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"The first illuminating engineer to get into the hair of his local 
architect was undoubtedly a fellow named ALADDIN, who performed all 
sorts of odd feats by rubbing a lamp of magical power. Presumably, when 
this hero of SHAHRZAD'S tales instructed his GENI to erect a castle, the 
architect's society of old Arabia assembled in solemn session and 
members warned one another ••••• "Watch out for those lighting fel
lows ••••• they are beginning to invade our fifld and ALLAH knows where 
they will stop ••••• !" (John c. Kromhout, 1947 .) 
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SUMMARY 

The following thesis, submitted in partial satisfaction of the require
ments for the degree of master of architecture, describes the design and 
construction of a sky simulator at the University of California, Berke
ley, Department of Architecture. In 1979 a decision was made to explore 
the possibility of building a sky simulator as part of a DOE-supported 
program to advance the use of daylighting techniques in energy
conserving buildings. Although sky simulators were used extensively for 
important studies in the 1940s and 50s, by the mid-1970s no facilities 
appeared to be in routine use in the United States. Given the value of 
these facilities for design studies, computer model validation, and 
lighting quality studies, the University and Lawrence Berkeley Labora
tory decided to build a sky simulator that could serve the functions of 
research, architectural design, and teaching. This thesis reports the 
design, construction, and calibration of the sky simulator. The study 
involved reviewing the modeling capabilities of sky simulators that have 
been built and used in North Americ~ and overseas. 
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INTRODUCTION 

Daylight, as a source of illuminance in building interiors, provides the 

architect with one of his or her most effective means of esthetic 

expression. Consideration of site, orientation, proportion, and fenes

tration are all influenced by the degree of importance attached to util

itarian and aesthetic aspects of daylighting in structures. Optimal use 

of daylight requires considering the following in design: 

1. The dynamic quality and direction of daylight and sunlight illumi-

nance. 

2. The luminance (photometric brightness) and luminance distribution 

of different sky conditions. 

3. The effect of local terrain, landscaping, nearby buildings, and 

planning regulations on daylight availability (actual or theoreti

cal). 

4. The effect of window configuration and size and the color and dis

tribution of reflectances, nature of internal surface materials, 

and orientation of internal surfaces. 

S. The provision for human visual comfort, alleviating or avoiding 

disability glare. 

The luminance ratio within space is of greater importance than the phy

sical luminance of any surfaces. Garnett states, "The healthy function

ing mind needs to secure a frequent change in the content of experience, 

which is usually achieved by a change in the focus of attention."l For 

1Garnet Campbell A. , "The ~Und in Action" 
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this reason, an evenly lighted room or space is characteristically 

undesirable. If one recalls the richness of experiences such as a 

stroll on a bright, sunny afternoon or the ease and relaxation which one 

experiences before a fireplace, it becomes obvious we can influence our 

psychological state with the correct use of light. The vast signifi~ 

cance of this is clear. Functionally, as well as aesthetically, spaces 

often require specialized lighting to fulfill operational needs. 

Although these needs appear obvious in retrospect, most buildings are 

designed on three different stages: one for plane, one for the walls and 

elevations, and a third for equipment or furnishings. 

To account for all three planes, the architect will have to enforce his 

prerogative; he or she must see each form evolve as it will actually be 

shaped by the light around it, adjacent to it, in front, and above it. 

Aesthetic considerations are preserved when a space or building is har

monious with its environment, its purpose, its background. To be archi

tecturally sound, scale, proportion, and structure must be properly 

related among all elements. 

Thermal and spacial requirement raise concerns about effective use of 

dwindling natural resources and has renewed interest in building design 

strategies that function harmoniously with the natural environment. 

People have always welcomed daylight in buildings, and much of the his

tory of architecture can be seen as a conflict between the desire to 

admit daylight, sunlight, and view and the need to control extremes of 

local weather and other undesired intruders. Because light defines 

architectural space, the most successful building designers have been 

those who have successfully manipulated daylight and electric lighting 
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to provide for both function and aesthetics in the built environment. 

A new concern for minimizing unnecessary energy use in buildings has 

prompted a re-evaluation of the role that daylight might play.(2) In 

addition to a concern for the quality of light in an architectural 

space, the energy use and load management implications of daylighting 

are now of interest and concern to building designers. In order to suc

cessfully integrate daylighting as an energy-conserving strategy into 

the building design process, the designer must have available an array 

of appropriate design tools. 

The use of physical models for analysis and prediction of daylighting 

distribution in a space is well established in the literature and in 

practice. Since the interreflectances of light in a geometrical volume 

is independent of size, a carefully constructed scale model can provide 

a highly accurate simulation of illuminance levels or ratios that would 

occur in the full-size space. Interior daylight levels can also be 

determined by designers using mathematical models. Although it is possi

ble to model complex geometrical detail, in practice most mathematical 

models cannot fully account for geometrical complexities and details of 

surface texture and reflectance. When mathematical models are val!-

dated, it is almost always by comparison to measurements made in a real 

room or a scale model. It should be emphasized that most daylighting 

design decisions are made on a comparative basis between alternative 

fenestration and room designs. In this circumstance, many of the small 

systematic errors one might find in either a mathematical model or a 

scale-model study will disappear when competing designs are compared. 

