeessmneeeessansseeessnnseneesssnneeees 224
COMBINED 10° AND 170° RESULTS ¢ uuvteteeiirrreeesiirttesssireteeesmneeeessnreeeessmneeeessnnaeeesssnraeeessnnneeas 225
COMBINED 24° AND 156° RESULTS ..eetteeeiiiiinirrrrrteeeeeeeeeesssiinnrreeereeeeessesesssnnnrnreeeeeeeesssessannnnnnnnns 226
COMBINED 24° AND 156° RESULTS c.uuvttteeeiriieeesiirtteeesireeeessiiereesssraeeessmneeeessansneeeseannaeeessnnnneeas 227
COMBINED 24° AND 156° RESULTS c.uuvveieeeiriieeeiiittteesiirteessnneeeessiraeeessmreeeessnnneeessnnaneessnnneees 228
COMBINED 24° AND 156° RESULTS ....uuvviiiiiiiiiieeiiiriie e siince e sian e sirse e s sira e e s sbn e sibas e e s sinne s 229
COMBINED 24° AND 156° RESULTS c.uuvttteeeiriteeesiirereessirreeessuneeeesssreeeessnneeeessamnneeesennssneessanneeees 230
COMBINED 24° AND 156° RESULTS c.uuvvtteieiriieeeiiirtreesirneeeesireteessiraeeessmneeeessanaeeesssnnaeeessnnneees 231
COMBINED 26° AND 163° RESULTS c.uuvriieiiiriieeeiiireteesiinte e sireteessirae e e s smnae e e s sbae e e s snraeeessnnaeees 232
COMBINED 26° AND 163° RESULTS c.uueteteeeurrreeesairereessireeeessmneeeesasrseeessnneseessamnseeessnnsaneessnnnneees 233
COMBINED 26° AND 163° RESULTS . uuvveieieirrreeeiiiretessireteeesnreeeesssraeeessmneeeessmnneeesssnraeeessannneees 234

Xiv



FIGURE 9-63: COMBINED 26° AND 1537 RESULTS 1evvuuuiiierrrunieeereruneeeeessrneeeesssssnteesssssneeeesssssnineesssssseseesssssnnnees 235

FIGURE 9-64: COMBINED 26° AND 163 RESULTS ..ceteeeurrreeeiiirttteenrrreeessiireeeesssirneeessamreeeessnrneeesssnnaeeesssnnseeessnnnes 236
FIGURE 9-65: COMBINED 26° AND 163 RESULTS ..ceteiiuurrieiiiiriiieiiiireeeenireetessraeeessireeeesssnaeeesssanaseessssnaseessnnes 237
FIGURE 9-66: COMBINED 55% AND 168 RESULTS ..ceteeuvrreeeeiurtrteaauttteeessauteeeesaaubeeeessanneeeessnnnseeesssssneessansseeessnnes 238
FIGURE 9-67: COMBINED 55% AND 168 RESULTS ..ceteeiuvrreeeiiirtrtesstrteeeesiitteeessssrreeessamreeeessmnneeesssnneneessannseeessnnnes 239
FIGURE 9-68: COMBINED 55% AND 168 RESULTS ..ceteeiurrrieiiiiretieeitrreeeesireetessnneeessnreeeessnnaeeesssanaeeesssnnneeessannes 240
FIGURE 9-69: COMBINED 55% AND 168 RESULTS ..ceteeuvtreeeeiirtreeesurtreeessauteeessausseeessauseeeesssnnseeesssnssseesssnsseeesssnnes 241
FIGURE 9-70: COMBINED 55% AND 168 RESULTS ..ceeeeiuvrreeeiiirtreesatrteeessiunteeessanraeeessamneeeessssnseeesssnneneessnnnseeessnnnes 242
FIGURE 9-71: COMBINED 55% AND 168 RESULTS ..ceteiiuurrieiiiiritieistirteeesreetessiraeeessmreeeesssnneeesssnnaeeessssnneeessnnnes 243
FIGURE 9-72: TOP-LOWER SPLIT 162° AND 28° RESULTS ...eeeeturttteeauurreeessiureetesanurreeessanseeeesssuneeeessnssseessnnsseeesssnnes 244
FIGURE 9-73: TOP-LOWER SPLIT 162° AND 28° RESULTS ...eeetiuurieteenirieeesiirteeessnirteeessnnneeeessnreeeesssnnaneesssnnseeessnnnes 245
FIGURE 9-74: TOP-LOWER SPLIT 162° AND 28° RESULTS ...uveeuteeueerureereenteenieesureeseenseesseesaseeseesseesmnesnseensessmsesnnens 246
FIGURE 9-75: TOP-LOWER SPLIT 162° AND 28° RESULTS ...vvveeteeeeeseeessiinnrrrrerteeeeesssesssnmnnnrsneeeeeeesssssssnnnnnsnneeeeeeesns 247
FIGURE 9-76: TOP-LOWER SPLIT 162° AND 28° RESULTS ...eeetiuurttreeiirreeeesirteeessnirreeessanneeeessmrseeessnnneneessnnsseeessnnnes 248
FIGURE 9-77: TOP-LOWER SPLIT 162° AND 28° RESULTS ...uveeuteeueeruteeteenteenieesnreesteenueesueesnseeseesseesmnesnseesseesmsesnnens 249

XV



ABSTRACT

A high integration of design and research between architects, computational designers, and
consultants is important to achieve innovation and efficiency. Communicating to the designer
the importance of integrating performance-based approaches in the early design stage and their
impact on the design, may shift the logic of executing an architectural project. The integration of
daylighting into the design phase, through design tools and computation, results in the
improved performance of daylight harvesting and therefore tackles issues of human comfort
and energy efficiency. One example of performance-based integration is the design, simulation,
and validation of intelligent features in building skin design and its impact on daylighting

performance.

This thesis presents the design of an algorithm and parametric process developed in
Grasshopper, a plugin for Rhino 3D, using DIVA for daylighting simulation. The main objective of
the process and algorithm is to evaluate the performance of an intelligent facade, composed of
a series of kinetic louvers that actuate in response to dynamic daylighting, and the incorporation
of occupants’ preferences. Within the framework of this study, Grasshopper as a parametric
computational tool allows the integration of Rhino, the design space, and DIVA, the dynamic
daylighting tool, into a single process. The parametric tool extracts the designed geometry from
the modeling space and inputs it into the DIVA component to be tested for illumination

performance, luminous distribution, and daylight penetration depth inside an office space.
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The thesis presents the initial experiment, in which the external skin actuates to optimize
daylight-deflection, maintaining a desirable luminous indoor environment. In the experiment,
the louvers rotate using the concept of independent tilt-angle, where every other louver has the
same tilt angle; they could be in a harvesting, shading, or a combined configuration. When skin
configuration changes, due to louver actuation, the algorithm detects the alteration and
instantly reflects it onto a calculation grid inside the space. This allows the designer to run
numerous iterations during the design stage and select the best possible one based on pre-

defined criteria.

A genetic algorithm has been incorporated into the definition to enable a search for the best
skin configuration at specific dates and times or under different sky conditions. The genetic
algorithm works on finding an optimal — although not necessarily the best — solution under
certain parameters and conditions. These parameters could range from users’ desired
illumination levels, to externally-reflected daylighting components. Changes in any of these
parameters trigger the system to run and find an optimal configuration for the skin to maintain

the desired luminous environment.

In this study, one actuation parameter and three performance indicators for daylighting are
defined. However, the proposed design tool is extensible; it is open to accepting additional
parameters and performance indicators, which makes it more complex for better performance
assessment. As a future development, the geometry of the skin panels will be considered as a

varying parameter.
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1. CHAPTER 1 INTRODUCTION

This research presents an investigation into using intelligent light-deflection techniques to
optimize daylighting in office buildings. In this chapter, the background of the proposed topic,
the research argument, and the objectives of the study are presented, along with insight into

the methodology and intended deliverable



1.1.BACKGROUND
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Figure 1-1: Curtain Walls — The left image shows one of the world’s first curtain walls in England, Oriel Chambers. The
right image shows a building by the same architect, which also has a curtain wall system, built two years later. At this
time, the amount of glazing used was large compared to adjacent buildings in the area. The architect’s goal was to

allow more daylight penetration into the space, as a means of energy-saving.1
In 1864, Peter Ellis designed Oriel Chambers in Liverpoolz, England, one of the world’s earliest
buildings with metal-framed glass curtain walls. Peter was considered a substantial user of glass

facades. His design intent was not aesthetic, but had more of an emphasis on energy efficiency.

! “Curtain wall - Wikipedia, the free encyclopedia.”

2 “Liverpool Architecture.”



The penetration of daylighting deeply into the space, reducing lighting costs, was the main
objective for using curtain wall systems. As time passed, architects started incorporating more
glass into their facades, resulting in high levels of illumination inside the spaces. The use of
larger amounts of glazing became more common, which made architects worried about their
facade performance, and they started looking at the fagade as an important filtering layer to the

indoor environment.

In the United States, lighting accounts for almost 20-25%° of total electrical energy use, and in
the commercial sector accounts for 37%* (Figure 1-2). Electric lighting also has an indirect effect
on cooling loads in spaces; as a rule of thumb, each unit of electric light requires an additional
one-half unit of electricity for space conditioning.> Improvements in the lighting design
profession increased the efficiency of lighting, by utilizing less electrical lighting and exploiting
the available natural light. The impact of using natural light is significant not only in terms of

energy usage, but also on employees’ productivity and health®.

Use of daylight is important not only in offices, but also in most architectural projects, including

retail spaces’. In a comparative study by Southern California Edison of a large multinational

3 Ander, Daylighting Performance and Design, 2.

* Ibid.

° Ibid.

6 Dasgupta, The Impact of Windows on Mood and Performance of Judgmental Tasks.

’ Ander, Daylighting Performance and Design, 31.



retail organization, an approximate 26%® increase in sales has been noticed in a store with

skylights, relative to similar stores with no skylights.

Receptacle Loads (5%)

Water Heater (3%) Y
Cooking (3%), |
Misc. (4%) o

Lighting (37%)
Refrigeration (9%)

Heating & Cooling (39%)
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Figure 1-2: Electricity Use in USA — breakdown of electricity consumption in the commercial building sector.’

The use of glass in office buildings has become important in the profession for transparency,
visual, and daylighting purposes. Although useful for allowing light into buildings, untreated
windows allow more daylight into a space than required, resulting in visual problems, such as
over-abundance of light in some areas, not enough in others, and glare. Typically, the daylight
depth in a room with untreated openings is about one-and-a-half times the distance from the
window head to the floor (Figure 1-3). A typical window head is at 2.20m, which results in a

3.30m room depth of daylight area. Using light deflection techniques, such as light shelves, can

8 Ibid.

% Ibid., 2.



extend the ratio up to twice that height, resulting in a daylit zone of 4.40m depth." This ratio
shows the limitation of daylight penetration, which entails the use of electric lighting in many
indoor spaces, leading to greater electrical energy consumption, and greater heat from light
fixtures, in addition to that from sunlight. This is still a major balancing act in window design:
daylight harvesting can help save energy through reduced use of electricity to run lights, but the
heat gain might be undesired. As mentioned previously, light shelves are a good solution for
deep light penetration up to twice the window header height''. The principle behind this idea is
light-deflection, in which light is bounced off the upper surface of a shelf and deflected deeply
into the back of the space. This technology opened new venues for the advancement of
daylighting performance inside spaces, especially in office buildings. Amongst the technologies
that allow better daylighting efficiency, redirecting light either into or out of a space is

commonly referred to as light-deflection technology™.

1 0’Connor, Tips for daylighting with windows: the integrated approach, 3.
Y Ibid.

12 . .
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Figure 1-3: Daylit Zone —the figure on the left shows the depth of daylight in the case of an untreated window
opening, while the right figure shows the depth extended up to 2.0x using light shelves.

The introduction of light redirection technology had a significant impact on the performance of
facades in optimizing daylighting™. Light deflection devices have been proven to efficiently
increase the performance of daylighting in interior spaces, by redirecting light deep into the
spaces, minimizing the undesirable effects of direct sunlight and the use of electric lighting. Such
systems include light shelves, light tubes, venetian blinds, and anidolic systems. While these
techniques have the same objective - increasing the amount of daylight in interior spaces - they
are not suitable for every building. For example, using light tubes in a high-rise office building is

not an efficient approach, given the typical height of a high-rise tower.

Daylight problems are mostly treated as individual cases, in which system customization is
sometimes required. Such customization does not have to involve the major alteration of an

existing technology, but can be a minor addition that makes the system fit within the design

3 Koster, Dynamic Daylighting Architecture.



context. The system can be a passive daylight system that aims for better lighting inside spaces,
or a static or active system that possesses some dynamic capabilities. While passive systems
enhance performance, they lack the flexibility of adapting to changing outdoor conditions. For
example, fixed light shelves are optimized for specific ranges of dates and times, and are less
effective for the rest of the year or under different sky conditions. The ineffectiveness of light
shelves is due to the changing angle of the sun. Given the limitations of passive systems,
designers started adopting active control systems, which led to the introduction of kinetics

techniques in facade design.

Over the past few decades, architects have adopted kinetic systems in many glass fagade
systems, for their interactive abilities - and not particularly for environmental purposes**. Having
movable devices on a building facade was a turning point in the profession. However, a facade
can be referred to as “interactive” without possessing kinetic capabilities. Media facades are
one type of interactive architecture, considered socially interactive due to their use of lights.
They are even sometimes considered to be sustainable, when they use solar energy as a
renewable energy source. Other types of interactive designs include wall prototypes designed

by some architects for social interaction purposes, in which a wall is able to respond to an
occupant’s motion. But these are also irrelevant to our current environmental needs, since they

only address artistic and aesthetic issues.

1% “r| ARE-facade.”



Figure 1-4: Flare Facade — The modular fagade is composed of metal flake elements that are controlled by a series of
pneumatic cylinders. These elements reflect sunlight in a way that casts a shadow on some of the faces of each
element, giving them darker colors. The fagade does not optimize the energy performance of the indoor spaces, but
socially interacts with people outside the building and operates as an interactive piece of art.15

Architecture is currently experiencing a demand for smart, responsive-based designs, where the
occupants’ comfort level is achieved through means of perception, processing, and response.
Buildings are becoming more like high performance working robots/machines. Designers are
investigating the potential of making facade elements move in response to other stimuli,
whether human or natural. If we are to develop the field of architecture and performance-based

design, the profession needs to restructure traditional kinetic approaches to make use of

3 |bid.



today’s technology, beyond conventional mechanisms and single-function design. Venetian
blind systems that are programmed to retract and close at certain times of the days are an

example of conventional kinetic techniques.

It is worth noting that a number of studies have demonstrated that the ability of an
employee to control to a degree the daylight and electric light directly around his or
her work area has led to even better production and morale. This is because, while
overall good lighting is important, individuals often have their own particular
preferences for brightness and the angle from which light hits their work area.®

The statement above proclaims the need for individual control of daylight and electric light
around an employee’s working area. Given today’s technological advancement, individual
control can be provided in the form of an automated-smart system: a system which stores the
preferences of the occupants and acts accordingly to adjust the quality of the luminous

environment inside the space, without the need for manual human control.

Integrating intelligent features into the architecture of a building is a discourse taking place in
the architecture profession. Fagades that possess intelligent capabilities are always referred to
as “Intelligent Skins”. In Chapter 2, the research presents a detailed explanation of intelligent
skins. Intelligent skins touch upon not only energy performance, but also the aesthetics of the
design. This combination is the focus of many interactive architecture designers, such as Michael
A. Fox and Chuck Hoberman, who try to use intelligence to transform facade panels whenever
needed in response to natural forces. The design of facades, an important element of

architecture, is influenced by changes in design trends, in terms of geometry and systems.

16 Ander, Daylighting Performance and Design, 28.



Many designers, some of whom are famous, are incorporating greater geometric complexity
into their designs. This approach to design has become more widely used for landmark and
iconic architecture. While complexity is also found in systems and structure, this aspect
addresses complexity in terms of form and geometry only. Designing a building with complex
geometry does not obviate the need to perform better in terms of energy-efficiency. An optimal
approach in this case is to combine arts and science to support whatever design path the
designer is undertaking, by providing advanced technological solutions. Though complex
geometry is not in the scope of this thesis, it could be approached using the same technique as a
regular facade: one way of integrating advanced technology is through the use of dynamic

techniques and capabilities.

Dynamic kinetics is a facade typology that integrates movable panels into one large system, the
envelope; it is an integral part of the whole building, acting independently. Within the scope of
this study, dynamic capabilities are applied to a secondary skin, where the building has two
external facades: one has the glazing, and the other is offset from the glazing by 1.00m and
consists of a series of horizontal louvers. The offset distance allows for accessibility and
maintenance activities to take place. While in this study the secondary skin is a series of kinetic
horizontal louvers, it can be found in different forms and configurations based on the project’s

objectives, whether performance-based or aesthetic.
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In this case, the horizontal louvers function as light-deflection devices capable of adapting to
environmental changes. The use of light deflectors as a secondary skin on a building requires
proper rationalization of the system to match the desired geometry of the architecture. This
sometimes requires system customization using commonly-used technologies, developing a new
approach using established techniques. If we are to make a significant contribution to the field,

we have to commit to a new paradigm based on innovative development of the old.

Signal your intention. Commit to a new paradigm, rather than to an incremental
improvement of the old.... In this case, the intention is not to be slightly more efficient,
to improve on the old model, but to change the framework itself."’

This statement by McDonogh and Braungart is inspiring for designers to look forward and
support today’s technology in the design profession. It reflects the need for an innovative
framework that adapts to current performance needs, rather than altering old techniques and
making them fit within a new context. Good practice should experience a fluidity of design and
scientific creativity flowing between architects and consultants, in order to achieve innovative
buildings. Rethinking the design program may be better than refining an old approach to fit the
target problem - the designer should make use of existing techniques and approaches to
develop a new, perhaps customized, technique for solving design and performance problems. It
is crucial for the development of our profession that designers learn from the past, explore the

current, and innovate for our changing environment and demands.

v McDonough and Braungart, Cradle to Cradle, 182.
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1.2.RESEARCH STATEMENT

Energy efficiency in buildings is influenced by the behavior of architectural spaces, part of which
can be attributed to daylighting. Daylighting performance is envelope-dominated. For example,
designing fully-glazed fagades minimizes the efficiency of the envelope, despite allowing huge
amounts of daylight into a space. This does not necessarily result in good performance, since
illumination levels are not optimized to fall within the acceptable range. The problem is notably
experienced in south facing facades, which get the most solar exposure over the course of the

day.

Daylighting is a crucial asset for office design, but it is variable. Indoor spaces suffering
inadequate daylighting levels during daytime experience illumination levels (quantity) out of the
recommended range, and uneven distribution of daylighting (quality). They also suffer the need
for electric lighting to compensate for the limitation of daylighting depth into the space. The
design profession is currently undergoing technological advancement which will allow for better
daylight performance, targeting greater energy savings and reduced electricity consumption.
This will happen by bringing daylight deeper into the space, maintaining desired illumination

levels (quantity), and achieving even luminous distribution (quality).

The integration of light deflection techniques into an intelligent dynamic panel system allows
the enhancement of daylight harvesting, quantity and quality, inside south-facing spaces

enclosed by fully-glazed fagades — Hypothesis

12



This hypothesis combines two different aspects of architecture that correlate: “intelligent skins”
and “daylight-deflection technology.” Within the context of this thesis, 1) intelligent skin is the

means through which 2) daylight-deflection is enhanced.

The statement focuses on the intelligent dynamic panel system and its impact on the quality and
quantity of daylighting in office spaces. Investigating this topic requires defining particular
specifications, among which are daylighting benchmarks and the qualities that distinguish an
intelligent envelope performance. In Chapter 3, an explanation of the qualities and
specifications of daylighting in office spaces is presented. These qualities vary, and include such
factors as sensors and controls, patterns of actuation, panel materials, panel geometry, targeted
number of inputs and outputs to and from the system, illumination levels (quantity), and
luminous distribution (quality). This study specifically investigates independent tilt angles and
panel geometry, and their impact on optimizing the quantity and quality of daylighting inside
office spaces. Independent tilt angles are an approach proposed in which every other louver has

the same tilt angle, either in shading or harvesting position.
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SHADING POSITION

Figure 1-5: Independent tilt angles —the shading and harvesting configurations of different panels actuate
independently in a secondary skin system.

1.3.GOALS AND OBJECTIVE

An optimal visual environment in office spaces, achieved through the use of daylight, is crucial
for employees’ comfort, productivity, and morale®®. Visual comfort is addressed through many
factors, among which are light level (illuminance), luminous distribution, glare, light penetration
depth, and direct sunlight'®. The research goal of this thesis is to design an intelligent dynamic
light-deflection system that provides daylight levels within a recommended range, even
distribution of daylight inside the space, and penetration of daylight deep into the space,
beyond today’s normal achievable depth (Figure 1-3). For a better understanding of the goals,

the studied parameters are further explained below.

18 Dasgupta, The Impact of Windows on Mood and Performance of Judgmental Tasks.
¥ schiler, Simplified Design of Building Lighting.
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1.3.1 ILLUMINANCE
Different organizations, like the Illuminating Engineering Society (IES) and the National Research
Council of Canada (NCR), recommend different light levels for office spaces. The recommended
illumination level for an office space according to the Illluminating Engineering Society of North
America (IESNA), is 200 — 1500 lux, based on task.?’ The NRC Institute for Research in
Construction recommends a level of 400 — 500 lux for general office work.?* In terms of daylight
factor, the recommended percentage is 2-5%. Maintaining a range of 200-1500 lux is the
objective of this study, taking into account that values less than 200 lux, and higher than the
recommended range, may be acceptable in some areas of the space, under certain conditions,

where no activity is assumed to take place.

1.3.2 LUMINOUS DISTRIBUTION
For a better visual environment, the IESNA recommends that, within the occupant’s field of
view, the ratio between the maximum and minimum illuminance should not exceed 1:10.%
However, the NRC Institute for Research in Construction recommendation exceeds that of IES,
and goes up to 1:20%, providing an acceptable argument for this high contrast, like highlighting

certain objects on the working plane. Sometimes due to high contrast, the occupant perceives

2%|ES North America, IESNA Lighting Handbook.
?INational Research Council Canada, “NRC Canada.”
*? |ES North America, IESNA Lighting Handbook.
2National Research Council Canada, “NRC Canada.”
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parts of the space as dark which in reality have sufficient light levels. Maintaining a ratio of 1:10

prevents the false perception of light level inside spaces.

1.3.3  LIGHT PENETRATION
Untreated window openings allow light penetration one-and-a-half times the distance from the
floor to the window head. Incorporating light shelves extends the ratio up to twice the distance
(Figure 1-3). For example, a 2.20m window head height allows the penetration of daylight into
the space up to 3.30m, if using an untreated opening, and 4.40m if using a light shelf. Within the
context of this study, the goal is to exceed the 2x ratio — aiming for, at least, two-and-a-half

times the vertical distance.

1.4.STRUCTURE AND METHOD

This thesis develops a parametric tool for integrating daylighting performance into the process
of kinetic facade design. The tool is intended to be used by anyone - but especially designers -
involved in the design process and early-stage decisions. This idea, where innovative,
contemporary, exciting developments in facade design are tested for daylight optimization, is a
primary concern; it allows designers to find the potential of complex design forms to enhance

the indoor luminous environment.

The study focuses on investigating the effectiveness of light deflection by an intelligent
secondary skin layer in south-facing indoor spaces. In this study, parametric tools are used to
search fagade configurations, by pre-defining some parameters denoting intelligence and

environmental changes (refer to Chapter 2 for intelligence parameters). The investigation of this
16



topic prior to executing computer simulations is crucial. To address the problem in an efficient
manner, the research has been divided into three main parts: investigation (literature study),
simulation and documentation, and analysis. Each of the three parts is explained in the section

below.

1.4.1 INVESTIGATION
This section provides a complete literature review of the investigated topic and its attributes.
Given the investigation of two related topics, 1) intelligent kinetic skins and 2) daylighting
performance, the investigation phase is split into two chapters. The literature review of both
topics addresses the definition of intelligence within the framework of the study, the use of
intelligent skins as light-deflectors, and the performance of daylight-deflection in enhancing the

quality and quantity of light in office spaces.

If we are to express the correlation between intelligent skins and daylight enhancement, some
points need to be covered in the literature study of the topic. These points directly relate to the
intelligence of a building skin and its ability to respond to environmental changes, specifically
sunlight. Providing a solid background to the following points builds a concrete foundation for

explaining daylight enhancement through the use of intelligent systems:

— Whatis intelligence?;
— The concept of intelligent responsive systems;

— Intelligence and environmental controls;

Sensors, data exchange and feedback loops of intelligent systems.

17



While more points are covered further in Chapter 1, for the interest of the study, the first
portion of Chapter 2 covers the intersection of intelligent skins and daylight enhancement; it
explains possible techniques for using smart-kinetic systems to adjust daylight quality in indoor
spaces. Examples of similar systems and previous work are used to illustrate the positive
potential of using deflection techniques in the context of the current technological

advancements. The main points covered in Chapter 2 are:

— Benefits of daylighting;
— Daylight fundamentals;
— Performance indicators;

— Deflection techniques.

1.4.2 PROCESSING LOGIC
Within the framework, data processing depends not only on the simulation tool and its
calculation capabilities, but also on the pre-defined parameters, based on the desired
daylighting performance. The algorithmic components incorporated into the set of parameters
force data to flow in certain directions for evaluation purposes. Processing stops when an

optimal skin configuration is found by the genetic algorithm component (Figure 1-6).
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Figure 1-6: System logic — the inputs to the system and the processing of data.

Grasshopper is responsible for setting the input parameters according to the desired luminous
environment conditions, and passing these to the daylighting simulation tool, DIVA/Radiance,
which then processes the data and sends the results back to Grasshopper for evaluation.
Grasshopper compares the results against the pre-defined performance criteria. If the results
are acceptable, Grasshopper provides the generated solution as the best possible under the
defined simulation conditions. If the results do not match the criteria, Grasshopper sets another
scenario for the skin and triggers the simulation tool to re-run a new scenario and generate a

new outcome - and so on, until an acceptable result is obtained (Figure 1-6).
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The proposed data workflow depends on a solution-based factor, where processing is about
finding the optimal solution for a design problem. The system will run “all” possible solutions
and then pick the one resulting in the best daylighting performance inside the space. Panel tilt
angles are endless; thus, increments of 3.60 degrees will be set to restrict the possible set of

solutions to 100.

Different sun conditions are expected to affect the performance of daylighting in the space, and
simulating all times of the day is difficult due to time limitations. Consequently, data will be
recorded for the following times only: June 21°* (summer solstice), December 21° (winter
solstice), and March 21" (equinox), each at 9:00am and 12:00pm, for clear sky and overcast sky.

At each of the mentioned times, the sun has different solar angle and/or a different direction.

1.4.3 DOCUMENTATION
The integration of four tools was necessary for the objective of this study: Rhino as a modeling
tool, Grasshopper as a parametric interface, DIVA 1.1 for daylight simulation, and the Galapagos
component as a genetic algorithm problem-solver. A simple example is developed to assess the
performance of the system in searching for an optimal solution for skin configurations.
Grasshopper is used to identify the input parameters and the evaluation criteria for daylighting
assessment, the DIVA component is used to simulate the process of daylighting, and Galapagos,
the genetic algorithm component, uses a single-numerical value as a fitness number in search of

optimal configuration.
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The proposed tool is intended to be used by designers at the early stages of design, to integrate
daylighting performance into the process. Such integration could be into the design of interior
spaces, building envelopes, and/or orientations. In Chapter 4, the proposed design algorithm
used to determine the optimal configuration for a building skin for better daylighting
performance is documented. The algorithm is applied to a secondary skin configuration
composed of horizontal louvers split into two independent layers; every alternate louver has the
same tilt angle. The definition utilizes Radiance as the calculation engine for daylighting, and has

been divided into screenshots, which are shown in Chapter 4.

1.4.4 SIMULATION METHOD
As a parametric design tool, Grasshopper allows the creation of a kinetic system that can
respond to multiple inputs and outputs through the use of a genetic algorithm. In this tool,
intelligent features are expressed as parameters, mathematical functions and benchmarks
which make the intelligence of the system limited, but flexible enough for the system to
implement certain desired tasks for better daylighting performance. Given that DIVA is a
Rhino/Grasshopper plugin, it can easily be integrated into the intelligent part of the algorithmic

definition.

Technical difficulties were experienced using DIVA 1.1, the daylighting simulation tool, to extract
illuminance values and import them into Grasshopper. The difficulties experienced were due to
scripting issues in the component itself. This problem prevented node values from being passed

to the evaluation criteria for assessment.
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Simulation is vital for this study, to illustrate the objective of the tool. Daylight simulation is a
commonly-used technique for predicting the quality of luminous environments, as well as
accounting for daylight variability during early design stages. This part provides a set of figures
and results generated through executing numerous simulation runs for different skin
configurations. Intelligence is defined in the parametric software in the form of preset
parameters/constraints, such as the occupants’ desired illuminance range. As previously
mentioned, Rhino, Grasshopper and the DIVA-plugin are the tools used for simulation in this
study. These three tools were designed to work together, and are capable of efficiently
exchanging data without the need for more interfaces, making the simulation clean, quick, and

reliable.

Modeling building intelligence in computer programs is new technology. Accordingly — within
the content of this thesis — intelligence is defined in terms of parameters that can be controlled
and referred to as “intelligent enough” to execute required tasks, like setting a parameter for
the desired illuminance range. These parameters work in a loop of multiple inputs and outputs

which can only be handled by parametric software.

In all simulation runs —as shown in Chapter 5 — a generic office space of 6.00m x 7.50m x 3.00m
is used. These dimensions remain fixed throughout the entire study. Though the tilt angle
changes, the space dimensions remain the same. The facade is assumed to be fully glazed, using
a curtain wall system. However, the elements of the curtain wall system are not taken into

account during simulation, in order to minimize calculation time. Initially, the simulation is run
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for clear and overcast skies for three base test cases: glazing only, light shelf, and horizontal
louver system. This part shows the enhancement of daylight performance in relation to
changing facade/skin system. It also illustrates the ability of daylight deflection to affect the

indoor luminous environment quality.

Afterwards, an intelligent-dynamic system composed of a series of louvers arranged
horizontally, each actuating independently (Figure 1-7), is modeled using Rhino/Grasshopper.
This is considered to be the main case study of the thesis, on which design alterations will be
tested. The panels actuate independently, with the aid of some parametric algorithms. The
performance of the skin is shown inside the interior space in terms of quality and quantity of

daylighting - which requires establishing some measuring points in the space.

Figure 1-7: Independent actuation of secondary skin panels for better indoor luminous environment quality.

The modeled office space is divided into 36 calculation nodes spread over a grid set at 0.70m,
covering the entire surface area of the interior space. Assuming workers do not occupy the
entire floor area of an office space, the success of the system is based on achieving the desired

performance indicators — previously mentioned — for at least 75% of the office floor area.
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Theoretically, the calculation grid is composed of points that read the lighting levels in different
positions inside the space. It is expected that readings will vary from one point to another. These
points act as the sensors in the simulation. Readings from each point are individually extracted

and passed on to set performance criteria for assessment.

A successful run should be able to achieve each of the three indicators for as close as possible to
75% of the entire surface area. Two types of indicators are experienced in this study: individual
node indicators, and group indicators. An individual indicator is the illuminance of each point.
This does not require evaluation of all points together to see if they fit within the range or not;
each node is evaluated independently. Group indicators represent the luminous distribution and
the depth of penetration. To evaluate both items, the system is required to look at the results as

a collection of nodes, and assess their performance.

1.5.CONCLUSION

Daylighting is a crucial asset in office spaces; it increases the productivity of workers, enhances
their morale, and maintains their health®*. Despite its importance, sometimes designers do not
adequately account for daylight during the design phase, which subsequently requires the use of
more electric lighting. On the other hand, some architects, like Aalvar Aalto, Louis Kahn, and Le

Corbusier, addressed daylight through architecture, emphasizing its importance®. This thesis

24 Boubekri, Daylighting, Architecture and Health.
2 Schiler, Simplified Design of Building Lighting, xi.
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explores one example, where innovative-contemporary developments in facade design are
considered for better daylighting performance in south-facing office spaces. The whole study is
dependent on daylight-deflection techniques to bring daylight levels to desired ranges inside a
generic office space. The deflection method is supported by some intelligent features to

enhance the operation of the facade system.

The methodology implemented in this study enables designers to account for the performance
of daylighting during the early design stage. It also allows them to explore numerous facade
designs and their impact on the quality of the indoor luminous environment. Moreover, the
technique integrates lighting analysis into the design/modeling tool, which eliminates the need
for more interfaces or model export/import procedures. The proposed algorithmic definition is
intended to provide flexibility by allowing the possibility of setting different performance

indicators — if necessary — based on different design problems.

In the following chapters, an elaboration of the investigated topic is presented, detailing the

argument, as well as the intersection of intelligence and daylight-deflection.
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2. CHAPTER 2 INTELLIGENT SKINS

Applying intelligence to buildings in the form of intelligent fagcades, sensors, materials, or even
building systems, is a discourse taking place in the profession. In this chapter, background
research into intelligence in architecture, intelligent applications to buildings, and the human

interaction with building systems, is presented.
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2.1.OVERVIEW

The word “intelligent” was first used at the beginning of the 1980s to describe buildings,

together with the American word “smart”?®

. Since then, building fagades incorporating
intelligent features have come to be known as “intelligent building skin,” where the skin forms
the greater part of the intelligent system in the building. Describing a fagade as an intelligent
element requires the presence of dynamic living capabilities, which enable interaction with
diurnal and seasonal changes, and human beings in the surrounding environmental context, in
order to achieve a reduction in the energy consumption inside indoor spaces. Intelligence is not
an equation of fixed variables; it is a process that is inspired by human intelligence and cognitive
capabilities. That being said, the definition of intelligence can be manipulated in different ways

according to the designers’ intentions and approaches. However, all definitions acknowledge

the influence of living organisms in terms of behavior and reasoning.

2.2.INTELLIGENCE IN ARCHITECTURE

Applying intelligence to buildings in the form of intelligent facades, sensors, materials, and even
building systems, is a discourse taking place in the profession. People are the establishing point
for intelligence in buildings. They are not passive organisms, but adapt to their surroundings
psychologically, physically and behaviorally, and often change their environments to be more
suitable for them. This is a complex interaction, informed by their senses and mediated by the

brain. The brain allows people to reason, perceive, and react to their environment, whether

2 Wigginton and Harris, Intelligent Skins.
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tangible or non-tangible. Humans have always been the inspirational model for considering the

application of intelligence in buildings (Figure 2-1).
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Figure 2-1: Intelligent Building Features and Human Intelligence — the aspects of human intelligence that profoundly
impacted the implementation of intelligent features in buildings27

The concept of intelligence in architecture should be distinguished from integration or
automation in buildings. Intelligence is often referred to by people when objects or elements
function using automated features and control systems®®. They sometimes use the term
“intelligent” to describe automated domestic functions at home through a computerized
system, like turning on/off the lights, or opening and closing doors. Since these actions are
manually triggered by the occupant, they should not be considered intelligent, due to the

absence of a system reasoning process (Figure 2-2). In this research, intelligence is based on a

?’ Clements-Croome, Intelligent Buildings, 44.

% Fox and Kemp, Interactive Architecture.
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different archetype, which relates to human characteristics and the energy-performance of
indoor spaces in buildings, exploring the interaction between the building skin and occupants to
provide a better luminous indoor environment. Clements-Croome provides a relevant definition

of the term ‘Intelligence’:

Intelligence is not an attribute, but a complex hierarchy of information processing
skills, underlying an adaptive equilibrium between individuals and their environment.”

Moreover, the Intelligent Building Institute (IBI) presented one of the first definitions of

intelligence in buildings:

An intelligent building is one which provides a productive and cost effective
environment through the optimization of its four basic elements — systems, structure,
services, management and the inter-relationship between them. Intelligent buildings
help building owners, property managers, and occupants realize their goals in the
areas of cost, comfort, convenience, safety, long-term flexibility, and marketability.
There is no intelligence threshold past which a building "passes"” or "fails". Optimal
building intelligence is the matching of solutions to occupant needs. The only
characteristic that all intelligent buildings have in common is a structured design to
accommodate change in a convenient, cost-effective manner.>°

Given the scope of this thesis, the above statement presents a valid argument. Assessing the
performance of intelligent systems in buildings does not have an absolute benchmark; it is a
relative evaluation process that depends on the occupants’ needs and preferences, and the

function of the space. Accordingly, the presence of an occupants-model during simulation is
necessary for the success of the study. However, simulating such a model in the study would
add another layer of investigation, and this has not been included, due to time limitations.

Therefore, a compromise has to be made for the simple modeling of intelligent features. The

?° Clements-Croome, Intelligent Buildings, 5.

30 “iBuilding Website.”
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occupants-model is represented in the form of a set of parameters that resemble the normal
working employee preferences. These parameters are simplified factors of the desired luminous
environment in general office spaces. Refer to Chapter 3 for a detailed explanation of the desired

quality of luminous environments.

People involved in the design and construction process can have different views on the
performance of an space; the occupant, however, is the one who will truly judge the success of
the luminous environment inside the space. Since it is hard to incorporate occupants in the
simulation model, the designed algorithmic definition allows for multiple variable inputs to
represent changing user needs. This is considered to be an appropriate simplified method for

mimicking changing occupants’ preferences.

Despite their importance, some buildings tend to ignore occupants’ behaviors and preferences,
and incorporate responsive features that work based only on environmental changes and
climatic conditions. An intelligent building can be looked at as a human body, where occupants
represent internal organs, and the envelope resembles the external organ, the skin. Human
intelligence is geared to protecting the internal organs, and providing an optimal living
environment for them to perform well. Likewise are the building occupants. They need to have a
good working environment for better productivity. The occupants’ behaviors and preferences
are driving factors for building operation - though they differ according to the climate and
function of the space. An intelligent building should be able to achieve optimal performance by

implementing the following processes:
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— Create a relationship between occupants’ behavior and indoor space conditions.
— Automatically adapt and respond to environmental changes and user requirements.
— Expedite cost-effective alteration to occupants’ behavior changes, including changing

tasks.

The term “intelligent” has been applied recently to objects that resemble human beings’
behavior. Sometimes called ‘smart’, they tend to process (perception) data like human beings
and react (action) based on a process of analysis (thinking). Most of these intelligent features
have the same intent, but are different in scale and function. In cars, for example, intelligent
driving systems enable cars to automatically detect when cars ahead stop unexpectedly and
respond by applying brakes. This feature provides security and comfort to the driver - who is the
occupant in this case. The smart driving system evaluates the situation and reacts in a way
similar to the way the driver would have reacted. It mimics the expected driver’s behavior for

better performance and comfort.

Intelligent buildings should operate in a similar way. They are expected to possess some
cognitive features that allow them to perceive data, analyze it, and respond with an appropriate
reaction (Figure 2-2). This process can be applied to different aspects of the building operation,
among which is the environmental performance of spaces, emphasizing this study’s objective.
Embedding the behavior of users, and the changing environmental conditions, into an

intelligent-cognitive system may drastically enhance the energy performance of spaces.
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Figure 2-2: Intelligent Process — the data flow process that, generically, identifies a fagade as an intelligent feature.

In his book “Intelligent Buildings”, Brian Atkin identifies three aspects that should be found in

intelligent buildings:**

— Buildings should ‘know’ what is happening inside and immediately outside;

— Buildings should ‘decide’ the most efficient way of providing a convenient, comfortable,

productive environment for the occupants;

— Buildings should ‘respond’ quickly based on occupants’ preferences.

Self-recognition

Building

. 4 Kinaesthetic
intelligence

& Mervi Himanen 2003

Figure 2-3: Qualities of building intelligence — the main qualities of building intelligence, as defined by Mervi
. 32
Himanen.

* Atkin, Intelligent Buildings.

32 Clements-Croome, Intelligent Buildings, 45.
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Mervi Himanen divided the qualities of building intelligence into five main categories (Figure 2-
3): connectivity, self-recognition, kinaesthetics, logic, and spatiality. Clements-Croome defined

each category as follows:*?

— Connectivity relates to how the occupant connects to the system. This could be through
speech recognition, automatic control, motion detection, etc.

— Self-recognition provides self-consciousness capabilities for the building to detect its
current status and interaction level.

— Spatiality describes the spatial expression of the architecture.

— Kinaesthetics relates to the kinetic capabilities of the system, as well as adaptive
technology.

— Building Logic expresses the embedded sensors layer that monitors occupants’ behavior

and reports back to the building management system.

These five factors are taken into consideration within this study with a different approach than
that of real-life, due to the limitations of simulation tools, time constraints, and the difficulty of
modeling occupants’ behavior inside the space. “Connectivity” and “Building Logic” are
expressed in the form of a pre-defined set of parameters which reflect the occupants’
requirements for better productivity and an enhanced luminous environment. These
parameters can be changed at any time prior to running the simulation, which means that the
system can be tested for different user preferences, if any. “Self-recognition” and “Spatiality”

are expressed in the form of space-sensors/calculation points. Whenever the calculation grids

3 Ibid.
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go out of the performance criteria range, the system should be able to detect this and work to
bring at least 75% of the points into the desired range. Although the method used in this study
for simulating one factor of human intelligence inside the space - the varying occupants’ desired
range of illumination - is not close to reality, it is the best model that can be achieved within the

time limitation.

As previously mentioned, intelligent-responsive skins should account for environmental changes
and occupants’ comfort for better performance. But does this mean that no building skins
without intelligent features perform well in terms of energy-efficiency? The answer is “no”.
Environmental approaches have been implemented in the profession before the advanced
intelligent technologies discussed here were invented. Architects have long integrated passive
approaches into their designs to enhance the performance of the spaces. We, as architects,
should acknowledge the importance of previously-designed buildings in providing a concrete
foundation for implementing today’s technologies in the intelligent-responsive building field.
The following section provides two examples of passive environmental controls in architecture

which influenced the invention of today’s techniques.

2.3.SKIN AS ENVIRONMENTAL FILTER

Given that a fagade is the exterior shell of a building, it should act as an environmental filter
fine-tuned towards energy-reduction, daylighting, ventilation, and excellent quality of indoor
spaces. Throughout history, facade treatments for better performance have been applied to
protect indoor spaces from adverse climatic conditions. Many different examples illustrate the

facade as an important filter layer, among which are: Mashrabiyya, brise-soleil, the trombe
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wall, high-mass walls, and super-insulated envelopes. Despite the functional differences
between the techniques, they all aim for better indoor environments, as well as protecting
occupants from unfavorable environmental changes. Mashrabiyya and brise-soleil are
especially good examples, which attempt to deal with both thermal and daylighting

considerations.

s

Figure 2-4: Egyptian Mashrabiyya — the Mashrabiyya is a great example of an environmental fagade treatment for
optimizing daylighting, minimizing glare, and driving cool air into the space. The image on the left34 shows the indoor
effect of this element, while the image on the right35 shows the exterior look of this ornamental Egyptian icon.