The models can be used not only for evaluating and predicting lighting 
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quantity, but also for assessing some aspects of lighting quality and 

other more subjective factors in the building design. 

Model tests conducted out of doors require only the availability of ade

quate photometric instrumentation and the scale model. Outdoor testing 

allows natural lighting to be evaluated under a wide range of standard 

and nonstandard sky conditions, including direct sun. It also permits 

evaluation of the effects ofunique environmental factors•at the build

ing site--landscaping, adjacent buildings, and other microclimatic 

effects. The chief drawback to outdoor testing is that the sky is a 

constantly changing light source--no two clear or cloudy days will ever 

be quite alike. Attempts to develop a design concept by continuously 

modifying a design and then testing it on successive days requires that 

great attention be paid to normalizing the sky conditions under which 

all tests are made. It may also be desirable to test a model under 

clear skies with a varying solar altitude, and it may not be convenient 

to wait six months until those sun conditions are available. These 

problems can be solved--a model may be tilted to simulate a different 

solar altitude, but the apparent sky vault will then include a large 

portion of ground-reflected light. In the past, manual collection of 

photometric data at multiple points in a model was a tedious process 

that often resulted in errors because sky conditions could change signi

ficantly during a measurement sequence. This was further complicated by 

problems with sensitivity and the dynamic range of many of the sensors 

that were being used. Most of those problems have been alleviated by 

new silicon photodiodes and data acquisition systems that can record 

data from a large number of sensors in a matter of seconds. 
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A solution to many of the difficulties that arise from outdoor model 

testing is to reproduce the sky indoors in a controlled sky simulator. 

The absolute illuminance in a simulator will be less than the real sky, 

but if the luminance distribution is properly reproduced, model measure

ments need be adjusted only by a single scale factor. Depending upon 

the type of testing to be done and the available resources, a variety of 

sky simulators can be constructed. 

In the past fifty years much work has been achieved in developing 

methods for estimating daylight in buildings. However, further informa

tion is required on interreflections of daylight in interior for CIE 

clear-sky distributions. There is also a pressing need for practicing 

architects, engineers, and researchers to have at their disposal simple, 

non-mathematical methods to determine the daylight performance of pro

posed building in compliance with CIE design skies. 

Scale models can provide architects with the capability for predicting 

daylight performance under clear and overcast sky conditions in a simple 

and accurate way, and the use of scale models in architectural design 

process has a long history. The usefulness of conventional architec

tural model in luminance design can be improved by the use of a sky 

simulator while not negating the need to further develop empirical 

numerical and graphical designs aids for CIE sky conditions. 

Specific performance capabilities envisioned for the sky simulator 

included: 

1. uniform, CIE overcast, and CIE clear-sky luminance distributions; 
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2. variable ground reflectance; 

3. a sun simulator; 

4. a lighting control system that allows easy conversion from one type 

of sky to another; and 

5. photometric instrumentation and data recording capabilities. 

In addition, an important goal was to develop a facility that could be 

reproduced elsewhere at low to moderate cost. This report describes the 

design and construction of the facility, development of the required sky 

luminance diStributions, test results from case studies, capabilities, 

calibration, accuracy of system, and future plans. 
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I. HISTORICAL REVIEW 

Natural light within the building is one factor that controls the visual 

comfort and physiological well-being of the occupants. There is a need 

to predetermine values of natural light for architecture if one seeks to 

incorporate natural light. Long ago, architects used to compare an old 

building against a new one in order to determine the effectiveness of 

the new design. Nowadays, with the help of graphical techniques and 

drawings, a three-dimensional scale model can be constructed in order to 

evaluate different possible designs for fenestration systems. These 

techniques are very time-consuming. Engineers used physics to develop 

mathematical models for predicting illuminance levels within simple 

structures having no interreflectance. It was necessary, however, to 

check the prediction against actual measured values; therefore, physical 

models were first used simply by placing them under natural sky. It was 

found that sky conditions do not stay the same. As a result, research

ers began experimental and theoretical daylight studies under sky simu

lators that could provide constant conditions. 

In addition to the experimental advantages of taking daylight measure

ments in sky simulators, there are certain advantages from a purely 

scientific point of view: 

1. The simulation of daylight condition remains stable but variable. 

The brightness pattern of the sky can be contrived to suit the 

specific model experiments. 

2. The effect of the size and position of windows on the daylight 

received on the working plane can be determined simply, and dif-
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ferent complex fenestration system can be evaluated. 

3. The effect that direct skylight has on changes in reflection 

characteristics of exterior and interior surfaces can be studied. 

Historically, the first artificial skies were light boxes ( ) that used 

a uniform-area light source in a white painted box. These were used to 

study the daylight performance of skylights, lightwells, and vertical 

windows. When the light boxes were used to simulate sky conditions 

where fresh snow was on the ground (rooms having 30% to 90% reflec

tances), there was good correlation with actual conditions. However, 

these light boxes produced poor correlation with other sky and ground 

conditions. In 1950, this discrepancy was explained: illumination from 

below the horizon being reflected off the ceiling and upper walls pro

duced less illumination on the workplane than did direct illumination 

from above the horizon (see discussion of horizon scale error in Section 

IV B, Accuracy of the System). 

To overcome this problem of separating illumination from below-the

horizon illumination from above-the-horizon illumination, artificial 

skies had to be developed to simulate sky and ground conditions. It was 

also found that differences in luminance distribution between real clear 

and overcast skies and a uniform sky resulted in significant variation 

of daylight distribution in the room. Therefore, there was a need for 

developing a sky simulator·which could take into account the variation 

of the real sky from a uniform sky pattern. The luminance distribution 

in light boxes was simulated for the overcast sky variation which is in 

its zenith and horizon with a ratio of 1 to 3. The CIE developed a 

standard overcast sky [(Ba) =(Bz/3)x (1+2 sin a) where [Ba is luminance 
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at altitude angle a and Bz is the luminance at zenith] for use in set

ting daylight codes. 

Various types of three-dimensional skies have been built. They range 

from back-lit area sources some distance from the fenestration wall to 

spherical and elliptical sky vaults illuminated from below the horizon 

or from above the model being studied. In these skies the sky vault was 

painted white and luminance was varied by light sources that were not 

visible to fenestration. 

The hemispherical sky simulator(3,4,5,6,7,8) has the advantage of allow

ing one to study the effect of various daylight distributions on mul

tilaterial fenestrations facing different orientations. However, they 

are illuminated from the inside, which can produce an excessive amount 

of heat depending on the type of lighting system. The hemispherical sky 

simulator can be made of translucent material and can rely on exterior 

illumination, which would eliminate the heat problem. 

Another type of three-dimensional sky is the cylindrical sky or semiel

liptical sky vault. In these skies, the sky luminance is achieved on a 

reflecting surface illuminated by light sources shielded from the fenes

tration of the model and located below the horizon or above the model. 

But in these sky vaults one can only study the daylight distribution 

from a single orientation at a time. 

Another variation of the three-dimensional sky vault is a mirror-type 

sky, in which the light flux from an overhead luminous source is redis

tributed by mirrored walls and produces an overcast sky distribution at 

the model location. This type of sky simulator is good for an overcast 
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sky, but the azimuth luminance cannot be varied. 

This historical review covers several significant daylighting multipur-

pose artificial skies. The methods of measurements are briefly 

described as follows: 

L type and dimensions of artificial skies; 

2. the source of light and sky effectiveness; 

3. measuring equipment; 

4. the scale of the model; 

/ 

5. names of authors, sponsoring institutions, and countries. 



1. Whitened room 
540/270/330cm 
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G. E. V. Lambert 
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Mirror chamber 
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6X5' fluorescent tubes 
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N.S.W., Australia 1970 
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1. Reflectarized Box Rectilinear 
5 X 4 X 3.6 ft. 

4. University of Strathclyde 1963 

5. David MacGowan (same 
researcher using mirror 
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1. Flattened Dome Commanw~~l~b experimental building station (1962) 

24 ft. diameter 0 

2. 4 x 5 ft. fluor 80 w. 
4 x 5 ft. fluor 40 w. 

3. 25mm. Selenium 
photocells 

4. 1/8 through 1 1/2" 

5 • Coi!Dilonweal th 
Experimental 
Building Station 
(C.E.B.S.) 
Australia 
1962 

1. Rect~linear 'box 
1. so: x 1. SOM and 2. 3M night 

2. 16 x 200 w. incandescent 
on moveable arms 
uniform llDD.inance + 2% 

3. 25mm. Selenium photocells 

4. Approx. 1:10 
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5. Royal Institute of Technology 
Stockholm, Sweden 
G. Pleijel, 1949 

The Pleijel Rectilinear Sky (Pleijel, 1949). 
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1. Hemispherical 
14 ft. 0 

2. 40 x 150 w. flood lamp 
overcast and graduated 
luminance 

D 

3. Honeywell pentax light meter 3°/12° 

4. 1" inch 

5: A. A. Leifeste, Jr. 
Rice University, 
Huston, Texas, U.S.A. 
1966 
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1. 

2. 

3. 

4. 

5. 

1. 

2. 

3. 

4. 

E 

Octagonal plan 
360/360 em, 165 em high 
opal plexiglass 

12 fluorescent 
13 incandescent 
uniform and graduated 
luminance 

Selenium photocells 

1:10 

R. Kittler 
Institute of Build. and Arch. 
Slovak, Academy of Science 
Czechoslovakia. 1958 

Source: CIE Pub. No. 5 (1960). 

Hemisphere 
4M 0 

16 X 500 W. 
lamps on mov~able arms 

Selenium photocells 

Approx. 1:20 - 1:30 

5. State Optical Institute 
Leningrad 
U.S.S.R. 
A. A. Gershun, 
V. A. Koy 
and Associates, 
1933 

Source: CIE Pub. No. 5 (1960). · 
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The Kittler Artificial Sky (Kittler. 1958). 

· A. A. Ceralma'a Model Sky (Zelenkav, 1933). 
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2. 

Room plus translucent 
hemisphere (dome) 
Room 7 x 5.5 M. 
Dome 4.1 M. 0 

40 w. floor lamp 
150 w. spot refl. 