The Mashrabiyya is a great example of a passive environmental fagade application that controls

daylighting and natural ventilation inside a space. Hassan Fathy, the Egyptian leader in

34 . .
“Sennari House In Cairo: Home to Napoleon’s Scholars.”

3 “Mashrabiyya - Wikipedia, the free encyclopedia.”
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environmental and vernacular architecture, describes the Mashrabiyya as a mean of control of
severe glare conditions in interior spaces (Figure 2-4). In old times, Egyptians were leaders in
inventing environmental performance-based prototypes. They adopted the Mashrabiyya in
most Egyptian Islamic houses for environmental purposes and comfort of human occupants; in
addition, it also reflected local cultural values®. While it was a successful approach, widely
adopted in Egyptian houses, people are now moving towards implementing more advanced
technologies in buildings. The Mashrabiyya works inefficiently when windows are open — as
seen in the left image of Figure 2-4 — which is necessary for having an outdoor view. The
question arises: if it performs so well, why don’t we continue using it? Simply put, the answer is:
we cannot use this ornamentation piece on all fagades. It is a product of the Egyptian culture
that was suitable for buildings at that time - the middle ages up to the mid-twentieth century. As
seen in Figure 2-4, the design of this element was customized for specific cultures; it is not a
generic-modern element that can be fitted into any design - quite apart from its transparency

limitation, as previously mentioned.

The Western world has had different approaches for environmental filters. Brise soleil, a
pattern of permanent concrete shading elements, is a technique that was popularized by Le
Corbusier in buildings with large surface areas of glazing®’. This performance-based pattern
allows the penetration of low-angle sun in winter, for passive heating, and the blockage of high-

angle sun during the summer (Figure 2-5). The Gustavo Capanema Palace, designed by Le

*® Kenzari and Elsheshtawy, “The Ambiguous Veil.”

37 Melendo, Lainez, and Verdejo, “Nineteen Thirties Architecture for Tropical Countries.”
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Corbusier in 1935, is a famous example that shows the efficient use of brise soleil in Rio de
Janeiro. In this example, the brise soleil works well with high-angle sun, however the system is
limited in its ability to deal with low-angle sun that may penetrate the space, resulting in an
uncomfortable luminous environment. Today’s demands for complexity in form and design led
to the emergence of another aesthetical limitation of using traditional brise soleil, however this
system is found in some old buildings by famous architects like Richard Meier, who used brise

soleil in a canopy at the Getty Center in Los Angeles, California.

Figure 2-5: Brise Soleil —a modular pattern of fixed concrete shading elements to protect occupants during summer
months from heat gain and to allow passive heating during winter months.*®

Architects have long been able to achieve successful environmental control techniques for

“better” performing spaces. They used all available resources — from cultural inspirations to

38 “Brise soleil - Wikipedia, the free encyclopedia.”
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local materials —to achieve better performance. Though these techniques worked well at the
time, they do not fit within the needs and preferences of today’s occupants, and the design
complexity. In other words, though the performance of these systems hasn’t changed, other
variables have changed which demand better energy performance inside spaces. My hypothesis
is that the fast pace of ongoing technological advancement in building systems has made the
occupants demand more energy-efficient environments - especially in office spaces - for better
productivity and lower running costs. To fulfill the users’ needs, designers have explored
advanced techniques on building facades, which represent a significant part of any architectural
project, besides acting as the medium between the indoor and outdoor environments®.

However, designers have also developed new systems inspired by historical innovations.

The main case study of this thesis investigates the performance of a brise soleil-like system that

possesses dynamic-responsive capabilities. The system uses the same solar shading technique of
the brise soleil, and adds to it light-deflection techniques for enhanced luminous environment in
office spaces. While the proposed system is inspired by historical innovations, it exploits today’s

advanced technology by integrating intelligent features into the skin system, which allow

independent tilt angle control for each panel.

Building facades are the main manipulators of environmental parameters. If designed efficiently,
they should be capable of maintaining an adequate comfort level, by adjusting the impact of

natural forces on interior spaces. The envelope’s functions include daylighting optimization and

39 Wigginton and Harris, Intelligent Skins.
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glare protection, acoustical barrier, natural ventilation, humidity adjustment, wind protection,
visual contact, security and safety, and energy performance. For a building to overcome
unexpected and changing adverse climatic conditions, it has to integrate advanced cognitive
technology that allows the skin to think, and respond appropriately. For example, a space can
detect changes in human behavior - typing or reading, for example - and optimize daylighting

levels accordingly.

2.4.INTELLIGENT KINETICS AND DAYLIGHTING PERFORMANCE

The skin is one of the dynamic regulatory organs that allow the body to survive through a wide
range of unfavorable conditions. The intelligent behavior of the skin enables adaptation to the
surrounding environment by means of physical processes, such as perception, reasoning and
action, which allow the human body to overcome adverse environmental conditions.
Analogously, the building envelope acts as the medium through which the interior spaces of a
building interact with the surrounding environment. Buildings are subjected to a wide range of
unfavorable and varying environmental conditions, which requires the envelope to possess
intelligent-dynamic capabilities, and automatically respond to environmental changes and user

demands.

Smart-kinetic fagades are one type of intelligent skin. This is a technological advancement that
addresses today’s dynamic, constantly-changing activities in order to optimize indoor conditions
to meet the user’s needs. Smart-kinetics is the flexible adaptability of building facades to

respond to changing environmental conditions, taking into account human interaction and
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behavior. They should be capable of handling the rapidly varying patterns of human interaction

in a space.

Smart-kinetics, part of comprehensive intelligent building systems, can be designed as
performance-based elements that relate to interaction and responsiveness. They can be part of
a primary system, or perform independently as a secondary skin layer. Operable windows are
one example of a primary system application, where the windows on the main envelope open
and close according to need, while a series of external louvers is a secondary skin application,
distinct from the main skin and operating independently. Michael A. Fox, an interactive
architecture designer, refers to this type as “dynamic” kinetic typology, where the kinetic
elements are part of a bigger system but can act independently.*® Besides the potential of
providing better energy-performance, the use of a secondary skin system allows for more
creative designs and skin geometries. That is why a secondary skin system is used in this study.
Despite the advanced technology in most buildings, only a few efficiently exploit the presence of
an intelligent platform in the building management system, because cognitive-smart
applications in buildings haven’t developed enough yet for real-life applications. Though some
buildings are referred to as “intelligent architecture,” they can only execute specific tasks, and

are unable to act the same way human beings do.

Responsive skin systems first emerged in the form of kinetic technology that works according to

a pre-defined set of orders, with no room for processing or reasoning in response to unforeseen

* Fox and Kemp, Interactive Architecture.
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variables. Natural forces are the variables in this case. One example is a dynamic louver system
that follows the motion of the sun to prevent direct light inside the space. Such a system is not
considered intelligent, as the sun’s path is already known and can be programmed into the
system, making the louvers move in the same pattern every day. A designer can provide the
equations for calculating the sun’s position, and the panels will actuate accordingly to face the
calculated position. This can be referred to as a single-input system, where only one pre-set
input is dealt with. Other types of input that can directly affect the occupants in terms of
comfort level and productivity include: enhancement of daylight, maximization of daylight,
protection from the sun, insulation, natural ventilation, heat collection, heat rejection, sound

attenuation, generation of electricity, and exploitation of pressure differentials.**

Making a building respond to and account for human needs in its daily operation is one problem
where user input is critical. This is obvious when it comes to lighting in office spaces. People
usually assume that daylighting will be available when they go to work during daytime. In fact,
employees rarely question the quality of the luminous environment inside the space. With
today’s changing needs, designers have provided occupants with manual control of lighting for
better satisfaction, reflecting changing tasks and activities inside the same space. The question
is: what happens if we design an intelligent daylight harvesting system that automatically
recognizes occupants’ demands and reacts accordingly? Will it enhance daylighting performance
and satisfy users? My answer would be: yes, it will. This does not mean that good performance

is achieved only through intelligent kinetics, however; it is one of many approaches.

“ Wigginton and Harris, Intelligent Skins, 36.
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Within the scope of this research, the critical questions of “where” and “when” daylight is
needed are more important than “how much”. Adding the time and place as variables to the
equation requires the implementation of an automated-cognitive system that can automatically
detect human behavior, and react to it in an appropriate manner®*. This is what is referred to as

an “intelligent” system, after adding the “how much” to the equation.

2.5.TYPOLOGY OF KINETICS IN ARCHITECTURE

Kinetic architecture can be expressed in different forms in buildings, one of which is integrating
dynamic features into the facade/skin. Kinetic fagade elements are found in various
configurations. Below are some configurations of kinetic fagades that have been adopted in
current buildings. All images in this section have been extracted from a Master of Building

Science thesis by former USC student Ryan Hansanuwat.*?

> Wa ng, Intelligent Buildings and Building Automation.

43 . . .
Hansanuwat, “Kinetic facades as environmental control systems.”
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Figure 2-6: Continued
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Figure 2-6: Continued
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Figure 2-6: Continued
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2.6.HUMAN INTERACTION AND CONTROLS

Architectural space can take advantage of an audience locally, regionally, and globally by
reconceptualizing the role that the physical environment plays in shaping the viewer’s

experience.44

The quote above is from Interactive Architecture, a book by Fox and Kemp which presents the
general idea of human interaction in a simple way. Though it sounds simple, the quote carries
important aspect that highlights the significance of human interaction in the field of intelligent
skins: it is the users’ learning experience. Intelligent architecture should be able to not only

expedite lifestyle and behavior, but also to influencing them.*

Intelligence in architecture is a two-way process, in which the building learns from the
occupants’ behavior, and vice versa. The architectural environment can learn from our
experiences on a short-term or long-term basis, and can also teach us how to live more
efficiently. For example, when direct sunlight hits the working plane, an intelligent system of
series of louvers can adjust to overcome the problem of glare or over-illumination. The
occupants will learn that, at this time of the day, the sun direction is undesirable for better
working conditions. This feedback from the system is significant in teaching occupants how to

respond to such situations. Though there could be more complex examples, this one explains

* Fox and Kemp, Interactive Architecture, 138.

* Ibid., 142.

an
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the simple idea behind a back-and-forth interaction. Another quote from the same chapter in

Fox and Kemp's book says that:

To a certain extent, our behaviors are nothing but learned intuitions growing out of our

experiences in the world.*®

As buildings react to changing human behavior, users are challenged with new levels of
involvement, understanding and choice. Since this interaction brings new learning experiences
to their lifestyle, it is crucial for architects to account for these changing patterns in future
designs, and make them geared towards enhancing the working environment in ways other than

facilitating the human experience inside the space.

Intelligent architecture responses could be based on either knowledge-based information,
sensor-based information, or both. There are many possible mechanisms of human interaction,
including sensors, which are highly important elements in intelligent environments. Sensors are
devices capable of gathering data from the real world, like motion, light, temperature, humidity,

sound, and so on.

2.7.MODELING INTELLIGENT KINETICS

Conceptually, the design of kinetic skins is similar to some of the advanced techniques where

the designer adjusts parameters to generate a range of outcomes, except that in the case of

* Ibid.
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intelligent kinetics there is no final form; rather, the design outcome is a kinetic process, from
which multiple forms will occur over the life-cycle of a building.*’ Kinetic skins are generally
described as elements integrated into one large system, with adaptable capabilities to create
more efficient spaces. The need for better-performing architecture has led to the emergence of
kinetics technology, extending beyond conventional techniques. The current trend in the
profession is towards incorporating sustainability and technology as integral elements of this
larger system, such as intelligence and kinetic applications. In practice, kinetic facades are found
in different compositions, where each has its own characteristics, objectives, and impact on the
building functionality and aesthetics. They are not necessarily for purely sustainable purposes,
but also have aesthetic or socio-cultural value. That being said, modeling intelligence in

computer tools is crucial for achieving all the objectives mentioned above.

Modeling intelligence is a special, complicated case of simulation. Commercial computer tools
for modeling intelligent architecture are not yet available for designers. Most of the work, time
and effort is still in research labs, and firms specializing in this advanced technology. The
challenging part of simulating intelligence is in how we can insert human-like agents into a
model and make them behave like human beings, and how the computer tool can detect these
agents and recognize their behavior as occupants. In the case of real-life simulations, where
sensors occupy the space, it is still hard — but not impossible — for the sensors to understand and

detect human behavior and emotions, and react accordingly. Many research labs are currently

*” Moloney, “Building Skins as Kinetic Process: Some Precedent from the Fine Arts.”
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working on cognitive realization of human behavior, and how sensors can detect facial emotions

and human interaction.

Carnegie Mellon Robotics Institute is one of the leading labs in intelligence and human
interaction. The Intelligent Agent Technology Lab is developing a research project about “Agent-
based Composition of Behavioral Models (ABC)” in which cognitive models are being developed
to represent human performance in computer simulations. These models provide a
comprehensive representation of the knowledge, behavior, problem-solving skills, and
procedures used by occupants in task situations; they take into consideration the intellectual
capabilities and limitations of humans. Since there is no “standard” cognitive reference for all
situations, problems still persist in developing the human behavior models. The project team
analyzed labor-intensive tasks to create a detailed mapping of what humans do to accomplish
those tasks. Though this method is time-consuming, effort-intensive, and does not well
represent real human behavior, they were able to program human agents with a set of

production rules and executable procedures.*®

This is where the argument lies: how can we rationalize human behavior in the form of rules,
procedures and parameters in simulation tools? How simple should it be? Should the model be
capable of handling multitasking or single-tasking? In my opinion, a successful comprehensive
simulation would be one that exploits more than one human model, each representing a single-

task activity. In this study, the behavior of occupants is dependent on the quality of the

*8 “Robotics Institute: Agent-based Composition of Behavioral Models.”
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luminous environment. Intelligence has been integrated into the simulation from a single-task
perspective for adjusting the quality and quantity of daylighting inside the space; only the
desired illumination for occupants has been taken into account in the algorithm. A set of
parameters is changed, based on human discomfort assumptions that allow for testing the
intelligent skin system against different scenarios of occupant preferences. This is not the only

method of simulating human behavior during the early design stage, but it is the simplest.
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3. CHAPTER 3 DYNAMIC DAYLIGHTING

Bringing daylight into the core of the building is an architectural design challenge that aims for a
better visual environment and greater energy efficiency. This can be achieved through the use

of advanced dynamic daylight strategies.

This Chapter addresses the specifications for daylighting requirements, providing essential
fundamental knowledge for the purpose of this research. It presents background research on
daylight and its rewards, daylight qualities, light-deflection strategies, daylight evaluation, and
the target benchmark of the design. It is expected that the reader will, at this point, have the

necessary information on which the simulation in the following chapter is based.
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3.1.INTRODUCTION

In 1973*, the energy crisis triggered designers’ interest in the use of renewable sources of
energy, such as solar power, in an effort to reduce non-renewable energy usage. Today, the
increasing notion of scarce resources has demanded better daylight strategies to minimize
dependency on electric light. Despite the growing notion of energy conservation, daylight is not
often used as a major scheme to exploit renewable sources and reduce energy consumption.
Many offices rely on electric light during daytime, when it is unnecessary and can be replaced by
the integration of daylight strategies. The point is that the notion of energy conservation has not
influenced architectural practices enough to adopt advanced daylight approaches in the design.
They are required by code to provide certain levels of illumination for different space usage,
regardless of the source of light, which gives more room for relying on electric light to
compensate for the lack of interior illumination from natural light. New demands by the building
industry, and occupants, requires taking daylighting into account during the design phase, to

allow more light deep into the core of the building and maximize the percentage of daylit areas.

Daylighting in architecture is a design strategy that exploits natural sunlight in indoor spaces,
reducing dependency on electric light, and maintaining human health and a productive work
environment during daytime. Daylight refers only to the visible part of the energy spectrum
released by the sun (Figure 3-1). It is a source of light that provides full-spectrum light with

flawless color rendering.

49 Boubekri, Daylighting, Architecture and Health, 39.
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Figure 3 -1: Electromagnetic Spectrum —the range of the visible part of the spectrum.50

Daylight, as a free design resource available to architects, enhances the quality of indoor spaces.
It invigorates interior spaces, creating a relationship between the occupant and the space. This
relationship could be dramatic or intimate, depending on the function of the space. For office
spaces, intimacy is required for a better work environment. The art of using daylighting in
architecture is not only about allowing light into the space, but providing it without adverse
effects. Despite these effects, life cannot continue without daylight, which is required for human

health and, now more than ever, for energy-saving approaches.

Successful daylighting is not about increasing opening sizes or adding skylights. It encompasses

thoughtful integration of design approaches addressing glare, heat gain, variation in light-

>0 Ander, Daylighting Performance and Design, 27.
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availability, and direct light penetration. However, in the context of this thesis, only variation in
light level, luminous distribution, and penetration depth are tested with different daytime

scenarios.

The benefits of a well-designed daylighting concept in office spaces range from better
productivity, due to enhanced daylighting quality inside the space, to reduced consumption of
artificial lighting. A well-designed space should be able to optimally utilize solar energy through
controlling and harvesting daylight. Taking into account the limitations of passive daylight
strategies, successful daylight design in office buildings requires going beyond conventional
techniques of integrating large openings or light shelves in the architecture. It requires a system
that is capable of accounting for unforeseen changes in natural lighting. These changes can
range from external elements like reflections from surrounding context, to internal factors like
interior surface reflections or changing occupants’ activities that require different illumination

schemes.

3.2.DAYLIGHT REWARDS

3.2.1 HUMAN HEALTH AND PRODUCTIVITY
Despite the excessive use of artificial light in architecture, people still appreciate the natural gift
of daylight, acknowledging its advantages. Natural lighting has always been an important design
feature in the building design field. Besides providing a connection to the outdoor environment,

it is as vital an element for maintaining human physical health as it is to plant life. Natural light
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can bring happiness to a space and make people escalate the value of their presence. It also

results in an environment with dynamic light conditions, unlike one lit artificially.

Daylight strategies are crucial for sustaining human health, work productivity and a pleasing
work environment. There is a disconnection in office architecture and daylighting design which
has an extensive impact on inhabitants, affecting body health, productivity, and visual comfort.
Such problems arise due to the lack of daylight inside a space, and the extreme reliance on
electric light. Most people perceive daylit environments as pleasant spaces for work. In 2003, a
student at the Rensselaer Polytechnic Institute carried out a survey of measured negative mood
under different daylight conditions. Dasgupta was able to show that, while people working for
20 minutes in an office with a large window during daytime showed a small but significant
reduction in negative mood, workers in the same office space during nighttime had no change in

their negative mood.”*

In his book, Koster briefly explained the influence of daylighting on human physiology and

psychology. The following quote explains how important natural light is to human health:

Light synchronizes the human biological clock with day, night and seasonal rhythms. A
lack of natural daylight can lead to disorders of the automatic nervous system, loss of
energy, fatigue, a tendency towards self-isolation and metabolic disorders. Conversely,
intensive light therapy has been shown to support the healing process.*?

>! Dasgupta, The Impact of Windows on Mood and Performance of Judgmental Tasks.

32 Koster, Dynamic Daylighting Architecture, 57.
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3.2.2 INDIVIDUAL OUTCOMES

In 1996, Veitch and Newsham proposed that lighting quality can be defined as the degree to

which the luminous environment supports the following requirements of the people who use

the space (Figure 3-2):

Visual performance;

Post-visual performance (task performance and behavioral effects other than vision);
Social interaction and communication;

Mood state (happiness, alertness, satisfaction, preference);

Health and safety;

Aesthetic judgments (assessments of the appearance of the space or the lighting).
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Figure 3-2: Qualities of lighting — Veitch’s proposal determines the quality of lighting in any given installation through
determining the balance of the (sometimes conflicting) dimensions shown in the diagram.sa
They also added that the qualities mentioned above do not allow direct measurement of
daylighting, but express an emergent state that is created between the occupant in the
environment and the light. According to their report, good lighting quality exists when a lighting
system creates good conditions for seeing, supports task performance or setting-appropriate
behaviors, fosters desirable interaction and communication, contributes to appropriate mood,
provides good conditions for health and avoids ill effects, and contributes to the aesthetic

appreciation of the space.”

>3 Veitch, “Psychological processes influencing lighting quality,” 19.

>4 Veitch, J. A, Determinants of Lighting Quality |.
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Figure 3-3: Individual Outcome — the influence of various factors, including lighting conditions, on the individual
55
outcome.

3.2.3 ENERGY USAGE
Lighting accounts for 30-50% of the energy use in commercial buildings.>® Significant energy-
savings can be obtained if daylight strategies are incorporated into the architecture, primarily

for use during daytime when sunlight is available and the use of artificial light is unnecessary.

Daylight design strategies can reduce the extensive use of electric light inside office spaces if
well designed, as well as indirectly increasing savings due to changes in thermal loads.

Controlling sunlight penetration into a space is a broad strategy that not only guarantees

> Veitch, “Psychological processes influencing lighting quality,” 20.

> Phillips, Daylighting, 38.
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adequate light levels, but also reduces solar heat gain, which is preferred in hot climates.

However, savings vary by building orientation, season, and facade design.

The Environment Department of Great Britain carried out a comparative study on various fagade
types (Figure 3-4). The study shows room for decreasing lighting loads through the design of
better performing facades. Lighting needs for a cellular plan are the least significant, while an
open office space required a greater lighting load for a better work environment. In cellular
plans, more vertical surfaces could be used to bounce light and provide more illumination,
which is not the case in open offices. Adding movable reflective surfaces on facades could be a

good solution for open space offices.

While a passive system can result in considerable energy savings, active approaches can go
beyond these conventional numbers, simply because they are capable of adapting to the major
source of daylight - the sun - which is a dynamic natural force that changes location over the

course of the day.
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Figure 3-4: Energy Usage in Offices — the breakdown of energy usage costs, including lights, for typical and good
practice offices.”’