F 

150 w. spot type P.A.R. lamps 
150 w. floor P.A.R. lamps 
650 CD/M2 or 3000 lux for 
C.I.E. overcast sky 

3. Selenum photocells 

4. Approx. 1 inch 

5. M. Vitute, Inui, S. Matsuda, 
Build. Research Inst. 
Osaka, Japan 1967 

1. Rectilinear Box 

2. 16 x 16 x 8 Mirrored Room 
5' x 4' x 2.5 box 

3. Selicon and E.E.L. BRS 
photocells 

4. Approx 1:20 

5. Research Building Station 
J. Longmore, 1962 
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1. Semi-Ellipsoidal 
Dome 
5.8M 0 
2.3M high 

2. 36 incandescent 
plus extras on stands 
Uniform and arbitrary 
luminance 
1:2.5 to 2.1, 2 Horizon 343 cd/m 
Zenith 686 cd/m2 

3. Selenium photocells 

4. 1:12 - 1:24 

5. Texas Engineering 
Experiment Station 
Texas, u.s.A. 
E. E. Vezey and 
Associates, 1955 

1. Hemisphere 
Translucent 
24 ft. {IJ 

2. HPMV 
Color corrected lamp 
C. I.E. overcast sky 

3. Selicon cells 

4. 1" through 1~" 

5. Cambridge University 
D. Croghan, 1964 

G 

The Sky at The Texaa AloM Enrlneeriag Exp. Station 
(Vesey, 1955). 
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The trnnsillumin:tted hemispherical artificial sky at the Cambridge 
School of Architecture. 



1. Hemispherical, 
4.5M 0 

2. Raw of incandescent 
graduated luminance 

3. Selenium photocells 

4. Approx 1:10 

5. W. Buning 
Inst. for Daylight 
Technique 1 Berlin, 
1953 

Source: CIE Pub. No. 5 (1960) 
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, The Cerman Artificial Sky ba Stuttgart (Bunbag, 1953). 

L·l•c••••m•...,. 

.......... , ,.,.._. 
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1. Flattened Dome 
7.3 M 0 

~~ artificial ·sky in Australia R-0 Phillips 

2c9 M high 

2. 48 x 40 w. fluorescent 
tube on suspending 
ring half way 
between the center 
uniform luminance + 2% 

3. Selenium photocells 

4. Approx. 1:10 - 1:20 

5. Conunonwealth 
Experimental 
Building Station 
(C.E.B.S.) 
Australia 
R. 0. Phillips 
and Associates, 
1950 

SECTION OF DOME 
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1.· Hemisphere 
3.05M 0 

2. Incandescent lamp 

3. Selenium 
photocells 

4. Approx. 
1:20 - 1:30 

5. Texas Engineering 
Experiment Station 
Texas, u.s.A. 
E. E. Vezey, 
1951 

1. *Hemisphere 
8M w/artificial 
sun perbolic mirror 
800 w. Tungsten -
Halogen lamp 

2. 2000 w. x 12 spot light 
clear & cloudy C.I.E. skies 

3. EEL-BRS day light 
photometer 

4. 1:5 - 1:30 

5. Slovak Academy of Science 
Czechoslovakia 
R. Kittler, 
1973 

Reproduced with permission from. 
Lighting Research and Technol
ogy, London, England,@) 1974. 
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1. *Hemisphere From 

9M 0 w7artificial 
sun (2000 w. bulb 
with parabolic 
reflector 90mm.) 
moveable along a 
meridian 

2. 72 x 300 w. incandescent 
240 x 30 w. fluorescent 
24 x 500 w. floor 
uniform luminance 

3. 

arbitrary graduated 
luminance, in range 

Selenium photocells 

4. 1:5 - 1:30 

5. Academy of Building 
and ArChitecture 
Perovo-Moskva 
U.S.S.R. 
N. M. Gusev and 
Associates, 1952 

1. *Hemisphere 
24 ft. 0 
w/ artificial sun 

2 -5 cd/m 
10-2000 

2. 100 flur. 4 ft. 1~" 0 
36 fluor. 2 ft. 1~" 0 
spot 750 w. x 12 
clear-cloudy automatic 
control 

3. Megatron 
photocells 
Silicon cells 

4. 1/8" through 2'~ 

5. Architecture Dept. 
University of California 
Lawrence Berkeley Lab 
Berkeley 
U.S .A. 
S. Selkowitz 
B. McSwain 
M. Navvab, and 
D. MacGowan 
1980 

.... 
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The U.S.S, R. Skydome (Gun•, 1950). 

CIE Pub. No. 5 (1960) 

_, .. _......, .......... ............... 
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II. DESIGN AND CONSTRUCTION OF A SKY SIMULATOR 

A wide variety of design approaches and numerous specific construction 

details were developed and reviewed in the course of this project. A 

large, dome-type sky was selected as providing the greatest possible 

flexibility for future model measurements. The critical design and 

operating constraints were, first, the desire to provide a number of 

standarized sky distributions, a variable ground luminance, and a sun 

simulator; and second, the necessity for simple conversions between 

differing sky, sun, and ground conditions without the need for research 

personnel. 

A. Conceptual Method 

In order to review the advantages and disadvantages of each design, an 

evaluation matrix was developed to compare different approaches to the 

design of sky simulators, for example an opaque sky vault lit from the 

inside versus a translucent sky vault lit from the outside. 

1. Introduction: Principle of the Evaluation, Methodology 

Rather than starting from a specific design solution, present or past, 

it was decided to establish a conceptual framework that could accomodate 

any method. All that was required was apparatus that could artficially 

simulate the luminance distribution (overcast, uniform, clear) of the 

sky for buildings (parts of buildings, groups of buildings). 

The evaluation method suggested here distinguishes two primary dimen

sions that help to analyze the problem: 
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(a) The simulation criteria are shown as rows on the following evalua

tion matrix. They include criteria relative to the design, con

struction, and use of the simulator. They constitute a generaliza

tion of a simple cost/benefit analysis that requires a single 

decision-maker who has an open mind. 

{b) The elements of a design solution are shown as columns on the 

matrix. Any particular sky concept can be described in terms of 

these elements, so that several columns can be grouped to represent 

a design solution that can then be compared to other alternatives. 

This method allows comparison of radically different approaches as 

well as evaluation of the effect of relatively small modifications 

to a design solution. 

The format used is schematized on the following matrix. 
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x format of the metrix 

use pages 25 through 28 

E D c B A 

I I 

A 

B 

I 
c 

use pages 

D 28 through 32 

E. 

F 

. 

i G 
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I J 
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With this matrix, a designer can identify those criteria that meet the 

design requirements for a particular sky simulator. Without prejudice 

one can look for similar or optimal design solutions. Depending on the 

criteria (such as space or budget), some of these solutions would be 

preferred. At this stage the decision-makers know that with the use of 

this evaluation matrix and the existing limitations, it can be decided 

which design proposal has the greatest advantage. In order to use this 

maxtrix one does the following: 

1. identifies simulation criteria (heads and details of rows). 

2. describes elements of solutions (columns). 

3. ranks each element of a solution with regard to simulation attri

butes, on a scale such as --, 0 +, ++. 

the + would indicate an advantage; 

the - would indicate a disadvantage; 

the 0 would indicate the absence of imaginable correlation: 

irrelevance. 

4. Ranks and gives weight to each attribute according to how critical 

it is to the particular design environment. 

5. Combines weighted attributes to obtain a profile for each solution 

element, or for the entire solution. 

At this stage, elements of the solution can be combined to generate 

numbers of alternative solutions. Steps 1,2, and 3 are general and tend 
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to be exhaustive, analytic. Steps 4 and 5 apply to the specific case: 

they tend toward selection, synthesis, design. 

Step 1, Identifying simulation attributes. 

here implies no ranking.) 

A. Simulation capabilities, types, ranges; 

(The ordering used 

elements simulated; sky luminance distribution 

1. overcast 

2. uniform 

3. clear 

4. "arbitrary" 

5. sun simulation 

6. ground luminance 

B. Accuracy 

1. range of latitude, solar altitude 

2. range of conditions covered 

3. accuracy of simulation of standard conditions 

4. replicability 

5. possible orientations of building relative to sky 

6. thorough rotation of model 



7. thorough sky rotation 

8. horizon error 

C. Constraints on environment 

1. physical dimensions of the enclosure (how large a 

scale model it can hold) 

2. structural properties of enclosure (how many 

different luminance distribution can be simulated) 

3. thermal environment: heat load 

4. ventilating load 

5. power load 

6. outdoor or indoor location of enclosure 

7. maintenance of the enclosure (how clean it can 

be kept) 

a. functional purposes of the enclosure, time of 

operation devoted to sky 

9. safety from theft, damage, wear and tear; 

ease of replacement, change 

27 

10. sensitivity of environment to failures (redudancy, 

emergency procedures); to fluctuations in the above 

physical variables 



E. 

D. Financial constraints 

1. construction budget 

2. maintenance budget 

3. equipment budget 

L Operator, user access; possibility of direct. 

observation from side, underneath 

2. time and skills to complete construction 

3. to explain operation 

4. to set up simulation session 

5. to vary simulation conditions 

6. to calibrate equipment 

7. to monitor simulation, collect outputs 

8. to maintain equipment 

Step 2, Describing·Elements of Solutions 

28 

Elements include physical parts as well as characteristics of the equip

ment and of the simulation procedure. 

A. Optical principle used for enclosure 

1. direct 
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2. diffuse 

3. refracted 

4. reflected 

(combination of above indicated by combining matrix columns); 

total absorption of sky simulator (luminous, thermal) is a conse

quence 

B. Physical properties of sky simulator 

1. structural: outer dimensions of proposed design 

2. available structural forms 

3. mirror box, geodesic, elliptical, hemispherical, rigid, col

lapsible, translucent, opaque 

c. Material 

1. transmissivity, reflectively of materials 

2. air flow for thermal effect 

3. durability of material 

4. precision and variability associated with material and struc

tural elements 

D. Accommodation and access of models 

1. range of model scales for buildings; space, orientation, 

available foreground and ground luminance 
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2. uncertainity and errors due to model's luminous interaction 

3. errors in luminous distribution and measurement due to size 

E. Accommodation and access of operator 

1. access: space available; movements allowed, required 

2. errors in luminous distribution and measurements due to pres

ence or movements of operator 

3. schedule of simulation procedure 

F. Characteristics of light sources 

G. 