3.3.DAYLIGHT FUNDAMENTALS

3.3.1 SOURCE OF LIGHT

Daylight, an important requisite in office buildings for efficient task execution and a satisfying

visual working environment, is usually a combination of direct sunlight, diffuse light from the

>’ Koster, Dynamic Daylighting Architecture, 23.
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sky, and light bounced off surfaces. One can distinguish daylight sources into two main types:
primary sources, and secondary sources. Primary sources are sources that release light like the
sun and sky, while secondary sources are sources that reflect light but do not produce it, like

surfaces and objects.

Sunlight passes through various layers in the atmosphere before hitting the built environment.
The intensity of solar radiation is dependent on various factors, among which are the sun’s
position, clouds, gaseous and particulate pollution, and thickness of the air mass (Figure 3-5).
Daylight delivers full-spectrum light for flawless color rendering, as well as providing the best

visual conditions in a luminous environment for the human eye.

1400 W/m?

UPPER ATMOSPHERE
blue sky

CLOUDS
white sky

200-800 W/m?2

Figure 3-5: Atmosphere Layers — the layers through which light passes before arriving on the work plane.58

*% Baker and Steemers, Daylight Design of Buildings, 31.
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Considered a secondary source of daylight, surfaces are the surrounding context, including the
ground and neighboring facades, and interior surfaces in the space. The finish material of each
surface affects the amount of light bounced off of it. The brighter the surface, the more light is

bounced off. Therefore, daylight at a point in a space is composed of the following components:

— Direct sunlight (in the case of a clear sky and no blockage);
— Diffused light from the sky;
— Externally reflected components;

— Internally reflected component.

Considered the only source of natural light, the sun has high luminous efficacy. On a clear day,
direct sunlight can illuminate a horizontal plane up to 10000 foot-candles. On an overcast day,
sky luminance may reach up to 20,000 cd/m?, while the luminance of a clear sky reaches 50,000

cd/m?.>°

3.3.2  PROPERTIES OF DAYLIGHT
Visual and thermal problems always accompany the penetration of daylight into a space, and
are perceived by occupants as unfavorable luminous and thermal conditions. Insufficient
lighting, illumination beyond recommended ranges, or direct sunlight falling on working planes
are among the major problems caused by daylighting. More problems are addressed in terms of
characteristics or variables (Figure 3-6), thereby controlling the quality of the luminous
environment. Each parameter is looked at as a design problem that results in an adverse

condition, requiring the adoption of design strategies to overcome it.

>9 Koster, Dynamic Daylighting Architecture, 54.
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Figure 3-6: Daylighting Characteristics — the characteristics of daylighting that have impact on occupants’ productivity
and visual comfort in indoor spaces

Within the scope of the study, the two main factors that are tested are the exterior dynamic-
intelligent skin that harvests and controls the penetration and direction of light, and the
complex panel geometry. The conventional horizontal louver linked to an intelligent system is
the first phase of the study, while the second phase tests various panel geometries linked to the

same system of a real-life building.

Within the context of this research, the quality of daylight in a space is addressed through three
main aspects: the illumination levels range, the light penetration depth, and the luminous
distribution in the space. In office buildings, the use of daylighting has a considerable impact on
the energy consumption of the building. However, flooding the space with daylight neither

achieves the recommended illumination range nor provides a good visual environment. It may
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result in over-illuminating the space, leading to many visual, thermal and energy problems.
Daylight harvesting strategies may efficiently control the penetration of light into the space,

controlling the quality of the luminous environment accordingly.

3.3.3 FORM AND ORIENTATION
Orienting a building in relation to the surrounding context and the known path of the sun is a

crucial concern in the design process, allowing the designer to either let more light into the

space, or to prevent it (Figure 3-7). There are different techniques for controlling light amounts

in spaces, among which horizontal and vertical fins are the most famous. Though they have
been very successful in solar shading and light deflection throughout the past decades,
designers are rethinking this technique with an eye to using advanced integrated technology.
While vertical fins are efficient blockers on east and west facades, where the sun angle is low,
horizontal panels are the most effective for south-facing spaces, due to high-angle sun. These
strategies are commonly known, because of the constant path of the sun, which moves in the

same route every day, every month, and every year.

65



Som— North

East-west orientation North-south orientation Courtyard as light conducter

Figure 3-7: Building form and orientation — various building forms and orientations, and their impact on daylight
penetration into the space.60

Building form determines the surface area exposed to the outdoor. The more compact the
building plan, the less daylit space exists (Figure 3-7). The depth of the plan and section
determines how deep the light will penetrate into the space. As shown in Figure 3-7, a north-
south orientation has a deep width, which minimizes the penetration of sunlight into the space.
Conversely, an east-west orientation has a shorter width, allowing sunlight to hit most of the
indoor space. Generally, orienting the longer side of the building towards the sun is a favorable
idea. Also, the use of courtyards produces greater light-deflection on the building exterior
surfaces, and directs light into more space. This strategy also increases the perimeter of the

building that is exposed to sunlight.

% Ibid., 69.
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Figure 3-8: Sun path diagram — the annual sun path for Los Angeles. The high-angle sun represents August, while the
low-angle sun reflects the sun location in December, both on the same day, at the same time.

Given that the path of the sun is precisely known, designers are able to calculate the altitude
and azimuth of the sun on any specific date and time in any location worldwide (Figure 3-8).
They can predict the best building orientation, and generate diagrams displaying the sun’s
location and annual shading range. Using numbers from the charts, equations, and tables, the
amount of illumination inside a space can be manually calculated. The fluctuation of the amount
of sunlight hitting a space is dependent on the orientation of space, location, and month, day
and time of the year. During the summer, a larger surface area of a building is exposed to the
sun - represented by the blue line on the horizontal plane in Figure 3-8, while the red line,

representing the sun range during the winter, has a shorter period.

3.3.4 INTERNAL FACTORS IMPACT
In addition to the external factors mentioned above, lighting design is directly related to some
internal parameters which are present inside a space itself. Manipulating these parameters

changes the quality of the interior luminous environment. Required illumination differs
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according to task; the more complex a task, the more light is likely to be required. Given that
light in general office spaces is task-oriented, all parameters of task execution should be
precisely defined. Some of these parameters are known and unlikely to change, like the working
plan of a computer desk - which is always around 2’ 7” (90 cm). lllumination levels are also
dependent on materials - specifically surface reflectance, dirt accumulation, and room
dimensions. These factors should be defined prior to beginning the design process. Furniture
distribution in relation to glazing location is crucial in daylighting. A favorable practice for
designing is to change one variable at a time, and in this study furniture has been omitted from
the simulation, for quick-easier runs, intending to bring as much surface area as possible into

desired conditions, regardless of the occupancy status.

3.4.PERFORMANCE INDICATORS

3.4.1 PREVIOUS WORK
In section 3.2.1, the importance of daylighting to human health was highlighted as a necessary
requisite for a better, more productive work environment, and greater energy savings. However,
there are no exact measurements that can directly quantify this impact. Several studies on the
topic of daylight quality and performance have been conducted in the past ten years. Several
research labs dedicated sections to lighting research, including daylighting. Various studies
showed different assessment criteria for the quality of daylight inside a space. No disagreement
appeared in any of this literature on the basic evaluation factors, such as illumination levels,
luminous distribution, and glare. Nevertheless, each researcher added their own factors,

depending on the experimental conditions and the objectives of the study.
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In 1994, the committee of quality of the visual environment of the llluminating Engineering

Society of North America (IESNA) identified ten aspects that impact lighting quality, and can also

be used to evaluate daylighting quality:*

— Brightness (comparative luminance) of room surfaces;
— Task contrast;

— Task illuminance;

— Source luminance (glare);

— Color spectrum and color rendering;

— Daylight (view);

— Spatial and visual clarity;

— Visual interest;

— Psychological orientation;

— Occupant control and system flexibility.

In the IESNA assessment criteria, factors like visual interest, psychological orientation, and

occupant control, are hard to evaluate, due to the various personal variables involved in each

factor. The remaining factors can be evaluated through calculations and computer simulations.

However, not all factors can be studied within the context of this research, due to time
limitations. Nonetheless, these criteria provide a sound assessment of indoor daylight

performance in office spaces, if all factors are taken into account.

®1 Dubois, “Impact of Solar Shading Devices on Daylight Quality,” 24.
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In 2001, Marie-Claude Dubois conducted doctoral research on “Impact of Solar Shading Devices
on Daylight Quality,” with a focus on office spaces. She came up with simpler assessment
measures for evaluating the performance of daylight inside a space. Dubois defined five main

indicators affecting the luminous environment in office spaces:®

Daylight factor;

— Absolute work plane illuminance;

— Illuminance uniformity on the work plane;

— Absolute luminance values on the vertical plane;

— Luminance ratios between the paper task, the walls, and the video display terminal

(VDT) screen.

Within the framework of this thesis, three conditions were selected, based on the literature
review of the topic and previous work done in the same field: illuminance, luminous

distribution, and light penetration.

3.4.2 ILLUMINANCE
Different organizations recommend different light levels for office spaces. The recommended
illumination level according to the llluminating Engineering Society of North America (IESNA) for

a typical office space is 200-500 lux.®® The NRC Institute for Research in Construction

2 bid., 13.

% |ES North America, IESNA Lighting Handbook.
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recommends a level of 400-500 lux for typical office work.®* In terms of daylight factor, the
recommended percentage is 2-5%. This study targets a level of 300 lux, taking into account that
values less than 200 lux and higher than the recommended range may be acceptable in some
areas of the space, under certain conditions. In general, the IES lighting handbook defines values
ranging from 100 to 1500 lux® as acceptable (Figure 3-9). Evaluation of the simulation runs will

be based on this range.

Guideline
Type of Space (footcandles)”
Offices
Corridors, stairways, washrooms 10-20°
Filing cabinets. bookshelves,
conference tables 30
Secretarial desks (with task lighting
as needed) 50-70
Routine work (rcading, transcribing,
filing, mail sorting, etc.) 100
Accounting, auditing, bookkeeping 150
Post offices
Storage. corridors, stairways 20
Lobby 30

“To convert to lux, multiply the value by 10.76.
* In no case less than one-fifth of the level in adjacent work stations.

Figure 3-9: IES Lighting Handbook lllumination — the recommended range of illumination in footcandles for office
66
spaces.

3.4.3 LUMINOUS DISTRIBUTION
For a better visual environment, the IESNA recommends that, within the occupant’s field of

view, the ratio between the maximum and minimum illuminance should not exceed 1:10.%’

® National Research Council Canada, “NRC Canada.”
& Bradshaw, The Building Environment, 259.

% Ibid.
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However, the NRC Institute for Research in Construction recommendation exceeds that of IES
and goes up to 1:20%, providing an acceptable argument for this high contrast, like highlighting
certain objects on the working plane. Sometimes, due to high contrast, the occupant perceives
parts of the space to be dark, which in reality have sufficient light levels. Maintaining this ratio

prevents the false perception of light levels inside spaces.

0 T T T T T T 1
0 5 10 15 20 25 30 35

Figure 3-10: llluminance Distribution — typical fall-off curve-shape of illumination inside a space.

Daylight factor (D) = E; / E, x 100%

E;: intensity of interior illumination

E.: intensity of exterior illumination

%7 National Research Council Canada, “NRC Canada.”

% Ibid.
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3.4.4 DEPTH OF LIGHT PENETRATION
An untreated window opening allows light penetration one-and-a-half times the distance from
the floor to the window head. Incorporating a light shelf extends the ratio to up to twice the
distance. For example, a 2.20m window head height allows the penetration of daylight into the
space up to 3.30m if using untreated opening, and 4.40m using a light shelf. Within the context
of this study, the goal is to go beyond the 2x ratio, aiming for at least two-and-a-half times this

vertical distance.

| -

ETY

10'x 20'space

10'x 25'space

Figure 3-11: llluminance-Depth Relationship — typical fall-off curve of illumination inside a space, and its relationship
to room depth. The deeper the room the less illumination at the back®.

69 Ander, Daylighting Performance and Design, 13.
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3.4.5 EVALUATION CRITERIA
Dubois also included in her dissertation work evaluation criteria for the five indicators that she
was testing (Figure 2-7). She provided numerical values for each category, and their
corresponding interpretation. Based on the objective of this research, only the first three factors
are considered for evaluation parameters - in addition to light penetration depth, which was not

taken into account.
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# | Performance indicator Interpretation

1 | DAYLIGHT FACTOR

<1% unacceptable
1-2 % acceprable
2-5 % preferable
>5% ideal for paper work / too bright for

computer work

2 | WORK PLANE ILLUMINANCE

<100 Ix too dark for paper and computer work
100-300 Ix too dark for paper work / acceptable for
computer work
300-500 Ix acceptable for paper work / ideal for
computer work
> 500 Ix ideal for paper work / too bright for

computer work

3 | ILLUMINANCE UNIFORMITY
ON THE WORK PLANE

E JE 0.5 acceptable
E JE. = 0.7 ideal
- JE,>0.8 ideal
4 | ABSOLUTE LUMINANCE
> 2000 cd/m? too bright, anywhere in the room
> 1000 cd/m? too bright, in the normal visual field*
<500 cd/m* preferable
< 30 cd/m? unacceptably dark
5 | LUMINANCE RATIOS
033<L . /Lior<3 acceptable

0.33<L ST acceptable
apee ekl sdincen vl

0.33 <L, /L, SO, - 3 acceptable

(Lp..per,l..,\k/L\'n’f 0.330r>3 unacceptable)

(LpJp«Lmk/ L cen < 0:33 0r >3 unacceptable)

(L /L, gincenc vy < 0:33 0r>3 unacceptable)

*The normal visual field is the area that extends 90° each side horizontally, 50° upwards and 70°
down from the horizon (NUTEK, 1994).

Figure 3-12: Interpretation of Indicators — evaluation criteria for each of the indicators affecting indoor daylight

performance. Only factors one thru three are considered within the scope of this work.”®

7 Dubois, “Impact of Solar Shading Devices on Daylight Quality,” 14.
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3.5.DAYLIGHT-DEFLECTION TECHNIQUE

3.5.1 EVOLUTION OF LIGHT DEFLECTION
The concept of light deflection goes back to 18017, when Johann Soldner, German physicist,
mathematician and astronomer, concluded that light would be diverted by heavenly bodies. He
was able to calculate the amount of sunlight ray deflection caused by a star. It was not until
1919 that British astronomers were able to attempt the first measurement of the relativistic
phenomenon of light diversion. Their conclusion was dependent on the fact that light-deflection

changes the perception of astronomical observations.

TYYTITTIOTTY

Figure 3-13: Simple Light Deflection — the basic concept of light-deflection in 1919.”

The "location of a star in the night sky" is simply short-hand for "the direction from
which that star's light reaches us". Starlight that passes close to the sun before
reaching us gets deflected, as sketched in the figure above (but by a much smaller
amount than is shown there). This starlight will thus reach us from a slightly different
direction than when the sun is in some different region of the sky. Accordingly, the
star's position in the night sky is shifted slightly.”

This inspiring concept of exploiting sunlight had a great impact on architecture. Designers
extensively adopted this technology in different forms of daylight controlling systems, such as

light-pipes, prismatic louvers, and anidolic lighting systems. This technology plays a great role in

"t soldner, J. G. v., “On the Deflection of a Light Ray from its Rectilinear Motion.”
2 “The light side of gravity — Einstein Online.”

3 Ibid.
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redefining the importance of daylighting strategies in architecture, and the possibility of

maximizing their usage.

3.5.2 CONCEPT OF DAYLIGHT DEFLECTION
Daylight deflection is the technique of re-directing light into a space in a controlled fashion. This
technique has been around since the early use of venetian blinds and light-shelves, which
depend on bouncing light back into the outdoor environment. These were not referred to as
light-deflectors, though, because their main purpose was blocking light. Solar shading and
conventional venetian blinds efficiently block direct light, but they do not harvest and re-direct it
into the space, thereby losing it to the outdoor environment: a waste of energy. Light deflectors
block light by re-directing it outside of the occupants’ line of vision, and into the space,

protecting inhabitants from glare and direct sunlight.

Daylight deflection is re-direction of incoming natural light through glass systems
containing reflecting and light-guiding or light-diffusing surfaces or gratings. Such
systems distribute and diffuse the incoming light in a room, ensuring even illumination
with no glares or heavy shadows.”

3.5.3 DAYLIGHT HARVESTING USING LIGHT-DEFLECTORS
Daylight deflection is a process achieved using reflective shading devices. It can be static or
dynamic. As a technological advancement in daylighting design, the purpose of daylight
deflection, besides protection against glare, is to control the intensity and direction of light, and
its distribution. This can be achieved by controlling the amount of light penetrating through the

building envelope, and reflecting unnecessary light back into the outdoor environment. In his

74 . .
“Thiele AG - Transparente Innovation.”

77



book, Koster mentions that the efficiency of a daylight deflection system is directly related to

the following parameters:”

Type of the deflector;

Physical properties of the deflector;

Location of the system in the building;

Mounting position relative to the space.

Koster also mentions that the purpose of light-deflection techniques is to provide protection
against solar heat and glare, and to provide a controlled supply, thereby improving indoor
illumination. The advantage of light-deflection techniques over solar shading is their ability to

work as a control layer, and to strengthen weak daylighting, specifically at the back of a space.

In practice, the shading systems are closed during periods of the largest solar gains
(direct solar radiation), darkening the interior and resulting in a need for artificial
lighting. This is a waste of energy that could be avoided, especially since the total
electrical energy for lighting is transformed into heat that must be removed in summer
by an energy-intensive interior cooling system.’®

The above statement addresses the need to exploit light deflection and to control light
penetrating into the space. Instead of possessing only one function, efficiency requires that
shading devices minimize solar heat gain and control light by blocking it or bouncing it off
appropriately into the space, without wasting free solar energy and consuming more electric

light.

7> Koster, Dynamic Daylighting Architecture, 80.

’® Ibid., 13.
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As previously mentioned, daylight-deflection is the process of re-directing light into the space or
back into the outdoor environment. However, the use of both strategies in a combined scheme

is possible, and may prove more efficient (Figure 3-14). Given simple light reflection techniques,
this combination may allow for efficient daylight optimization inside a space, due to a combined
configuration of blocking unnecessary light, and harvesting it in an appropriate way that does

not adversely affect the occupants’ working environment.

cailing

workplane

Figure 3-14: Combined Configuration —the shading and harvesting configuration of different panels actuating
independently in a secondary skin system.77

"7 McGuire, “A system for optimizing interior daylight distribution...”
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Black

Figure 3-15: Angles Calculation —incident and reflected angles.78

Equations used for calculation”

B Incident Solar Angle

0 Louver Angle
a Redirected Angle
d Room Depth

h Window Height

’8 Ibid.

7 Ibid.

a=90° — arctan(

a=pf+20

d

h

)
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In the field of daylight harvesting, there are clearly many ways of controlling and directing the
light; among which are the actuation pattern, geometry of panel, size of panel, orientation of
space, reflectance of materials, and the panel adaptability to intelligently respond to changes. In
the design stage of this study, some of these ways may be considered for enhancing the skin

design of real-life architecture.

As previously mentioned, daylight-deflection is re-directing light into the space or to the
outdoor environment. However, the use of both strategies in a combined scheme is possible
and may prove more efficiency (figure 3-14). Given the simple light reflection techniques, this
combination may allow for efficient daylight optimization inside the space due to a combined
configuration of blocking unnecessary light and harvesting it in an appropriate way that does not
destruct the occupants’ working environment.

Bring it in high. Bounce it or filter it. Control it. Harvest it.%

80 Schiler, Daylight Harvesting.
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4. CHAPTER 4 INTELLIGENT SKIN DESIGN TOOL

Simulating intelligence in building skins and testing it for dynamic daylighting performance is a
challenging study in terms of simulation parameters and the logic of data processing.
Rationalizing the logic processing in the form of parameters is the key element for the success of

the simulation process.

This chapter describes the specification of the proposed algorithmic design tool for simulating

intelligent kinetic elements on building facades and their impact of daylighting performance.
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4.1.INTRODUCTION

Software advances have drastically enhanced the design process in the profession. The more
parameters we are able to control and to procure, the more solutions generations the software
can produce. The overwhelming responsibility of data exchange between various interfaces in
the design process is crucial for efficiently exploiting the design tool. The demand for integrating
performance-based techniques into the early design stage requires a bidirectional exchange of

data, where information flows back-and-forth between multiple interfaces.

This chapter describes an extensible parametric design tool for assessing the performance of
kinetic facades. Grasshopper parametric definition is used to bridge the gap between the early
design stage and the energy-performance of the building, in terms of daylighting. The proposed
design tool adds to the current performance-based technology by making particular
contribution to the field of integrating energy-performance into the early design phase. The
contribution includes finding the best-possible skin configuration for better daylighting

performance on any day of the year.

Within the framework of this thesis, the performance of daylighting inside office spaces is
studied through the use of new simulation tools that are capable of handling multi-inputs, as
well as considering more than one variable at a time. The use of such tools allows not only for
accurate results, but also almost instant variation of daylight performance when facade
elements actuate. The complexity of this study lies in defining the intelligence of the skin, and

simulating data exchange between multi-sensor layers, management system, and facade
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elements. A simple example was developed to see if the performance criteria could be achieved
using Rhino as a modeling tool, Grasshopper as a parametric interface, DIVA 1.1 for daylight

evaluation, and Galapagos for problem solving.

Rhino (http://www.rhino3d.com) is a 3d NURB-based modeling program. Until relatively
recently, it has not been easily used in conjunction with simulation software. Now DIVA-for-
Rhino supports a series of performance evaluations including links to Radiance, Daysim, and

Evalglare (Rheinhart et al., 2010).