1. emission type: incandescent 

fluorescent 

high-intensity discharge, etc. 

-2. dinmiability/dimming effects 

3. geometric control:point, line, area source 

4. color rendition; spectral distribution 

5. effects over life of light sources 

6. location 

7. time-lag to full operation 

Controls associated with sky simulator: 

motorized, or manual. 

moving parts automatic, 

\ 
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H. Controls associated with sky simulator's environmental parameters: 

(thermal) ventilation, passive or active systems, power load 

access. 

I. Lighting controls associated with enclosure: mechanical; moving, 

changing parts. 

1. manual or automatic variability of reflectivity, transmis-

sion, absorption associated with light sources; dimmers/ 

reflectors with lenses focusing 

moving direction of flux 

diffusers 

2. control location centralized, dispersed; 

calibration manual, automatic 

diffractors; 

J. Sensors:type and measurement procedure 

1. size 

2. location 

3. sensitivity 

4. calibration 

5. reading: visual - automatic 

digital - scalar 

6. recording method: manual, automatic 

Once this method was developed it was decided to seek out a series of 

options that would include all possible capabilities within our space 
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and.budget limitation. The.following is a discussion of the possible 

optionso 

B. Hemispherical Sky .!!.· Mirrored Bo:x: .!!.· Translucent Sky 

The luminance distribution provided by a sky simulator should be very 

close to real sky luminance patterns while at the same time providing 

enough light for taking measurements. It is possible to achieve the 

overcast or clear sky condition, or both, with a sky simulator and to 

have a minimum number of errors. A review of the advantages and disad-

vantages of various designs led us to three options: 

1. the hemispherical, or "dome" sky; 

2. the rectiliner or "mirror-box" sky; 

3. the translucent "dome" sky; 

SECTION 

HALF PLAN 
The principal f~turcs of a hemispherical artificial sky. 

FIG .3 

Source: 
Day lighting 
by R.G. Hop
kinson, -P • -
Petherbridge, 
and J. Long
more. 

Reproduced by 
permission of 
William 
Heinemann Ltd., 
London, England, 
(f;)l966. 
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1. Dome Sky 

The dome-type artificial sky consists of one of a number of sizes of 

hemispherical vaults having a lighting system at its base which 

illuminates the interior of the sky, usually made of reflecting 

material. The lights can take many shapes and designs. The distribu-

tion is either close to CIE standard or some type of uniform brightness. 

Some artificial skies have an artificial sun either at a fixed point or 

on a track to produce a clear-sky distribution. They perform a simple 

and straight-forward function in respect to models and architectural 

use. A disadvantage of these types of skies is horizon error. This 

effect occurs because the dome's horizon edge is a finite distance away, 

but in real situations the horizon is infinitely distant. In hemispher

ical skies light from below the horizon reaches the ceiling of the model 

(which is placed at the center of the dome) and back room wall. But 

light from the actual sky never reaches a horizontal ceiling directly, 

but only by reflection from surrounding environment, and light on the 

back wall is often obstructed by trees or other buildings. This error 

can be corrected by reducing the scale of the model or by increasing the 

size of the sky simulator (See discussion of horizon scale error in Sec

tion IV B, Accuracy of System). Achieving a luminance distribution a 

hemispherical sky close to that of the real sky is usually a difficult, 

trial-and-error process. This difficulty can be reduced to some extent 

in the "translucent" dome. However, exposure of the translucent material 

to high temperatures and ultra-violet levels is a major disadvantage, as 

a higher cost of construction. 
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2. Mirror Box Sky 

A sky simulator that overcomes the errors that can result in hemispheri-

cal skies is the mirrored-box, or rectilinear, sky. Basically it is 

built like a box in different sizes. The vertical walls are mirrored, 

producing an infinite series of reflections from horizontal sheets of 

white diffusing luminance material illuminated by its lighting system 

from behind thus an overcast sky distribution is easily achieved. A. 

model can be place inside if the simulator is big enough or can be out-

side with the window wall exposed to the sky simulator. With the recti-

liner sky simulator it is possible to achieve high levels of illumina-

tion, comparable to real skies. There is an unavoidable error which is 

produced by the reflection of the model itself .• 

Model 

Source: Daylighting, 
by R.G. Hopkinson, 

·· P. Petherbridge, and 
J. Longmore. 

Reproduced by 
permission of 
William Heinemann 
Ltd., London, 
England, @ 1966. 

~e principal features of a small rectilinear mirrored artificial sky. 

FIG. 4 

3. Translucent Sky 

A concept that involved a modified "translucent" dome was considered. 

This design consisted of a dome having a series of small standardized 

surface modules, each of which acts as a .light-emitting element with an 

output intensity that is computer-controlled. This effect could be 
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achieved in several ways. Each surface module could hold a cluster of 

fiberoptic sources, each driven by a controlled-output lamp. The angu-

lar output of the fiberoptic cable is intrinsically limited and can be 

altered, if desired, with a lens assembly. Another approach considered 

was to use a surface, composed of discrete light-emitting sources, such 

as is now used in large arrays for scoreboards at athletic events. 

These are already computer-driven to produce messages and visual 

displays. The use of other discrete light-emitting sources is possible 

too. 