Grasshopper (http://www.grasshopper3d.com) is a free, graphical algorithm editor tightly
integrated with Rhino's 3d modeling tools. It is possible to integrate pseudo-environmental
effects such as sun and wind to dynamically change form. Sun systems have also been
developed for it to achieve accurate sun shadow simulations, and two-way connections with

Ecotect have been demonstrated.

DIVA (http://www.diva-for-rhino.com) is a Rhino plugin that can be directly run from the
Grasshopper interface using a pre-built definition provided by Harvard GSD (SD)?. This definition
allows data exchange between DIVA and Rhino, and uses Rhino as an interface for showing the

results and the visualization. DIVA uses the following third-party software:®

8L «“D|VA for Rhino - Credits.”

84



— Radiance;

— Evalglare;

GenCumulativeSky;

Daysim.

Galapagos is a genetic algorithm feature that is used for problem solving cases within
Grasshopper. It creates an evolutionary generic loop that populates generations of possible
solutions with random individuals based on the predefined criteria. The system couples similar
possible solutions together and then finds a best fit solution, which may end up being a locally
optimal solution in some cases. Galapagos is used in this study to find the best possible tilt
angles of the louvers’ configuration for certain times of the day. However, Galapagos is run

using a pre-defined set of parameters, leaving only the calculation for this tool.

4.2.CONCEPTUAL IDEA

Intelligence in buildings has always been influenced by human intelligence. But since human
intelligence has not been powerfully modeled in simulation tools yet, the integration of all of the
above tools into one system — to be used for this study — may enable the simulation of
abstracted characteristics of intelligent kinetic features. Figure 4-1 shows how these features

can be rationalized and abstracted for a simple modeling process using parametric tools.

Grasshopper is responsible for setting the input parameters, according to the desired luminous
environment conditions, and passing these to the daylighting simulation tool, DIVA/Radiance,

which then processes the data and sends the results back to Grasshopper for evaluation.
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Grasshopper compares the results against the pre-defined performance criteria. If the results
are acceptable, Grasshopper provides the generated solution as the best possible under the
defined simulation conditions. If the results do not match the criteria, Grasshopper sets another
scenario for the skin and triggers the simulation tool to re-run the new scenario and generate an

outcome, and so on until an acceptable result is achieved (Figure 4-1).
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Figure 4-1: System logic — the path of data exchange between the proposed algorithm and the daylighting simulation
tool.

The modeled space in Rhino has dimensions of 6.0m width, 7.5m depth, and fully-glazed height
of 3.0m (Figure 4-2). The interior surfaces have been assigned reflectance of 80% for ceiling,
50% for walls, and 20% for floor. The secondary skin louvers have reflectance of 90%. The

opening has been assigned generic doubled-glazed material with 72% visual transmittance.
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Because of its sunny weather and daylight availability, Los Angeles has been chosen to be the

location of the test and this south-facing office space.

Figure 4-2: Space dimension - the dimensions of the office space used in the simulation.

Initially, the skin system is divided into 8 louver levels, where each level has two louvers (Figure
4-3). It is intended to control each of the ten louvers independently with different tilt angles.
Though the system simulates daylighting according to the actuation of eight louvers, only five
louvers cover the glazing portion of the space. These five louvers have the greatest impact on
the luminous quality of the workplane. Figure 4-3 shows the algorithm for simulating 10
independent louvers based on five levels. However, for better presentation of the proposed
design tool, each two louvers on the same level are treated with the same rotation angle, using
another algorithm that will be shown later (Figure 4-4). This approach does not eliminate the

flexibility of the definition to independently actuate each louver.
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Figure 4-3: Louvers definition - part of the Grasshopper definition that illustrates the ten louvers with the angle
sliders on the left hand side.

Figure 4-4: Independent split system - the two independent layers of louvers used in the proposed algorithmic design
tool.
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4.3.DESIGN TOOL DOCUMENTATION

This section documents the proposed design algorithm that can be used to determine an
optimal configuration for the building skin for better daylighting performance. The algorithm is
applied to a secondary skin configuration composed of horizontal louvers split into two
independent layers. The definition utilizes Radiance as the calculation engine for daylighting.
The definition has been divided into screenshots which are shown in this section. Each

screenshot describes one part of the definition.

4.3.1 SKIN SYSTEM
This section of the definition has two similar parts, each of which operates one layer of louvers.
The design of the secondary skin basically originated in Rhino, from a simple pair of rectangular
louvers. Each louver was assigned as a “BRep” component to one of the definitions shown in
Figure 4-5, and was duplicated using “move” components in Grasshopper. Prior to louver
duplication, the geometry was exploded to define the vertices of the louver. Then, a midpoint

was defined on the shorter edge of the louver and was set as the louver center of rotation.

The selected variables for the skin alteration are the rotation angle of the louvers and the
distance between them. The rotation angle was set to a range of 0° to 180°, where 0° to 90°
allows for a shading configuration of the louvers, and 90° to 180° allows for a harvesting
position. The distance between the louvers ranges from 0.50m to 2.00m, where 0.50m allows
for 0.12m overlap of two louvers, if required under certain circumstances, while 2.00m provides
more potential for greater light penetration and better view of the outdoor environment, for

certain overcast sky conditions.

89



06

Louvers Series 1

Louver Geometry 01

(lansRomonsogn| o3
r'mm.
(honeramormge|  w00)-

Figure 4-5: Independent louver actuation - the two independent layers of louvers used in the proposed algorithmic design tool.
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Though only two variables were chosen for altering the skin for the purpose of this thesis, the
algorithm has the potential to accept more variables, as well as to replace the original ones with
new attributes. All that is needed is to replace this part of the definition by the new skin

variables.

4.3.2 DIVA COMPONENT
This plugin component runs Daysim, the calculation interface, which employs a commonly-used
calculation engine, Radiance. The DIVA version used in the algorithm is version 1.1. The
component requires some inputs to get it properly running, among which are toggle run, metric
input indicating the type of desired test, a slider that controls the kinetic elements, the
geometry of moveable objects, and the material of the objects. The variant input refers to the
name assigned to every simulation run; the component saves the results under this filename. As

shown in Figure 4-7, the material assigned for the external louvers is high reflectance (90%).

On the right-hand side of the DIVA component, there are two different parts: visual adjustment
for the illuminance, and 36 values of illuminance of the calculation grid. The visual adjustment,
shown in Figure 4-7, results in showing the illuminance scale (Figure 4-6) in the Rhino viewport
and over the calculation plane. One color swatch refers to the illuminance scale, and the other
refers to showing the color gradient over the workplane (Figure 4-7). As mentioned in Chapter 3,

the design illuminance range, according to IES, is 30-150 footcandles for office spaces.

4.3.3 ILLUMINANCE VALUES
The output from DIVA is viewed in a “panel” component in the Grasshopper definition, as shown

in Figure 4-8. Though in the Rhino viewport the results do not include decimal places, the
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component in Grasshopper gives results up to six decimal places. Consequently, an adjustment
to the values was applied for better evaluation, and the results are shown to two decimal
places. Also, values have been converted from lux to footcandles by dividing each value by 10.

The resultant value is an approximation of the footcandle value.

4.3.4 EVALUATION AND PERFORMANCE CRITERIA
After extracting the results from DIVA into a “panel” component, an acceptable range of
illuminance of 30-150 footcandles was set according to the IES recommendations®” (see Chapter
3). The range components convert all acceptable values into “true”, and unacceptable values
into “false”. As mentioned in Chapter 3, the algorithm evaluates the space for three criteria:
75% of the points should be within the desired illuminance range (30-150 fc.); the luminous
distribution contrast ratio between highest and lowest points should not exceed 10%; and the

penetration depth of daylighting into the space should be greater than twice the window height.

8 |ES North America, IESNA Lighting Handbook.

& Ibid.
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Figure 4-7: DIVA Component Section - the part of the definition responsible for running the analysis and extracting the results.

20084.2152

113078.566

1275.65
1254.24
1158.2324

- 906.5487

700.654

7.793.548

945.6582

) 1354.025
1298.525
797.584

1 251.254

1256.512
11300.215
906.5487

547.542
698.521
745.256
1100.658

1165.256

850.256

723,54

22365.215

1469.125

2654.215
58
25

5 292.254

745.658
654.325
541.2541
420.256




6

llliminance Values (Lux)

20084.2152

9 | 81 21
1354.025

1256.512
15/1300.215
906.5487

547.

654.

541.258

[ IHlluminance Values (fc) ‘

Figure 4-8: Value adjustment - the value adjustment prior to evaluation.



Using a “ReMap” component, all “true” and “false” values were converted into numbers: “1” for
“true” and “0” for “false” (Figure 4-9). Then, these numerical values were sorted in descending
order. According to the criteria previously set in Chapters 1 and 3, 75% of the 36 calculation
points should fall within the range for acceptable luminous environment. Hence, the first 28

points should have a numerical value of “1”.

As shown in Figure 4-10, a set of “list item” components were used to extract the values of 75%

of the total points. These components extracted the items numbered “0” through “27”, giving a

total of 28 points. For an acceptable illuminance condition inside the space, the numerical value
of 75% of the points should be “1”, which means the sum of those points should be exactly “28”.
If the sum of the points was not equal to 28, the “panel” component would show “false”,

indicating an unacceptable illuminance condition inside the space (Figure 4-11).

The daylighting penetration depth criterion was indirectly included in the illuminance evaluation
part. The simulation was based on a space depth of 2.5 x window height, 7.50m. Calculation
points were evenly distributed all over the space, at a distance greater than twice the window
height. Thus, these points were included in the 36 calculation points that were extracted from
DIVA. If the final result showed “true”, it meant that 75% of the space — which is greater than

twice the window height — fell within the acceptable range.

The third and last performance indicator was the luminous distribution of daylighting inside the
space, which, within the context of this study, is sometimes referred to as “contrast ratio”. The

IES recommends a contrast ratio between the lowest and highest illuminance values that does
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not exceed 1:10. Since the illuminance values were sorted in descending order, the highest
value would have “0” index and the lowest value would have “35” index. These values were
extracted using the “list item” component and divided by each other. If the resultant was

between 1 and 10, the results were acceptable (Figure 4-12).

Adding to the efficacy of the experiment, a genetic algorithm was incorporated into the
definition to enable a search for the best skin configuration at specific dates and times, or under
different sky conditions. The genetic algorithm works on finding an optimal — but not necessarily
the best — solution under certain parameters and conditions. These parameters could range
from users’ desired illumination levels to externally-reflected daylighting components. Changes
in any of these parameters triggered the system to run and find an optimal configuration for the

skin to maintain the desired luminous environment.
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Figure 4-9: llluminance values adjustment - converting illuminance values to “0” and “1” according to the acceptable range.
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Figure 4-10: Calculation points extraction - extracting 75% of the calculation points for evaluation.
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Figure 4-11: llluminance evaluation result - the final result of the illuminance performance criteria
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As a final procedure, Galapagos was added to the definition to search for an optimal
configuration of the louvers that achieved the main three performance criteria previously
mentioned. It creates an evolutionary loop that populates generations of possible solutions with
random individuals based on the previously defined criteria. The system couples similar possible
solutions together and then finds a best fit solution. This might end up being a locally optimal
solution in some cases, but Galapagos should at least find a good solution if it exists, even
though it might not be the best possible solution. As shown in Figure 4-13, Galapagos was
connected to three variables of the louver system. However, the main alteration primarily

explored is the independent louver tilt angle.

This definition is intended to be used as a design tool for exploring various skin configurations
and testing them against daylighting performance. Despite the simplified algorithm, data
processing passes through performance criteria for numerical evaluation. Also, the complexity
of the definition is in its openness to the addition of more layers, such as more rotation sliders,

geometry alteration, or more evaluation criteria for different daylight performance indicators.

Though the algorithm is complete, it has not been run for testing, due to technical problems
with the DIVA component. According to the developers, DIVA 1.1 does not allow writing nodes
data for illuminance and showing it in Grasshopper. This limitation puts the success of the
design tool in a “pending” status until the release of a modified version of DIVA which has this
problem fixed; the release date was unknown when writing this thesis. However, to fully
illustrate the idea and concept, Chapter 5 shows some manual simulations for various skin

configurations and their impact on daylighting performance inside the space. For certain dates
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and times, a series of skin configuration is selected to show the pattern of actuation over the

course of a day for enhanced luminous environment.
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5. CHAPTER 5 DAYLIGHTING SIMULATION METHOD

Due to technical difficulties experienced with testing the algorithmic design tool, manual
simulation for some skin configurations is presented in this chapter. The chapter provides
various scenarios for the louver configurations for select times of the year. Finally, a scenario for
a specific day is compiled to show how an intelligent-dynamic louver system would actuate in

response to changing conditions.
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5.1.O0VERVIEW

After finishing the algorithm, which was intended to test an intelligent dynamic louver system
for daylight harvesting performance, the simulation run was not successful due to some
technical difficulties with the DIVA 1.1 component scripting, which does not allow extracting
illuminance node values from DIVA/Rhino. This problem made it difficult to provide node values
for evaluation, which consequently eliminated the possibility of running Galapagos to find an

optimal solution for skin configuration for a specific time of the year.

Instead of only documenting the parametric algorithm (Chapter 4), it is useful to manually
simulate some louver configurations, analyse the results, and compile one scenario for a kinetic
louver system on a certain day of the year. The objective of this study is to provide measured
illuminances based on direct and diffuse outdoor illumination under different sky conditions and
numerous settings of the secondary skin of the kinetic louver system. For this manual run, some
variables have been set constant, which contradicts the approach of the algorithm to
automatically run numerous probabilities for the skin configuration under various conditions.

The same design conditions assumed in the algorithm were used for the manual runs.
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5.2.SIMULATION CONDITIONS

5.2.1 LOCATION, DATE & TIME
Los Angeles, California, was set as the location for the simulation, based on its high ranking in
the list of American cities with most sunny days. Los Angeles is number 10, with 186%* sunny
days annually; this is approximately 51% of the whole year. This number is an average based on

readings over 30 years.

Los Angeles is at latitude 34.05° N (Figure 5-1) and longitude 118.25° W. The solar altitude
changes at different times of the day, and throughout the year; it ranges from 12° to 83° for the
selected test times. Figure 5-2 shows the solar altitude at different times of the day on June 21%,
March-September 21%, and December 21° (the summer solstice, equinox, and winter solstice,
respectively). The solar times chosen for this simulation were 9am and 12pm, when changing
solar altitude takes place. Though the altitude changes after 12pm, the afternoon times were
not considered because they show a mirroring of the morning altitudes (Figure 5-1). The
simulation was run twice for each date and time, once with a clear sky, and once with an
overcast sky, to test the performance of the dynamic louver system under different sky

conditions.

The office space used in this study is assumed to be in a high-rise building, and on an upper

floor, where no ground reflectance exists. While a proper simulation model should take into

8 “Weather Today - Weather Forecasts, Radar, Maps for 1000s of US and World Cities.”
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account the surrounding context, this model does not account for neighboring buildings. Hence,

only indirect illumination from the space and the louvers is considered.

Solar Time*
Date AM: 6 7 8 9 10 11 Noon
PM: 6 5 4 3 2 1

i June 21 12 24 37 50 63 75 83

| ALTITUDE | Mar.-Sept. 21 — 13 26 38 49 57 60

30°N | Dec. 21 — — 12 21 29 35 37
I June 21 | 111 104 99 92 84 67 0

[ AZIMUTH Mar.-Sept. 21 | 83 74 64 49 28 )

[ Dec. 21 | — 54 44 32 17 0

e ‘ June 21 | 13 25 37 50 62 74 79
737 i ALTITUDE | Mar.-Sept. 21 | — 12 25 36 46 53 56

| Dec. 21 | o e 9 18 26 31 33

! June 21 | 110 103 95 90 78 58 O

AZIMUTH Mar.-Sept. 21 | 82 72 61 46 26 0

Dec. 21 1 — — 54 43 30 16 0

o~ f June 21 14 26 37 49 61 71 75
I ALTITUDE | Mar.-Sept. 21 — 12 23 34 43 50 52
Dec. 21 — — 7 16 23 27 28

June 21 109 101 90 83 70 46 )

AZIMUTH Mar.-Sept. 21 81 71 58 43 24 0

Dec. 21 — — 54 43 30 16 0

Figure 5-1: Space dimensions - the dimensions of the space used in the simulation.®

5.2.2 SPACE DIMENSIONS & MATERIALS

A space 6.00m wide, 7.50m deep, and 3.00m high was modeled for this study (Figure 5-2). The

louvers are 0.60m deep, 6.00m wide, and set 1.00m from the glazing, to allow for a catwalk. The

distance between the louvers was set to 1.30m, which allows partial overlapping in nearly
closed shading/harvesting conditions. The depth of the space goes beyond the traditional

distance of twice the window height, which is one of the performance criteria, as previously

& Schiler, Simplified Design of Building Lighting, 97.
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mentioned in Chapter 3. The calculation grid was placed at 0.70m from finish floor level.
Material selection was based on basic generic materials provided by DIVA. Floors, walls, ceiling,

and louvers were assigned reflectances of 20%, 50%, 80%, and 80%, respectively (Figure 5-3).

7.50m

<—Glazing

3.00m

Workplane

Figure 5-2: Modeled Space - conceptual image of the space and its dimensions.
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Figure 5-3: Materials selection - a snapshot of the “assign materials” window in DIVA for Rhino.

5.2.3  RADIANCE SETTINGS

L«

DIVA for Rhino has a user-friendly interface, which one uses to choose the type of lighting test,

sky condition, solar date and time, and desired illuminance range. Within the context of this

study, the “lighting test” was set to “illuminance values,” for the calculation of illuminance

nodes evenly distributed over the working plane. The sky condition was set to either “sunny CIE

clear sky with sun” or “cloudy CIE overcast sky” (Figure 5-4). Solar dates and times used in the

study were June 21* at 9:00am (06 21 09), June 21* at 12:00pm (06 21 12), Dec 21* at 9:00am

(12 21 09), Dec 21* at 12:00pm (12 21 12), March 21°** at 9:00am (03 21 09), and March 21°" at
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12:00pm (03 21 12). The range of desired illuminance was set to 300-1500%° lux, according to
the IES recommended range for office spaces. Any value smaller than 300 lux or greater than

1500 lux was highlighted in the simulation results in the form of a percentage.

Lighting Test: I lluminance Values (Nodes) v

Sky Condition: | Sunny (+s) (CIE Clear Sky with Sun) _~ |

Solar Date and Time: (06 1209 |
Format: mm dd hr | (01-12) (01-31) (01-24)
Sky Condition and Solar Date and Time are both used as input

parameters for the gensky program.

Max. llluminance Level{1500 |
The upper limit of the incident illuminance scale set in lux.

Min. llluminance Level: [300 |
The lower limit of the incident iluminance scale set in lux.

m

=>» conversion: 1 fc = 10.764 kx;

Show Node Values: v
Displays the actual node value as a text dot in Rhino.

Figure 5-4: Simulation parameters - the settings used for the simulations.

The same advanced radiance parameters were used for all simulation runs. These parameters
assertively impact the accuracy and simulation time of raytracing calculations. Figure 5-5 shows

the radiance parameters used for the study. “Ambient bounces” represents the number of

86 Bradshaw, The Building Environment, 259.
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diffuse bounces computed by the indirect calculation. A value of zero implies no indirect
calculation.?” Though it consumes more time for calculation, a value of 5 ambient bounces was

used, which denotes the consideration of the maximum amount of indirect calculation.

Advanced Parameters

Radiance Parameters: ab 5-ad 1000 -as 20 -ar 300 22 0.1 |
ab: ambient bounces;

ad: ambient divisons,

as: ambient super-sample;

ar: ambient resolution;

aa: ambient accuracy (percent error);

See the rpict documentation for an explanation of the parameters.

Figure 5-5: Radiance parameters - the settings used for “Radiance” parameters.

5.3.SIMULATION METHOD

There are infinite possibilities for the combined skin configuration of the intelligent-kinetic
louver system, since the proposed system depends on independent angle control, where each
louver may have its own tilt angle. Therefore, the best approach for this study is to use
parametric software that automatically generates as many possibilities as the designer desires.
But for manual simulation, it is extremely time consuming to adjust each louver to a specific tilt
angle. Accordingly, some skin configurations have been defined based on previous research in

the field.

87 . .
“Radiance rpict program.”
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In 2005, Molly McGuire explored the independent blind angle control for venetian blinds, and its
impact on ceiling illuminance®®. Using a physical modeling approach, she was able to establish
conclusions for light-reflection on the upper surface of venetian blinds. In her research, she
presented three equations for three variables: incident angle, reflected angle, and blind tilt-
angle. These equations are useful in determining the reflected angle, which consequently gives
hints about where the light is going into the space (Figures 5-6 and 5-7). The first equation in
Figure 5-6 gives the redirected (exit) angle as a function of the depth of the space and the height
of the window. The second equation in the same figure expresses the redirected angle as a

function of incident solar angle and louver tilt angle.

d R
a=90° — arctan(ﬁ)

a=p+20

R AR (e o > SRR b SRR £ Incident Solar Angle
Wirrored 0 Louver Angle

« Redirected Angle
Black d Room Depth

1 Window Height

Figure 5-6: Redirected angle for single configuration - the equations by Molly McGuire for redirected angle
calculation for systems with either harvesting or shading setting.89

For example, if daylighting is necessary at a depth of 10.00m in a space which has a window
opening of height 3.20m, using the first equation in Figure 5-6, the desired redirected angle “a”

of the rays is 17.70°. By substituting this value in the second equation, assuming the incident

8 McGuire, “A system for optimizing interior daylight distribution...”

% Ibid.
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solar angle is 62° in June at 10:00am, the louver tilt angle should be -22.15°. This angle is
measured from the horizontal reference guide counterclockwise (from the right hand side), and

this explains the negative sign that refers to the shading position.

cos (@) = [sin (10, — B1) + sin (16, — BD]

ceiling

workplane

Figure 5-7: Redirected angle for combined configuration - the equations by Molly McGuire for redirected angle
calculation for systems with harvesting and shading settings.90

For the purposes of this thesis, the value of “©” was revised, as shown in Figure 5-8, to measure
the angle from the indoor side of the horizontal plane to the tilted louver counterclockwise. This
makes it easier to differentiate between shading and harvesting positions, where shading
position angles range from 0° to 90°, and harvesting position angles range from 90° to 180°

(Figure 5-8).

% Ipid.
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Outdoor Indoor

Figure 5-8: Revised angles diagram - the revised value of “6” which is used in this study.

Within the framework of this study, eight louvers in a secondary skin layer were placed at a
distance of 1.00m in front of the glazing, which is a typical distance for a catwalk. These louvers

were split into two independent layers of actuation, as shown in Figure 5-9.

7.50m

<—Glazing

p 3.00m
Split Facade System
N

R

Workplane

s

Figure 5-9: Louver Configuration - the actual space used in the study with split louver system as a secondary skin.

114



The distance between the louvers was set to 1.30m, to allow for partial overlapping in semi-
closed positions. Overlapping at high-tilt angles ensures multi-surface light deflection, where
light is bounced off the upper surface of the louver, hits the lower surface of the upper louver,
and exits into the space. This phenomenon occurs at any tilt angle, but does not work with high-

tilt angles with no overlapping distance.

Figure 5-10: Semi-closed condition - partial overlapping in semi-closed condition.”

In her research, McGuire generated a table of angles of combined schemes of harvesting and
shading, for different incident solar angles. The table shows the optimal configurations for
incident solar angles ranging from 10° to 80° (Figure 5-11); the table applies to this study since

solar angles experienced in Los Angeles range from 18° to 79°.

1 Ibid.
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Table 3.1.2

shading/redirecting scheme

% of Incident

Optimal configurations for incident solar angles ranging from 10° to 80° for

Incident Solar — Optimal Angle:  Best Allowable Radiation Penetration
Angle R Blinds' Angle: R Blinds S Blind Angle  Redirected Depth [m]
10°~ -1° NA NA NA NA

15° 22 NA NA NA NA

20° 4° NA NA NA NA

252 7° -30° -65° 43% 0.17

30° 9= -17° -60° 4% 1.0

35° 12° -5° -55° 37% 2.0

40° 14° 7° -50° 33% 4.1

45° 17° 17° -26° 31% 10.3

50° 19° 19° -2° 37% 9.4

55° 22° 22° 18° 45% 10.3

60° 24° 24° 24 95% 9.4

65° 27 27° 272 95% 10.3

70° 29° 29° 29° 95% 94

75° 322 32° 32° 95% 10.3

80° 34° 34° 34° 93% 94

" All angles rounded to nearest degree.
* Not possible to redirect incident rays lower than 257 without allowing some directly transmitted light.
* The redirecting blind angle for incident rays 60° and greater provides sufficient shading, so all blinds may

be set to the redirecting angle.

Figure 5-11: Optimal tilt angles - the optimal configuration for various solar angles.92

While McGuire's research identifies an optimal tilt angle for each solar altitude, each tilt angle
combination selected for simulation in this study was run for three different altitudes, at 9:00am
and 12:00pm, and under clear and overcast sky conditions, for June 21*, March 21*, and
December 21°. Figure 5-12 shows a list of tilt angle combinations for the simulation runs. Each

configuration, excluding the first three in the figure, is followed by two tilt angles, where each

2 |pid.
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represents the tilt angle of one layer of the system; one layer has every other louver at the same
tilt angle. Three out of the thirteen configurations are used for referencing and comparative
analysis; these cases are “glazing only”, “lightshelf”, and “horizontal louvers”. Then, a series of
shading, harvesting and combined configurations were run and tested for daylighting harvesting

and three main performance criteria, as previously mentioned in Chapter 3.
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Skin Configuration

Glazing only Not Applicable Simulation run with glazing only.
Lightshelf 0° Simulation run with lightshelf only.
Horizontal Louvers 0° Simulation run with static horizontal
louvers.
Shading 0°, 45° Simulation run with louvers in shading
10°, 45° configuration.
359, 550
Harvesting 145°, 160° Simulation run with louvers in harvesting
153°, 153° configuration.
Combined 24°, 156° Simulation run with combined
26°, 163° configuration of shading and harvesting.
559, 168°
170°, 10°
Top-Lower Split 26°, 168° Simulation run with split configuration of
harvesting for upper part and shading for
lower part.

Figure 5-12: Simulation Cases - the various simulation tilt angles for the louver system.

Simulating each angle combination for two sky conditions and 6 different times, results in 156
figures, all of which can be located in Appendix A.
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\
35° Indoor
\

24° 26° Outdoor
//E 0° T ' 9

45°

_—160°_

7

Figure 5-13: Visual presentation of tilt angles - all tilt angles used in the simulation.

5.4.UNDERSTANDING SIMULATION RESULTS

This section describes an illuminance node analysis sample. As shown in Figure 5-14, the space
was divided into a 6x6 grid, resulting in 36 evaluation nodes. DIVA shows illuminance values in
lux; dividing each value by approximately 10 gives the illuminance value in footcandles. The
graphical scale shows a value range from 300 to 1500 lux, based on the performance criteria
(see Chapter 3), where 300 lux is blue and gradually changes to become red, indicating 1500 lux.
Also, this tool provides the “mean illuminance” of each run, which is calculated by adding
together all values and dividing the result by 36, the total number of nodes enclosed by the

space.
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Node Point Analysis
panelgroup00: Mean llluminance =846.78 Ix
panelgroup00: 17.1% of Area > 1500 Ix; 0% of Area < 300 Ix

Figure 5-14: llluminance nodes results sample - a typical output sample of DIVA node point analysis.

According to the performance criteria described in Chapter 3, an acceptable luminous
environment requires at least 75% of the nodes to fall within the IES recommended illuminance

range, 300-1500 lux®®. Hence, an acceptable case should have no more than 25% of its area

9 Bradshaw, The Building Environment, 259.
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above 1500 lux or below 300 lux (Figure 5-14). However, the analysis was developed based on

bringing the percentage of acceptable node-points as close as possible to 75%.
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5.5.VISUALIZATION OF SIMULATED SCHEMES

I_ dl

_ ﬁ

p——

p— —

pr— —

p— —

Shading 0° 45° Shading 10° 45° Shading 35°,55°

[ ] ——
_ ﬁ T
[ — — —]
| —
Harvesting 145°,160°  Harvesting 153°,153° Combined 24°,156°
—— S —
r— — S —
Combined 26°,163° Combined 55°,168° Combined 10°,170°

Top-Lower 168°,26°

Figure 5-15: Front view of simulated schemes - a visualization of simulated schemes.
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Figure 5-16: Perspective view of simulated schemes - a visualization of simulated schemes in the same order as
previous figure.
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6. CHAPTER 6 SIMULATION ANALYSIS

The actuation of external louvers influences the quality of the luminous environment inside the
office space. Each combined configuration of the louver system impacts the quantity and quality
of daylight. This chapter provides analysis of select case results that were generated by DIVA-in-

Rhino, based on different secondary skin configurations.
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In this study, assessment and analysis of secondary skin performance, in terms of daylighting, is
based on illuminance values with which illumination, luminous distribution, and depth of
penetration can be evaluated. Using DIVA-in-Rhino, 156 node-analysis diagrams (see Appendix
A) were generated for different dates, times, and sky conditions. The results diagrams showed
variation in the quality of the luminous indoor environment. Some cases showed interesting
results which merit highlighting and analysis. This chapter discusses the data collected and the
results of these select simulation cases, which were obtained by the method discussed in the

previous chapter.

The various tilt angles simulated in this chapter include shading, harvesting, and combined
configurations. The combined configuration, as previously mentioned, is a system where every
other louver has different tilt angle. Figure 6-1 shows a graphical explanation of how the

different angles are incorporated into a single facade system.

7.50m

<—Glazing

3.00m

Workplane

Figure 6-1: Independent tilt-angle system - incorporating two different angles into one fagade system.
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6.1.DATA ANALYSIS METHOD

6.1.1 DIAGRAMS AND CHARTS
Data analysis consists of evaluating the secondary louver skin layer for daylighting performance.
As previously mentioned in Chapter 3, the evaluation method assesses the quality and quantity
of daylight inside the office space in terms of illuminance variation, luminous distribution, and
depth of daylight penetration. The method of analyzing and interpreting data involves
guantitative evaluation of the behavior of daylight inside the space, using node analysis grids —
generated by DIVA — and illuminance charts produced based on these grids. Results are
presented by comparing the test case to the pre-defined performance criteria and two base

cases for skin configuration, using lightshelf and horizontal louvers.
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Figure 6-2: Chart values selection sample - the column of values used for chart plotting.

After running the different simulation cases, approximately 92% of the 156 results figures
showed a left (west)/right (east) mirroring of values. Although not exact, the lack of variation
between the values of both sides is due to the incident angle which, in most of the clear sky
cases, hits the panel and exits into the space in a similar way from both sides. However,
similarity in this context does not denote any duplication; it means that the results from both
sides are relatively close to each other. The difference between two similar nodes on different
sides ranges from 5 to 500 lux. Such differences are significant for 9:00am simulation runs, when

the sun rises from the east side, providing more illumination to the left-hand side of the space.
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That being said, the third column from the left-hand side has been chosen to provide values for

the analysis charts (Figures 6-2 and 6-3).

Figure 6-3 presents a sample chart for illumination level analysis. Each point on the chart
corresponds to one node value in the DIVA results diagram, specifically in the third column from
the left-hand side. The vertical axis represents the illuminance value in lux, while the horizontal
axis represents the node distance from the window, which ranges from 0.50m to 7.50m. The

blue dashed lines enclose the range of desirable illumination values, according to IES.

== |[luminance Value,
0.5} 2901

Value,
5

onbre amiaancesdaluey = o - o o o o | -
\ F,i;423
\L\* llluminance Value,
4.5,1017 :
’ Illuminance Value,
N

llluminance Value (Lux)

Distance from window

Figure 6-3: Chart sample - plotting illuminance values from previous figure.

6.1.2 KINETIC SCENARIO COMPILATION METHOD
The main objective of this thesis is to provide an extensible design algorithm for integrating

daylighting performance into kinetic facade design. Thus, providing a manual compilation for a
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proposed kinetic scenario is useful and helpful for the reader to visualize the kinetic process in

response to varying attributes.

Within the context of this study, louvers actuate in separate two-tilt-angle layers, to optimize
the performance of daylighting inside the space. Over the course of a day, the secondary skin
experiences different tilt-angle combinations to maintain adequate illuminance and light
distribution inside the space. At the end of this chapter, the node-analysis diagrams are used to
compile a kinetic scenario for different solar altitudes, based on those for June 21st and
December 21st, at 9:00am and 12:00pm. This scenario provides an actuation pattern selected

from the previously tested configurations for two different days.

6.2.SELECT CASE ANALYSIS UNDER CLEAR SKY

It is obvious that a south-facing space with glazing only will not maintain an optimal luminous
environment, due to numerous reasons, among which are high illumination under clear sky
conditions, and glare from direct illumination. Though this case shows high illuminance,
regardless of the exact values, a base reference case is presented for comparative study
purposes. But the useful reference cases here are those with lightshelf and external horizontal

louvers, and not the case with full glazing.

In the first case analysis, two charts will be shown for each of the lightshelf and horizontal louver

cases. One chart will show the overall illumination, accommodating the 36 nodes within the

chart boundaries; the other is zoomed in and shows only the nodes falling under 5000 lux. The
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purpose of the zoomed chart and its narrower illuminance scale is to highlight the differences

between node values. In the larger scale plot, these lines overlap.

As previously mentioned in Chapter 3, the performance criteria require that at least 75% of the
surface area falls within the desired illuminance range. Thus, the contrast ratio is also based on

the highest and lowest values within the 75% area. In this study, 75% represents 27 nodes.

6.2.1 LIGHTSHELF AND HORIZONTAL LOUVERS
A lightshelf does not necessarily yield more light at the back of the space, but blocks direct
illumination at the front, which creates more even distribution.’* The lightshelf used in the
simulation was positioned at a vertical distance of 2.00m from floor level. It is 6.00m wide and
1.00m deep. The reflectance of the lightshelf was set to 90%. As shown in Figure 6-5, using the
lightshelf as a daylighting optimization approach results in an undesirable interior luminous

condition, where only 38% of the different times fall within the recommended range.

% Schiler, Simplified Design of Building Lighting, 91.
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Lightshelf

25000
20000
5 15000 -
10000
5000
0
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
Distance from window
—+Clear Sky June 21st 9:00am -=-Clear Sky June 21st 12:00pm -+Clear Sky March 21st 9:00am
——Clear Sky March 21st 12:00pm ——Clear Sky December 21st 9:00am -+-Clear Sky December 21st 12:00pm
Figure 6-4: Lightshelf illuminance results - illuminance as a result of applying lightshelf.
Lightshelf
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Figure 6-5: Zoomed lightshelf illuminance results - illuminance as a result of applying lightshelf.
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At 3.00m from the window, the readings show a spike that reads 28,504 lux (Figure 6-4). The
assumed explanation is that light of higher incident angle is reflected on the lightshelf upper
surface, hits the ceiling at a short distance from the window, and then falls on the work plane.
Also, the lightshelf condition results in a contrast ratio of approximately 35 between the highest
and lowest illuminance values, which is not acceptable according to IES, or even the larger ratio

of NRC; it goes beyond both recommendations.

Horizontal louvers are expected to block direct illumination at the front of the space, and also to
redirect light deeper into the space. Replacing the lightshelf with a series of horizontal louvers
impacts the quality and quantity of daylighting in the room. A noticeable change in the behavior
of light is a more even distribution, and fewer high-value nodes (Figure 6-6). This change in
external skin configuration results in better illumination than the lightshelf case; about 58% of
the different times fall within the recommended range (Figure 6-7). Illumination nodes close to
the window have smaller readings than those in the lightshelf case, which means that the
horizontal louvers are more effective in blocking direct incident illumination at the front of the

space.
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Horizontal Louvers
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Figure 6-6: Zoomed horizontal louvers illuminance results - illuminance as a result of applying horizontal louvers.
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Figure 6-7: Horizontal louvers illuminance results - illuminance as a result of applying horizontal louvers.
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With this skin configuration, the sectional nodes chart shows an even distribution in illumination
levels along the cut line (Figure 6-6). Though horizontal louvers are effective in cutting down
daylight in the room, they are not effective in bringing the illumination values into the desired
range. As seen in Figure 6-7, the front of the space experiences high illumination at 9:00am on
December 21%, due to a low solar altitude: 18° at this day and time. Compared to the lightshelf
case, a spike at the front of the space is more acceptable than one in the middle, so it does not
disturb the function of the space (Figures 6-4 and 6-6); however, this also depends on the
furniture distribution inside the space. If the furniture is close to the window, it will not be

considered an acceptable result, and vice versa.

6.2.2 SHADING CONFIGURATION 35° AND 55°
This case shows the performance of the secondary skin in shading configuration. The louvers do
not have the same tilt angle. Rather, they are divided into two layers, with two different tilt
angles on alternate louvers, 35° and 55°. This skin configuration was able to bring 61% of the
times into a desirable illumination range. Moreover, this configuration showed successful results
at 9:00am on December 21°' and at 9:00am on June 21*; 71.4% and 77.2%, respectively, of the
entire surface fell within the recommended illumination range (Appendix A). Though these

values are not exactly 75% or higher, they are still close to the desired percentage.
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Shading 35° and 55°
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Figure 6-8: Shading configuration illuminance results - illuminance as a result of applying shading configuration of 35°
and 55°.

This skin configuration resulted in a contrast ratio of approximately 10%, which according to IES
is acceptable for decent space performance (Figure 6-8). A contrast ratio below 10 is preferred
to maintain even distribution and eliminate false darkness perception, where the occupant
incorrectly perceives certain spots as dark due to his exposure to extremely high illumination in
other spots. There is no zoomed-in chart for this configuration, since all node values already fall

below 5000 lux.

6.2.3 COMBINED CONFIGURATION 24° AND 156°
Within the framework of this study, angles below 90° indicate a shading configuration, while
angles greater than 90° denote a harvesting configuration. In this case, the skin configuration is

50% in harvesting configuration, at 156°, and 50% in shading configuration, at 24°.
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Figure 6-9: Combined configuration illuminance results - illuminance as a result of applying combined configuration of

24° and 156°.

This simulation run showed approximately 42% of the results falling within the recommended

illumination range (Figure 6-9). If we compare this configuration against the horizontal louvers,

we see that the horizontal louvers have better performance, with approximately 16% more

nodes within range. However, this configuration brings more light into the middle of the space

(Figure 6-10).
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Figure 6-10: Zoomed combined configuration illuminance results - illuminance as a result of applying combined
configuration of 24° and 156°.

A behavior that merits highlighting happens on December 21°* at 12:00pm and December 21* at
9:00am. Beyond 4.50m, a steady daylight illumination takes place, running close to the upper
boundaries of the recommended range. This interesting behavior presents the potential success
of this configuration during those times, if a steady and even distribution is desired by the
occupants at the back of the space, regardless of the hotspots at middle of the space. For full

node-analysis values and diagrams, refer to Appendix A.

The most interesting part of this run is the contradictory behavior of daylighting inside the space
on both times discussed previously, when the behavior of the light in the front half of the space
is significantly different than that at the back of the space. The observed conclusion about this
scheme is the good performance of the skin beyond 4.50m, reaching the last node at the back of

the space. Also, Figure 6-10 shows great potential for this configuration to bring light within the
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desired range to space even beyond 7.50m. This behavior fits the demand for intelligence in
kinetic facades. For example, this configuration may be used if the space sensors detect that
only the back of the space is occupied, or that occupants working at the back are executing less
critical tasks that do not require high illumination. However, the contrast ration is higher than
desired by IES; it is 13.50, which is acceptable according to National Research Council of Canada

(NRC).

6.2.4 COMBINED CONFIGURATION 26° AND 163°
On June 21%, at 9:00am, this skin configuration was able to achieve illumination of 82.9% of the
entire room surface area within the recommended range (Appendix A); only the front 1.50m
falls out of range. This makes the entire space, except the front strip, optimal for occupancy with
acceptable luminous conditions. The skin shows a successful attempt to provide daylighting

deep into the space within the acceptable range (Figure 6-11).
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Combined 26° and 163°
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Figure 6-11: Combined configuration illuminance results - illuminance as a result of applying combined configuration
of 26° and 163°.

If we are to evaluate the luminous distribution (contrast ratio), we will consider all times except
the December 21% 9:00am result, when the readings showed high values at the front of the
space, unlike the majority of the other runs. The contrast ratio of the highest to lowest values in

the space is 6.25 which is acceptable according to the IES recommendation (Figure 6-11).
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Figure 6-12: Zoomed combined configuration illuminance results - illuminance as a result of applying combined
configuration of 26° and 163°.

6.3.OVERCAST SKY CONDITION DISCUSSION

An overcast sky condition is three times brighter at the zenith than the horizon, since water
particles refract and reflect all wavelengths of sunlight.’® The calculation of daylight factors is
usually done with an overcast sky condition, since daylight factors do not account for direct
illumination. For this study, illuminance simulations were run under overcast sky conditions to
see if the algorithm provides the potential to find an optimal solution for specific skin

configurations.

Given that direct illumination does not accompany overcast sky conditions, the performance of

horizontal louvers is expected to be limited. However, since overcast skies are possible in the

9 Ander, Daylighting performance and design, 85.
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real world, three different skin configurations were tested for daylighting performance. The
interesting observed behavior in daylighting at all times for the three configurations is that more
than 75% of the nodes fell within the desired illuminance range for the cases shown in Figures 6-
13 and 6-14. Changing the configuration from one to another impacted the indoor luminous

environment in terms of illuminance values and distribution.

The harvesting configuration shows approximately 78% of the times within range, with a
contrast ratio of approximately 5. However, this configuration does not enhance illumination at
the back of the space, where below-range levels are experienced at certain times. It is more
successful in the middle of the space (Figure 6-13). It is obvious that the illumination range

under an overcast sky is smaller than under a clear sky.

Harvesting 145° and 160°
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Figure 6-13: Harvesting configuration illuminance results - illuminance as a result of applying harvesting configuration
of 145° and 160°.
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The skin configuration was changed to 10° and 70° for another simulation test run. Compared to
the harvesting configuration, this configuration maintained almost the same illumination level at
the back of the space, while decreasing illumination at the front of the space, bringing it into a
more desirable level (Figure 6-14). Approximately 81% of the times fall within the desired range,
and the contrast ratio is maintained at 5; though if we include 100% of the nodes, the contrast
ratio is 12% - which is still close to 10%. This scheme shows successful illumination from the
front to the middle of the space. On June 21* at 12:00pm, 77.2% of the entire space nodes fall
within range, which makes this configuration a potential solution for the kinetic skin actuation at

this time.

Combined 10° and 170°
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Figure 6-14: Combined configuration illuminance results - illuminance as a result of applying combined configuration
of 10° and 170°.