FIG.S 

Source: Daylighting by R.G. Hopkinson, P. Petherbridge, and J. Long
more. Reproduced with permission of William Heinemann Ltd., 
London, England, @ 1966. 
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A review of these three options led us to believe that with the space 

available to us it was possible to design and build a sky simulator 

which could have many more capabilities than a "mirror-box sky." At the 

same time the "translucent sky" could not be constructed within 

budgetary constraints. Thus an opaque reflecting shell 24 feet in 

diameter (maximum size within available space) was selected in order to 

minimize the horizon scale error. 

C. Construction of Opaque Reflecting Dome Structure 

We were fortunate in being able to use a large interior space within the 

College of Environmental Design at the University of California, Berke

ley. Being inside simplified the problem of weatherproofing the dome 

structure. In order to provide adequate space to work within the struc

ture, to allow access to relatively large models, to minimize horizon 

errors, and to accomodate a ground reflectance capability, we decided 

upon a relatively large structure, approximate!~ 24 __ feet in diameter. 

After investigating a variety of sources for ready-made domes of this 

size, we selected a pre-manufactured 24-foot-diameter metal dome used as 

the top of a silo. These are cheap, provide a rigid fireproof struc

ture, are easily assembled with unskilled labor, and with minor modifi

cations provide an adequate interior reflecting surface. 

To provide better working conditions within the simulator, the metal 

dome was placed atop a seven-foot high plywood cylindrical wall having 

double doors to allow scale models to be moved in and out. (Fig. 6) 

First, the sheet metal dome was assembled on the floor of the room hous

ing the artificial sky. The dome consists of 44 sheet metal panels that 
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fasten to a support ring, interlocked and secured with clamps. (See 

Figure 6.) (These domes come in a range of sizes and are relatively easy 

to erect.) Care must be taken the the alignment of the panels and their 

attachment to the ring, so that the structur~ is symmetrical (Figure6f)· 

Once the sheet metal dome was assembled; the support walls were fabri

cated from lh" plywood sheets and .2 x 4 supports (see detail in Figure 

6), and propped in place around the perimeter of the dome (Figure6 ). 

At this point in the construction, a pulley was affixed to the ceiling 

of the room in which the dome was being constructed, and a hand winch 

was bolted to the wall. A cable was attached to the dome's support 

ring, run through the pulley and to the winch. The dome was then lifted 

off the floor and raised above the walls, which were then pushed into 

place underneath the dome, as shown. in Figure 6, The dome was then 

lowered onto the walls and the entire structure was secured and rein-

forced. 

Once this structure was completed, the clamps holding the panels 

together were replaced with rivets, the seams between panels were 

covered with specially selected masking tape, and the interior was 

sprayed with a flat white paint which provided a diffuse surface having 

approximately 80% reflectance. 

structed around the inside 

fixtures and reflectors. 

A dexion support structure was con-
' 

perimeter of the dome to support lighting 

Initial experiments and measurement were conducted on a simple platform 

constructed in the center of the structure (Figure6 ). Later, a more 

elaborate model table, with provision for rotation and lateral and vert-

ical adjustments, was designed and constructed. 
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One end of a 24" diameter flexible aluminum duct was fastened to the 

suppor t ring on the top of the dome, and covered from within by a cone

shaped battle. As shown in Figure (6) the other end of the duct was 

attached to a 2600 CFM fan that exhausts air to the outside of the 

building through a window. 

XBB 804- 5186 

XBB 816-5161 XBB 804 - 5188 
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Figure 6 

2~BB 816- 5169 
XBB 80Lj - 5189 

Y.BB 816- 5170 XBB 815-5175 

XBB 816-5163 XBB 804-5 191 
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Figure 6 

XBJ3 816- 5162 

XBB 804- 5190 

XBB 816- 5158 XBJ3 816- 5157 

XDD 804- 5185 XEB 804-5184 
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III. LIGHTING SYSTEM DESIGN AND LUMINANCE SIMULATION 
~' ' ' 

A. Lighting System Concept 

Developing an interior lighting system to provide the desired luminance 

distribution on the underside of the dome is generally a long and tedi

ous trial-and-error process. We developed a procedure that has worked 

well to speed this p~ocess. Any single light source and/or fixture hav

ing an arbitrary spatial output.distribution will provide a unique lumi

nance distribution over the inner surface of the dome. The net lumi

nance distribution over the entire surface from all light sources can be 

found by superimposing the contributions from each source. A computer 

program was developed(1,2,3) that stores a library of luminance distri.

butions (relative to zenith luminance) from many source types. The pro

gram will add the contributions from any.selection of sources to produce 

the net total distribution. Since there is rotational symmetry in the 

circular -floor plan; both the position and. the !nte_nsi~y- of each source 

can be varied. This technique has proved to be a highly successful 

approach to arriving at desired luminance distributions with a minimum 

of hardware investment and time. Data files were initially created for 

approximately 60 light sources where a "source" represents a single com

bination of lamp, reflector, radial location in the dome, and tilt 

angle. As each source was positioned in the dome, a luminance probe (1o 

field of view) was used to scan the dome. Luminance measurements were 

recorded at 118 standard locations. The computer program then allows 

selection of any number of source files, which can be positioned in any 

of 12 sectors in the dome, the intensities of which can be individually 

adjusted to simulate dimming. The resultant luminance distribution can 
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be compared to the desired values and modified in the computer by adding 

or subtracting sources until an approximation of the desired distribu-

tion is obtained. The lighting fixtures can then be set up and fine-

tuned as necessary to obtain the final luminance distribution. 