Switching from a combined configuration, where every other louver has the same tilt angle, to
the combined-split scheme, where the upper half of the skin has the same tilt angle, and the

bottom half has a different angle, resulted in minor changes in the illumination levels. These
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changes are within the desired range (Figure 6-15). While the combined-split scheme is
expected to block light at the bottom of the space, and to bounce light into the back of the
space through the upper portion of the skin, the results do not show major variation from the
previous combined scheme. While the results do not show major variation, 26 nodes fall within
the recommended range, giving an acceptable percentage of 72.2%. This may have been a
consequence of the spacing between the louvers, the size of the louvers, or the offset distance
of the secondary skin from the glazing; thus, these factors should be studied at a future stage.
This configuration might have proven efficient when applied on smaller elements like venetian

blinds.

If analysis is to be provided for the overcast sky condition, it should focus on the ineffectiveness
of light-deflection elements to influence the behavior of the luminous environment inside
indoor spaces. The absence of direct illumination in an overcast sky condition is the main reason
for the ineffectiveness of the system; less light is bounced off the surfaces of the louvers,
resulting in less illumination values inside the space. This is a very common interpretation in the
field of daylighting for overcast sky conditions.’® In Appendices A and B, more node-analysis

diagrams and sectional illuminance results are shown.

% Schiler, Simplified Design of Building Lighting.
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Combined-Split 162° and 28°
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Figure 6-15: Combined-split configuration illuminance results - illuminance as a result of applying combined-split
configuration of 162° and 28°.

6.4.KINETIC SCENARIO FOR ACTUATION PATTERN

Given the main objective of this thesis, showing a proposed actuation pattern for the secondary
skin is important. The proposed configurations are not limited to the analyzed ones, but include
all simulated schemes (Appendix A). Though the compilation of this scenario may not be
successful at this point, due to the limited number of simulation runs, it would be helpful to
provide an idea about how the kinetic system is intended to operate. For a complete scenario,

the algorithm-based definition should be used as was originally intended.
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Figure 6-16: Compiled scenario for clear sky - the best configuration selected from simulated cases.

Figures 6-16 and 6-17 present a proposed scenario for the best skin performance available from
the simulation cases run for this study. They do not necessarily represent the optimal solution,
but the best available selection from the manual simulation cases. The algorithm should be able

to automatically generate numerous configuration iterations and provide the designer with an

optimal one.
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Figure 6-17: Compiled scenario for overcast sky - the best configuration selected from simulated cases.

Each scheme is accompanied by a “performance” value underneath. This value represents the
percentage of illuminance nodes, on the entire surface area, that fall within the recommended
range. While the proposed performance percentage in this study is 75%, some of the manually
simulated cases did not achieve this percentage, but were close. However, there is potential for

finding at least one optimal configuration for each specific date and time.

6.5.ANALYSIS CONCLUSION

In conclusion, a chart has been developed to show the percentage of nodes that fall within the

recommended range for each configuration at different times of the year (Table 6-1). The

146



configuration of the secondary skin with different tilt angle has infinite possibilities; thus, the
use of parametric software is more efficient in determining possible configurations than doing
so manually. Table 6-1 shows the selected configuration for the manual simulation runs. It does
not mean that the kinetic skin will use these cases only for actuation; it is a limited study due to
the endless possibilities and time limitations. Thus, if some of the cases didn’t show successful
results, it does not mean that the study fails. It is just about running more possibilities and

finding the best among all of them.

Percentage of points within acceptable illumination range
Secondary Skin ClearSky Overcast Sky
Configuration December2ist June 21st March 21st December2ist June 21st March 21st
9:00am 12:00pm | 9:00am 12:00pm | 9:00am 12:00pm | 9:00am 12:00pm | 9:00am 12:00pm | 9:00am 12:00pm

GlazingOnly 37.10 20.00 74.30 60.00 54.30 42.90 42.90 42.80 48.60 54.30 42.90 48.50
Lightshelf 37.10 22.90 68.60 54.30 57.10 48.60 34.30 48.60 54.30 60.00 57.10 51.50
Horizontal Louvers 40.00 31.40 85.70 71.40 51.40 45.70 14.30 37.10 51.40 62.90 31.40 51.40
ShadingO, 45 51.40 48.60 82.90 65.70 62.90 48.60 22.90 40.00 57.10 60.00 42.90 60.00
Shading10, 45 57.10 48.60 82.90 65.70 65.70 54.30 13.30 31.40 48.60 57.20 37.10 48.60
Shading35, 55 71.40 62.90 77.20 65.70 68.60 62.90 14.30 25.70 42.90 48.60 28.60 42.90
Harvesting 145, 160 25.70 2.90 82.90 65.70 34.30 20.00 42.90 62.80 65.80 65.70 54.30 62.90
Harvesting 153, 153 25.70 2.90 82.90 65.70 34.30 8.60 48.60 62.80 60.00 68.50 54.30 68.60
Combined 10, 170 34.30 20.00 82.90 65.70 51.40 37.10 31.40 51.40 71.40 77.20 51.40 68.60
Combined 24, 156 42.90 31.40 82.90 65.70 54.30 48.60 31.40 51.40 62.80 71.50 57.10 62.80
Combined 26, 163 42.90 74.30 82.90 65.70 57.10 48.60 31.40 48.60 65.70 77.20 54.30 74.30
Combined 55, 168 51.40 42.90 77.10 54.30 57.10 48.60 31.40 57.10 57.10 57.10 51.40 71.40
Top-LowerSplit162, 28 34.30 20.00 82.90 54.30 51.40 42.90 37.10 57.10 77.10 82.90 62.90 71.40

Table 6-1: Performance percentage table - the percentage of nodes falling within recommended illumination range.

The table shows the effectiveness of the configurations used for simulation during high solar
altitude, especially on June 21°. The blue-highlighted values are greater than 70%, while the
grey-highlighted values are greater than 60%. If we are to consider one configuration, as a static
system, for the simulated space, the space will experience inefficiency in the luminous

environment over the course of the year, because one configuration cannot enhance daylighting
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at all times. It may be efficient during certain periods and altitudes, but not during others. For
example, the combined 26-163 configuration works best on December 21°* at 12:00pm and June
21* at 9:00am, under a clear sky, and June 21 at 12:00pm and March 21* at 12:00pm, under
overcast sky conditions. We can make use of this configuration during these times and find

better configurations for the other times.

Moreover, a static system may not be efficient for changing externally and internally reflected
components. A kinetic system is expected to actuate in response to any of these changes, to
enhance the luminous environment. Whether kinetic or static, the system will not show
effectiveness in low solar altitudes, where horizontal louvers are not effective in blocking low
sunlight. Thus, the geometry of the skin should be considered as part of the future work; there
may be a possible skin transformation that is capable of blocking high-angle and low-angle

sunlight.
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7. CHAPTER 7 CONCLUSION AND FUTURE WORK

This chapter provides a summary of the work presented in this thesis and the concluding
discussion based on the proposed algorithm and simulation runs, as well as presenting possible

future work for the development of this thesis topic.
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7.1.CONCLUSION

Daylight deflection is about redirecting light into a space or back to the outdoor environment. In
real life, shading elements are closed during high solar gain, which results in dark interior spaces
and the use of artificial lighting. This waste of energy can be overcome by incorporating a
combined scheme of shading and harvesting in one skin configuration. Using both strategies in a
combined scheme is possible, and may result in more efficient and better daylighting
performance inside office spaces. The hypothesis presented in this thesis, stating that “one way
to achieve appropriate daylight harvesting is through the use of advanced daylight deflection
strategies involving an intelligent kinetic facade,” has been proven in its initial stage, which

showed the potential of the tool’s success by running manual simulation of select tilt angles.

A study of the simulation of secondary skin configurations and their impact on daylighting
performance inside office spaces was conducted. The study was split into two sections: an
algorithm-based design tool for designers and a manual simulation that provided the reader
with a brief introduction of how the tool is intended to work. This thesis hypothesizes that the
use of light-deflection techniques in intelligent kinetic facades may enhance the luminous
indoor environment and adapt to changing environmental conditions and occupants’ needs,
though not all factors were simulated in the context of the work. Since only a limited number of
different skin configurations were simulated, the hypothesis was not completely proven correct,
but initial results show that it is likely to be correct. The success of the system is dependent on

running hundreds of configurations using a genetic algorithm tool - in this study, Galapagos.
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However, the success of certain configurations, at certain times of the year, reflects the
potential for the success of this hypothesis, considering that the facade is intended to actuate

and change configuration according to different times of the year.

The external skin actuates to optimize daylight-deflection, maintaining a desirable luminous
indoor environment at certain times of the year, as previously shown in Chapter 6 for some
cases. The louvers rotate using the concept of independent tilt-angle, where every other louver
has the same tilt angle. The louvers could be configured for harvesting, shading, or use a
combined configuration. When skin configuration changes, due to louver actuation, the
algorithm is designed so that DIVA detects the alteration and instantly reflects it onto a
calculation grid inside the space. This allows the designer to run numerous iterations, during the

design stage, and select the best possible one based on pre-defined criteria.

A genetic algorithm was incorporated into the definition to enable a search of the best skin
configurations at specific dates and times or under different sky conditions. Genetic algorithms
work to find an optimal solution — but not necessarily the best solution — under certain
parameters and conditions. These parameters could range from users’ desired illumination
levels, to externally-reflected daylighting components. In this study, one actuation parameter
and three performance indicators for daylighting were defined. Occupants’ behaviors were
indirectly incorporated into the algorithm through the ability to change the range of acceptable
illumination, which denotes changing occupant tasks that could be automatically detected by
intelligent space sensors and cause re-adjustment of the desired range based on the task being

performed.
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The proposed algorithm is extensible. It is open to additional parameters and performance
indicators, which makes it more complex for better performance assessment. Changes in any of
these parameters trigger the system to run and find an optimal configuration for the skin, in
order to maintain the desired luminous environment. Due to technical difficulties experienced
with the DIVA component in importing node values into Grasshopper, manual simulation was

implemented for select configurations, based on previous research work®’ in similar areas.

DIVA was used as the simulation tool for the manual study, using “Radiance” as its calculation
engine. DIVA, using Daysim, which runs in the background for calculation, has already been
verified against another tool, 3ds Max Design, for accuracy and reliability, and it was found that
both tools produce similar results for sidelit spaces’. Running this tool for manual simulation of
the modeled space gave various results for different times of the year. None of the simulated
skin configurations showed acceptable results on all simulated dates. Each configuration
showed effectiveness, based on the thesis’s criteria, at certain times and dates, some of which
were under clear sky conditions and some of which were under overcast sky conditions. Since
the purpose of the study was to find at least one time for each configuration when it is
successful in bringing daylighting levels into a desirable range, so that this configuration could

be used in a kinetic scenario for that time, this behavior would be acceptable.

" McGuire, “A system for optimizing interior daylight distribution...”
% Reinhart and Breton, “Experimental Validation of Autodesk (R) 3ds Max (R) Design 2009 and Daysim

3.0
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Among the simulated configurations, only one scheme showed the potential to handle very low
solar altitudes under clear sky conditions. Scheme “shading 35°, 55°” gave the result of 71.4% of
nodes falling within the desired range on December 21st, at 9:00am, with a solar altitude of 18°.
This means that different skin geometries should be tested for better handling of lower angles,
or more skin iterations should be generated and tested. Most of the other configurations were
successful under the same sky condition, on June 21st, at 9:00am, with a solar altitude of 50°,

when most of them were above 75%.

The analysis was extended to evaluate the luminous distribution of illumination levels inside the
space. This provided a daylighting contrast ratio. Most of the runs at different times showed a
contrast ratio less than 10%, taking into consideration that the compared values were within the
lowest 75% of the entire space. Generally, many cases showed 5% as a common approximate
value for contrast ratio, with some exceptions going beyond the desired 10%. The average
contrast ratio for the simulated cases was 8.3%, based on the 75% surface area. Future work
could include a more meaningful overview and research about glare and how to activate a
facade to provide useful illuminance levels while avoiding both high contrast of light in the

interior space and direct glare.

Overcast sky conditions without a direct illumination component were also considered in the
simulation. The secondary skin systems provided almost the same number of times when the
louvers were able to successfully bring illumination into the appropriate range. While most
cases showed only a couple of successful times, the space showed smooth blending of

illumination levels across the entire area, and the highest values shown were close to the
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highest desired. Some cases did not show successful illuminance values, but did show a
successful desired contrast ratio. Under this sky condition, altering the skin configuration was
found to be slightly effective, which highlights the absence of the direct illumination
component. Thus, the successful different times of the year had almost the same distribution, as

illustrated in Chapter 6.

This study shows that kinetic facades have a greater potential to enhance the indoor luminous
environment than static fagcades. In Figure 7-1, a comparison between a kinetic scenario and
fixed facade tilt angle is presented. While the actuation of the louvers impacts the performance
of daylighting inside the space, and brings it into the desired performance range, applying a
fixed tilt angle to the louvers results in poor daylighting performance compared to the kinetic
case. This example shows the effectiveness of the “combined 55, 168” scheme on June 21st, at
9:00am, and its inefficiency at the other three times. This is the disadvantage of static systems:

they cannot adapt to changing solar conditions.
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Figure 7-1: Static versus kinetic - results of the performance of a kinetic fagade versus a static fagade over four
different times of the year.

7.1.1 SCOPE AND LIMITATIONS
The science of daylighting assessment includes many different attributes and not just those
discussed in the previous chapters: illumination levels, luminous distribution (contrast ratio),
and the penetration depth of daylighting into the back of the space. Due to time limitations,
only these three attributes were studied, thus narrowing down the scope of this thesis to
evaluating the illuminance value inside the space, and comparing the nodes to each other to

discuss the luminous distribution and penetration depth.
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Four major limitations are discussed below: technical difficulties with the software, the lack of
modeling of the external building surfaces, the absence of realistic occupant behavior modeling,

and the absence of furniture inside the space.

A number of limitations were experienced over the course of this thesis, among which was the
data exchange between DIVA-in-Rhino and the Grasshopper component. DIVA 1.1 was unable to
extract the illuminance node values and bring them back into Grasshopper. This limited its
effectiveness for the performance criteria evaluation as the simulation could not then use the
genetic algorithm component to find an optimal solution for a specific date and time.
Theoretically, the algorithm should be run properly to find solutions for specific design
problems. The results had to be manually extracted to test the algorithm, as shown in Chapter 4.
Rather than running the algorithm through the genetic algorithm component, a manual
simulation had to be run for select configurations, based on previous work in similar areas of
study®®. The manual simulation involved running 13 different configurations for 6 different times
of the year under clear and overcast sky conditions. This technique had its drawbacks, and the
selected configurations are not necessarily what the algorithm would have picked as optimal
solutions. There could be better solutions that have not been simulated within the framework of
this study. Thus, running more skin iterations would be a useful step if done as future work. A
better solution, however, is to wait until the next release of DIVA when that limitation might be

fixed.

% McGuire, “A system for optimizing interior daylight distribution...”
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A major element of the urban surrounding context is the external building surfaces. These
surfaces have certain reflectances and light reflection properties. Given that the simulation has
been run on a generic office space, the calculation does not account for surrounding context,
which could have impacted the indoor luminous environment depending on the location of the
office. This limitation could have changed the behavior of daylighting inside the space by adding

another layer of calculation, the externally reflected daylight component.

Moreover, this thesis addresses the integration of intelligent features into the building facade.
Such features are intended to be used for occupant behavior detection and to make the facade
react with consideration for this behavior. The proposed tool does not integrate directly an
occupant model, due to the limitation of scripting in this area; however, the tool integrates an
indirect approach for taking into account one attribute of human behavior. The possibility of
changing the desired illuminance range according to the tasks performed inside the space
symbolizes the detection by sensors of changing occupant activities and tasks, requiring

different acceptable illumination ranges.

Different actuation schemes impact the performance of daylighting inside the space. Some
configurations maintain better illumination at the back of the space than the front area and vice
versa. Accordingly, deciding on the best solutions should take into account the furniture layout,
which has not been taken into consideration in this study. Depending on the location of the
workplanes inside the space, the secondary skin will actuate to optimize the quality and quantity

of daylighting in these areas. For example, if the architect decides that furniture will be located
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closer to the window, the louvers will actuate to bring the front portion of the space into the

desirable range of illumination and luminous distribution.

7.2.FUTURE WORK

The proposed algorithm is designed to assess the performance of the secondary skin in
optimizing illumination, luminous distribution, and depth of penetration, but it does not take
into account many other factors, among which are glare, heat gain, different space function,

skin geometry, and surrounding urban context. Figure 7-3 shows the suggested additions for

future development of the algorithm. These include occupant behavior, glare remediation, heat

gain and thermal comfort, skin geometry, and surrounding urban context.

7.2.1 OCCUPANTS’ BEHAVIOR
The behavior of occupants is an independent topic on its own; however, some layers of the
topic could be incorporated into the proposed design algorithm. While the algorithm
incorporates a simplified symbolization of occupant behavior, as previously mentioned in
section 2.2, it does not integrate more complex layers of human behavior, such as detecting
changing tasks and working moods through facial recognition techniques. Integrating this
attribute into the algorithm represents an important step in the development of this area of
study; it could be one step to better performing architectural spaces. In a user empowered
version, he might be able to change the performance specifications of the system to suit his
work location, work time, and preferred illuminance levels to enable a different set of louver

activation.
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Carniege Mellon Robotics Institute has an established research center called “People Image
Analysis Consortium” that researches human behavior and facial recognition®. The image
below shows the architecture of detecting human behavior and facial emotions. The institute’s
website provides an example and coding for different techniques of behavior detection. A
possible way of integrating this into the proposed algorithm is using one of the designed codes
provided by Carniege Mellon as a reference for developing a similar technique using

Grasshopper scripting, maybe with the aid of a third interface for human agent and behavior

detection.
Camera Control Human Modeling
[E—

| 2D Model | | 3D Model | [FaceHeadTorso Model |

Ml | ow Level Processing

Detecting Activity Recognizing

Gait
Facial Expression

Video from
fixed Camera
A,

L

I Motion Segmenmionl I HumanVehicle

| FaceHeadTorso |

| Rigid Object

|

| Non-Rigid Human |

FaceHead/Torso

Video from I Layer Extraction I
Moving Camera

selue)

I Region Segmentation ] | Head:Shoulder Curve |
Video from

Multiple Cameras
E——

| Edge/Corner Femmesl | ArmvLeg Lo calization | [ ArmmiLeg

Application

» I Surveillance II Biometrics I[ Navigation HHuman-Colmutel Interaction
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7.2.2 GLARE REMEDIATION
Glare is a crucial problem in architectural spaces such as offices, hospitals and museums. Simply,
it is caused by direct light falling on the workplane — whether vertical, like computers, or
horizontal, like desks — or hitting the occupant’s eyes. Accounting for glare in office spaces, in
addition to the three performance indicators explored in this study, would make this design tool
much more useful. Calculation and assessment of glare conditions inside the space may be
incorporated through using DIVA and glare calculation equations. Defining performance criteria
for glare that can be expressed in the form of parametric calculation components is necessary
for the execution of this development. Although this is more complex than calculating
illuminance levels, it is possible to predict potential glare locations, suggest mediation before
the building is constructed, or provide an activation pattern for the louvers that results in a few

number of glare incidents.

7.2.3 HEAT GAIN AND THERMAL COMFORT
Allowing sunlight to penetrate into architectural spaces is sometimes good for illumination and
energy-saving, if appropriately controlled according to desired preferences. However, direct
sunlight always carries heat that affects the thermal comfort inside the space. This study does
not take into consideration heat gain and thermal comfort. It would be more valuable to
optimize daylighting and thermal comfort inside the space using the same algorithm-based

design tool.

7.2.4 SKIN GEOMETRY
Within the framework of this study, the actuation of the louvers in rotational motion is tested

for daylighting performance. But this is not the only parameter that can enhance the quality of
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the indoor luminous environment. Changing the geometry of the secondary skin, the louvers’
shape, and the actuation pattern, may have impact on the performance of daylight harvesting.
This parameter, specifically, adds not only to the performance of the space, but also to the
aesthetic aspect of architecture, which makes it an exciting potential attribute for future
exploration. Varying geometry parameters would allow architects to produce numerous
iterations for skin design and find an optimal design that matches the aesthetic requirements

and the desired performance of the luminous environment.

7.2.5 SURROUNDING URBAN CONTEXT
Adding a layer of surrounding urban context to the simulation model is important, especially in
architecturally-dense cities, like Los Angeles, where every project is affected by neighboring

building on an urban and architectural scale.
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Figure 7-3: Algorithm logic for future work - additions to the extensible algorithmic design tool as future development

7.3.SUMMARY

for the investigated topic.

In conclusion, a high integration of design and research flowing between architects,

computational designers, and consultants is important to achieve innovation and efficiency.

Communicating to the designer the importance of integrating performance-based approaches at

the early design stage, and their impact on the design, may shift the logic of executing an

architectural project. The integration of daylighting factors into the design phase, through

design tools and computation, results in the improved performance of daylight harvesting and

therefore tackles issues of human comfort and energy efficiency. Taking into consideration
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human behavior in the simulation will enhance the performance of an architectural space in

terms of energy-consumption.

Assessing the performance of intelligent systems in buildings does not have an absolute
benchmark; it is a relative evaluation process that depends on the occupants’ needs and
preferences, and the function of the space. Accordingly, the presence of occupants-model
during simulation is necessary for efficiently investigating the topic. Simulating such models in
the study expands the layers of investigation and results in more complex algorithm; however, it

is important to the development of the performance-based design area in architecture.

People involved in the design and construction process can have different views on the
performance of the space; the occupant is the one who will judge the success of the indoor
environment. Hence, this idea emphasizes the need for incorporating human agents into such
studies for early consideration of human behavior at the design stage. A more complex
development for the model may include programming codes for occupants’ behavior by
research centers, like “Carniege Mellon Robotics Institute”; it is not the only institute that

researches this topic, but one of the known ones that has many studies in this area.

This thesis presented an integration of three different tools, Rhino, Grasshopper, and DIVA, used
to develop one algorithm that is intended to be used for optimal tilt angle search. The technical
difficulties experienced resulted in carrying out manual simulation runs for the search for an
optimal scheme. Though some of the simulated schemes showed success at certain times of the

year, manual simulation is not an efficient way to find an optimal solution given the infinite
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possibilities of skin configurations. Solving the DIVA component scripting problem will prove the

efficiency of the system in a more reliable and acceptable discussion.

Moreover, intelligent skins are controversial; they may present solutions for better energy-
performing architecture, but they cost a lot of money and can be difficult to maintain. If
research keeps exploring the performance of these kinds of skins independently without
comparing them to feasibility models for cost and development, intelligent skins may not be
applicable in the real architecture world. This area requires effort and input from many
disciplines other than architecture; among which are business and feasibility, mechanical,
electronics, material science, and physics. The integration of inputs from all previous disciplines
may result in a system that is cost effective and has a short payback period. However, the
architect should be a dominant element in the design process to support new trends in form
geometry such as complex geometry and make sure other disciplines are not changing the
architecture to make their lives easier. We need to support changing architecture trends rather

than narrowing it down to cube and linear geometry only.
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APPENDIX A: ILLUMINANCE NODE POINT RESULTS
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Node Point Analysis Node Point Analysis

panelgroup00: Mean llluminance =7858.46 Ix panelgroup00: Mean llluminance =15474.03 Ix

panelgroup00: 62.8% of Area > 1500 Ix; 0% of Area < 300 Ix panelgroup00: 80% of Area > 1500 Ix; 0% of Area < 300 Ix
Glazing Only Left: December 21st. 9:00am
Clear Sky Condition Right: December 21st, 12:00pm

Figure 9-1: Glazing only results - The figure shows the illuminance node values inside the space.
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Figure 9-2: Glazing only results - The figure shows the illuminance node values inside the space.
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Figure 9-3: Glazing only results - The figure shows the illuminance node values inside the space.
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Figure 9-4: Glazing only results - The figure shows the illuminance node values inside the space.
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Figure 9-5: Glazing only results - The figure shows the illuminance node values inside the space.
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Figure 9-6: Glazing only results - The figure shows the illuminance node values inside the space.
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Figure 9-7: Lightshelf results - The figure shows the illuminance node values inside the space.
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Figure 9-8: Lightshelf results - The figure shows the illuminance node values inside the space.
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Figure 9-9: Lightshelf results - The figure shows the illuminance node values inside the space.
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Figure 9-10: Lightshelf results - The figure shows the illuminance node values inside the space.
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Figure 9-11: Lightshelf results - The figure shows the illuminance node values inside the space.
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Figure 9-12: Lightshelf results - The figure shows the illuminance node values inside the space.
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Figure 9-13: Horizontal louvers results - The figure shows the illuminance node values inside the space.
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Figure 9-14: Horizontal louvers results - The figure shows the illuminance node values inside the space.
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Figure 9-15: Horizontal louvers results - The figure shows the illuminance node values inside the space.
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Figure 9-16: Horizontal louvers results - The figure shows the illuminance node values inside the space.
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Figure 9-17: Horizontal louvers results - The figure shows the illuminance node values inside the space.
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Figure 9-18: Horizontal louvers results - The figure shows the illuminance node values inside the space.
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Figure 9-19: Shading 0° and 45° results - The figure shows the illuminance node values inside the space.
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Figure 9-20: Shading 0° and 45° results - The figure shows the illuminance node values inside the space.
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Figure 9-21: Shading 0° and 45° results - The figure shows the illuminance node values inside the space.
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Figure 9-22: Shading 0° and 45° results - The figure shows the illuminance node values inside the space.
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Figure 9-23: Shading 0° and 45° results - The figure shows the illuminance node values inside the space.
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Figure 9-24: Shading 0° and 45° results - The figure shows the illuminance node values inside the space.
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Figure 9-25: Shading 10° and 45° results - The figure shows the illuminance node values inside the space.
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Figure 9-26: Shading 10° and 45° results - The figure shows the illuminance node values inside the space.
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Figure 9-27: Shading 10° and 45° results - The figure shows the illuminance node values inside the space.
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Figure 9-28: Shading 10° and 45° results - The figure shows the illuminance node values inside the space.
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Figure 9-29: Shading 10° and 45° results - The figure shows the illuminance node values inside the space.
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Figure 9-30: Shading 10° and 45° results - The figure shows the illuminance node values inside the space.
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Figure 9-31: Shading 35° and 55° results - The figure shows the illuminance node values inside the space.
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Figure 9-32: Shading 35° and 55° results - The figure shows the illuminance node values inside the space.
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Figure 9-33: Shading 35° and 55° results - The figure shows the illuminance node values inside the space.
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Figure 9-34: Shading 35° and 55° results - The figure shows the illuminance node values inside the space.
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Figure 9-35: Shading 35° and 55° results - The figure shows the illuminance node values inside the space.
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Figure 9-36: Shading 35° and 55° results - The figure shows the illuminance node values inside the space.
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Figure 9-37: Harvesting 145° and 160° results - The figure shows the illuminance node values inside the space.
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Figure 9-38: Harvesting 145° and 160° results - The figure shows the illuminance node values inside the space.
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Figure 9-39: Harvesting 145° and 160° results - The figure shows the illuminance node values inside the space.
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Figure 9-40: Harvesting 145° and 160° results - The figure shows the illuminance node values inside the space.
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Figure 9-41: Harvesting 145° and 160° results - The figure shows the illuminance node values inside the space.
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Figure 9-42: Harvesting 145° and 160° results - The figure shows the illuminance node values inside the space.
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Figure 9-43: Harvesting 153° and 153° results - The figure shows the illuminance node values inside the space.
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Figure 9-44: Harvesting 153° and 153° results - The figure shows the illuminance node values inside the space.
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Figure 9-45: Harvesting 153° and 153° results - The figure shows the illuminance node values inside the space.
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Node Point Analysis » Node Point Analysis
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Figure 9-46: Harvesting 153° and 153° results - The figure shows the illuminance node values inside the space.
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Figure 9-47: Harvesting 153° and 153° results - The figure shows the illuminance node values inside the space.
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Figure 9-48: Harvesting 153° and 153° results - The figure shows the illuminance node values inside the space.
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Figure 9-48: Combined 10° and 170° results - The figure shows the illuminance node values inside the space.
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Figure 9-49: Combined 10° and 170° results - The figure shows the illuminance node values inside the space.
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Figure 9-50: Combined 10° and 170° results - The figure shows the illuminance node values inside the space.
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Figure 9-51: Combined 10° and 170° results - The figure shows the illuminance node values inside the space.
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Node Point Analysis , Node Point Analysis
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Overcast Sky Condition Right: June 21st, 12:00pm

Figure 9-52: Combined 10° and 170° results - The figure shows the illuminance node values inside the space.
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Figure 9-53: Combined 10° and 170° results - The figure shows the illuminance node values inside the space.
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Figure 9-54: Combined 24° and 156° results - The figure shows the illuminance node values inside the space.
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Figure 9-55: Combined 24° and 156° results - The figure shows the illuminance node values inside the space.
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Figure 9-56: Combined 24° and 156° results - The figure shows the illuminance node values inside the space.
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Node Point Analysis Node Point Analysis
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Figure 9-57: Combined 24° and 156° results - The figure shows the illuminance node values inside the space.
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Node Point Analysis Node Point Analysis
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Figure 9-58: Combined 24° and 156° results - The figure shows the illuminance node values inside the space.
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Overcast Sky Condition Right: March 21st, 12:00pm

Figure 9-59: Combined 24° and 156° results - The figure shows the illuminance node values inside the space.
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Figure 9-60: Combined 26° and 163° results - The figure shows the illuminance node values inside the space.
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Figure 9-61: Combined 26° and 163° results - The figure shows the illuminance node values inside the space.
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Figure 9-62: Combined 26° and 163° results - The figure shows the illuminance node values inside the space.
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Figure 9-63: Combined 26° and 163° results - The figure shows the illuminance node values inside the space.
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Figure 9-64: Combined 26° and 163° results - The figure shows the illuminance node values inside the space.
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Figure 9-65: Combined 26° and 163° results - The figure shows the illuminance node values inside the space.
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Figure 9-66: Combined 55° and 168° results - The figure shows the illuminance node values inside the space.
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Figure 9-67: Combined 55° and 168° results - The figure shows the illuminance node values inside the space.
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Figure 9-68: Combined 55° and 168° results - The figure shows the illuminance node values inside the space.
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Figure 9-69: Combined 55° and 168° results - The figure shows the illuminance node values inside the space.
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Node Point Analysis Node Point Analysis

panelgroup00: Mean llluminance =502.68 Ix panelgroup00: Mean llluminance =632.9 Ix

panelgroup00: 0% of Area > 1500 Ix; 42.9% of Area < 300 Ix panelgroup00: 8.6% of Area > 1500 Ix; 34.3% of Area < 300 Ix
Combined 55, 168 Left: June 21st. 9:00am
Overcast Sky Condition Right: June 21st, 12:00pm

Figure 9-70: Combined 55° and 168° results - The figure shows the illuminance node values inside the space.
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Figure 9-71: Combined 55° and 168° results - The figure shows the illuminance node values inside the space.




l
|

|
| I
@I@é@@ 1895 J1 2105 J1 2266 4 2307 J| 2145 J{ 1970

L H
= \
17947 16120 15643 { 2346 1 1955 @ 28059 28422 28635 28649 28517 28240

6020 J1 4320 JI 3637 X 3190 JI 2660 J 2181 3258 3921 J 4183 Jl 4227 } 4017 J1 3563

18275 17936 17362 16994 16627 { 3073 W 5488 J| 5252 JI 4629

z

Node Point Analysis Node Point Analysis

panelgroup00: Mean llluminance =5760.57 IX panelgroup00: Mean llluminance =7072.25 Ix
panelgroup00: 65.7% of Area > 1500 Ix; 0% of Area < 300 Ix panelgroup00: 80% of Area > 1500 Ix; 0% of Area < 300 Ix
Top-Lower Split 162, 28 Left: December 21st. 9:00am
Clear Sky Condition Right: December 21st, 12:00pm

14744

Figure 9-72: Top-lower split 162° and 28° results - The figure shows the illuminance node values inside the space.
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Figure 9-73: Top-lower split 162° and 28° results - The figure shows the illuminance node values inside the space.
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Figure 9-74: Top-lower split 162° and 28° results - The figure shows the illuminance node values inside the space.
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Figure 9-75: Top-lower split 162° and 28° results - The figure shows the illuminance node values inside the space.
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Figure 9-76: Top-lower split 162° and 28° results - The figure shows the illuminance node values inside the space.
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Figure 9-77: Top-lower split 162° and 28° results - The figure shows the illuminance node values inside the space.




APPENDIX B: RESULTS FOR CHART PLOTTING

Distance Clear Sky Overcast Sky
from December 21st December 21st
Window | 9:00am | 12:00pm | 9:00am [ 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am [ 12:00pm | 9:00am | 12:00pm
0.50m 2345 3577 26772 44631 17067 30148 2729 3414 2055 2874 1212 1895
= 1.50m 1584 2379 2597 3301 16455 29490 1436 1851 1116 1530 669 1036
?D 3.00m 1061 1569 1699 2230 15573 28656 787 987 591 847 344 558
£ 4.50m 729 1061 1125 1531 1914 2367 472 587 332 472 212 315
r_c‘; 6.00m 525 770 762 1067 1357 1773 289 373 221 320 127 206
7.50m 435 612 586 821 1060 1417 216 279 173 239 100 149

Table 10-1: Glazing only chart values - The table shows the illuminance values, in the middle of the space, used for

charts plotting.

Distance Clear Sky Overcast Sky
from December 21st December 21st
Window | 9:00am | 12:00pm | 9:00am [ 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm
0.50m 3130 4403 26725 44637 16624 29900 1807 2253 1375 1907 827 1322
- 1.50m 2131 2971 2593 3393 16122 3615 1240 1477 898 1244 533 775
g 3.00m 1383 1912 1662 2285 15379 28504 698 918 540 738 299 477
]
= 4.50m 892 1245 1086 1498 1777 2153 425 554 310 445 186 273
- 6.00m 615 850 736 1043 1241 1623 281 326 214 269 130 203
7.50m 472 659 569 770 995 1295 210 262 167 235 96 145

Table 10-2: Lightshelf chart values - The table shows the illuminance values, in the middle of the space, used for

charts plotting.

Distance Clear Sky Overcast Sky
from December 21st December 21st
Window | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm| 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm
g 0.50m 1550 2667 3751 4960 16539 5049 995 1268 751 1109 473 715
= 1.50m 1115 1806 2678 3457 15958 3857 638 764 456 610 273 433
é’ 3.00m 734 1186 1755 2334 2178 2773 400 475 272 449 155 341
2 4.50m 517 834 1161 1479 1596 1956 262 346 188 297 136 203
Ag 6.00m 391 614 746 1016 1145 1375 219 266 148 219 102 132
2 7.50m 328 510 573 751 841 1034 161 223 115 181 79 127

Table 10-3: Horizontal louvers chart values - The table shows the illuminance values, in the middle of the space, used
for charts plotting.
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Distance Clear Sky Overcast Sky
from December 21st December 21st
Window | 9:00am | 12:00pm | 9:00am [ 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm
?Q 0.50m 1902 2849 3107 3853 3011 4213 1243 1560 923 1380 546 865
2 1.50m 1380 2053 2227 2848 2413 3065 710 945 593 773 319 498
:g 3.00m 990 1450 1517 1900 1723 2053 469 610 334 490 211 335
0 4.50m 693 1052 1020 1284 1253 1469 313 369 249 344 140 217
5] 6.00m 505 767 707 959 837 1062 217 314 179 243 105 169
& 7.50m 411 627 579 743 693 877 178 213 133 193 82 117

Table 10-4: Shading 0° and 45° chart values - The table shows the illuminance values, in the middle of the space, used

for charts plotting.

Distance Clear Sky Overcast Sky
from December 21st December 21st
Window | 9:00am | 12:00pm [ 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm [ 9:00am | 12:00pm [ 9:00am | 12:00pm
= 0.50m 1788 2868 2919 3726 2958 4269 1202 1517 883 1238 549 767
o% 1.50m 1301 2078 2144 2699 22438 2972 689 843 438 719 282 473
g e 3.00m 925 1463 1440 1852 1572 1995 423 539 314 414 192 276
ED <7 4.50m 668 1046 971 1247 1051 1304 276 362 215 286 124 195
E 6.00m 505 770 680 909 739 933 185 282 157 219 85 142
< 7.50m 406 609 553 691 616 787 150 194 127 174 78 123

Table 10-5: Shading 10° and 45° chart values - The table shows the illuminance values, in the middle of the space,

used for charts plotting.

Distance Clear Sky Overcast Sky
from December 21st December 21st

Window | 9:00am [ 12:00pm [ 9:00am [ 12:00pm [ 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am [ 12:00pm | 9:00am | 12:00pm
- 0.50m 1812 2664 2464 2990 2396 3167 1002 1325 803 1101 454 722
Q% 1.50m 1343 1911 1799 2184 1706 2184 532 624 410 577 252 377
- N 3.00m 916 1295 1167 1503 1093 1528 307 397 234 341 144 214
ED 0 4.50m 625 862 812 1013 747 1036 212 250 159 222 92 140
E 6.00m 443 619 552 680 542 661 132 168 104 150 60 96
& 7.50m 329 491 452 544 439 604 101 143 82 112 47 73

Table 10-6: Shading 35° and 55° chart values - The table shows the illuminance values, in the middle of the space,

used for charts plotting.

Distance Clear Sky Overcast Sky
from December 21st December 21st
Window | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am [ 12:00pm | 9:00am | 12:00pm
® 0.50m 1935 3325 27716 46029 17174 4497 2198 2708 1665 2240 966 1496
g o 1.50m 1254 2111 3461 4574 16501 29607 1443 1772 1066 1510 631 967
® 9 3.00m 849 1454 2410 3236 15666 28887 834 1047 662 882 371 611
"5 2 4.50m 631 1026 1729 2438 2178 2554 510 669 410 530 238 378
:% ® 6.00m 453 816 1296 1821 1560 1941 346 443 272 370 156 248
7.50m 383 654 1024 1462 1245 1603 290 354 207 299 130 212

Table 10-1: Harvesting 145° and 160° chart values - The table shows the illuminance values, in the middle of the

space, used for charts plotting.
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Distance Clear Sky Overcast Sky
from December 21st December 21st

Window | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm| 9:00am | 12:00pm | 9:00am | 12:00pm [ 9:00am | 12:00pm
% 0.50m 1991 3318 27791 6121 17010 4603 2153 2764 1638 2247 968 1490
= %, 1.50m 1295 2174 3573 4656 16600 29718 1449 1792 1075 1459 657 971
.‘é" = 3.00m 873 1484 2498 3351 15751 28896 858 1087 649 910 367 589
‘é g 4.50m 614 1061 1810 2461 2208 2666 530 665 412 584 230 386
5 6.00m 456 810 1372 1849 1548 2043 367 476 283 382 159 253
* 7.50m 405 682 1098 1501 1238 1725 281 335 200 293 123 201

Table 10-7: Harvesting 153° and 153° chart values - The table shows the illuminance values, in the middle of the

space, used for charts plotting.

Distance Clear Sky Overcast Sky
from December 21st December 21st

Window | 9:00am | 12:00pm | 9:00am [ 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm
2 0.50m 1913 2835 3408 4244 16018 3968 1563 1776 1146 1544 659 1020
cz 1.50m 1345 1994 2481 3084 15623 3023 934 1144 785 1015 419 611
_‘; ?}o’ 3.00m 910 1370 1649 2116 2155 27977 653 739 440 672 267 420
g G 4.50m 649 974 1161 1482 1554 1809 393 512 320 430 190 316
'E 6.00m 484 760 819 1069 1160 1379 291 378 215 324 127 205
8 7.50m 423 627 671 861 972 1201 236 292 179 247 100 160

Table 10-8: Combined 24° and 156° chart values - The table shows the illuminance values, in the middle of the space,

used for charts plotting.

Distance Clear Sky Overcast Sky
from December 21st December 21st
Window | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am [ 12:00pm | 9:00am | 12:00pm
e 0.50m 1984 2901 3372 4304 16327 1887 1397 1867 1064 1555 680 995
:é: 1.50m 1414 2045 2480 3120 15806 1627 868 1068 674 996 422 619
_‘;‘ ?3 3.00m 978 1423 1643 2116 2273 1201 624 762 435 764 289 431
A?:—’ = 4.50m 674 1017 1129 1475 1630 884 389 493 319 499 198 290
E 6.00m 539 774 807 1067 1145 710 291 380 203 344 152 200
8 7.50m 440 630 665 837 959 665 242 302 190 298 125 171

Table 10-9: Combined 26° and 163° chart values - The table shows the illuminance values, in the middle of the space,

used for charts plotting.

Distance Clear Sky Overcast Sky
from December 21st December 21st
Window | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am [ 12:00pm | 9:00am | 12:00pm
e 0.50m 1945 3365 3341 4144 2971 3789 1255 1569 1019 1435 620 1031
aru: 1.50m 1475 2424 2471 3065 15271 2918 767 1024 648 907 382 647
2 %3 3.00m 982 1628 1625 2096 1772 2140 504 657 471 602 261 442
Aug', - 4.50m 659 1135 1096 1408 1264 1540 363 444 302 398 177 330
E 6.00m 486 805 791 999 925 1193 243 299 218 314 139 231
S 7.50m 370 652 618 795 783 921 210 255 169 253 116 193

Table 10-10: Combined 55° and 168° chart values - The table shows the illuminance values, in the middle of the space,

used for charts plotting.
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Distance Clear Sky Overcast Sky
from December 21st December 21st

Window | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am | 12:00pm | 9:00am [ 12:00pm | 9:00am | 12:00pm
a 0.50m 1785 2933 3811 4895 16801 5038 1480 1854 1087 1567 639 1028
8 ° 1.50m 1319 2087 2897 3627 3282 4018 970 1125 700 994 431 654
H S 3.00m 938 1473 1944 2503 15412 3016 585 762 454 645 270 437
‘_% -r% 4.50m 681 1074 1318 1726 1812 2243 433 525 337 464 197 301
§ 6.00m 526 820 948 1239 1397 1656 315 391 224 320 140 213
© 7.50m 464 684 742 995 1103 1350 264 309 194 272 116 182

Table 10-11: Combined 10° and 170° chart values - The table shows the illuminance values, in the middle of the space,
used for charts plotting.

Distance Clear Sky Overcast Sky
from December 21st December 21st

Window | 9:00am [ 12:00pm [ 9:00am | 12:00pm [ 9:00am [ 12:00pm | 9:00am [ 12:00pm [ 9:00am [ 12:00pm | 9:00am [ 12:00pm
- 0.50m 1991 3309 27153 5265 17362 5456 1412 1800 1110 1539 651 1025
§- ?\0‘ 1.50m 1485 2338 2845 3597 3637 4183 1081 1342 768 1176 472 828
'g e 3.00m 1062 1613 1805 2316 15643 28635 682 964 576 749 322 499
£ 9': 4.50m 761 1163 1177 1558 1995 2266 472 574 346 504 206 317
g S 6.00m 585 869 843 1113 1437 1732 329 433 252 343 153 240
© 7.50m 481 699 697 921 1195 1433 258 334 201 288 112 181

Table 10-12: Top-lower split 162° and 28° chart values - The table shows the illuminance values, in the middle of the
space, used for charts plotting.
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