Typical lighting 
fixtures XEr 816-5137 

XBB 816-5142 

.. 

XBB 804-5192A 
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B. Lighting Power and Capability Estimation 

Before designing the lighting system inside the sky simulator, the size 

and the reflectivity of the sky hemisphere was defined. Based on these 

assumptions the effective use of the sky simulator volume and the boun-

daries of which the measurements must be taken had to be defined. Also 

the effective ph~tometric output of the proposed lighting system had to 

be calculated. The result of this study was determining the total 

installated lighting equipment power and the limits for the measuring 

equipment. The _following shows the calculations based on these assump-

tions !2, 3, 9, 10) 

Basic Units 

luminance: 1 footlambert = 1/wcd/ft 2 = 3.426 

m = meter 
cd • candle 
1m = lumen

2 I = cd/in 

w = solid angle 
t = luminance flux 
I • luminous intensity 
cp = candle power 

Solid Angle • ratio of spherics~ area (As) to the 

(R). Its units ~ steradian· (Sr) 

• 
FIG. 7 

E = illumination 
Footcandl~ = f/ft 2 

lux = f/m 
Footlambert = f/A 

of the ratios 

1 CBDdela 



45 

Luminous flux t • time rate of flow of light. 

Luminous intensity (I) • solid angular luminous flux density in a given 

direction: 

I=t 
Candle power = luminous intensity: ability of a light source to produce 

illumination in a given direction. • 

Illumination (E)= incident luminous flux density. 

$When the unit of luminous flux is the lumen and the area is in square 

feet, its units = footcandle (fc). 

$When the unit of luminous flux is the lumen and the area is in square 

meters, its units • lux (lx). 

E ·= t 

Luminance (photometric brightness) (L) = the luminous flux per unit of 

projected area and unit solid angle either leaving a surface at a given 

~oint from a given direction or arriving at a given point from a given 

direction. 

$when the unit of luminous flux is the lumen and the area is in square 

feet its unit= footlamberts (FL). Luminance is luminous intensity of a 

surface in a given direction per unit of projected area of the surface 

as viewed from that direction. 

when (I) is in lcd/in2 = 144n fl = 452fl 



"The effective volume" within the 
boundaries of which the measureme~ts 
must be taken, in order to achieve 
considerable a'ccuracy. (The dotted 
line shows this "effective volume" 
within the artificial sky system). h 
Se~ fig (14) 

The radius of the sky hemisphere (already defined) 
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R = 12.'25 ft 
r = 3 ft 
h = 7 ft 

r[m] 

Luminanc~ of a theoretical uniform sky. This sky is equivalent (judging 

by the horizontal light irttensity it can create at the base of the hemi~ . . 
' 

sphere) to the nonuniform sky we would like to work with.* 

The horizontal light intensity created by the "equivalent uniform sky" 

at the hemisphere base. The uniform sky is defined by Leq, and we can 

show that EH =WL ** 
eq 

•• J. • • ..f 

The lowest measuring .range in which the measuring equipment can still 

supply accurate and ; reliable results (in units of light intensity). 

~[lux] 

The lowest D.L.F. (Day Light Factor) that we might be interested in 

detecting, in a reliable way. Dk[%] 

The reflection coefficient of the internal coating of the sky dome. 

The efficiency of the sky dome lighting system - the photometric flux 

reaching the surface of the sky dome compared to the photometric output 

*If, forexampfe;T·esf work with a "clear sky" is going to be 
done. The luminance of the equivalent "uniform sky" can be calcu-
lated by integrating the contributiort of a certain "clear sky" sky 
dome (through Kittler's formula) to horizontal light intensity. 
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of light sources of the systems. 

The photometric efficiency of the sky dome lighting system light source. 

E [1m/watt] 

The light intensity that can be measured on the internal sky dome sur-

face, when lighted for the equivalent uniform sky conditions. 

Es[lux] 

Solid angle • ratio of spherical area {As) to square of radius {R) 

w • As/R2 

Horizontal light intensity at the center of sky simulator 

EH [lux) 

integcation all over the sky simulator hemisphere** 

E = 7T.L 
eq EH = L sin a dr 

7T/2 
= L / [<r cos 27T dar)/27Tr2J 27T sina eq 

0 

7T/2 
·= 27T L /.cos a sin eq a d a = 

0 

Leq/1/2 

TI/2 
= 27T 2 

ala sin = 27T L X 1/2 = ~. = 7T L eq eq 

The multiplying factor that might be needed to define the maximal point 

luminance we would like to have at the sky simulator, when working with 

"nonuniform sky" luminance conditions (compared to Leq). 

The preferable diameter of the parallel light beam {column) representing 

the direct sun radiation 

2r""[m) 
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The cross-section area of the parallel light beam (when measured within 

the effective measuring vqlume). n r'2 

A [m] 

The multiplying factor that might be need to define the maximal horizon-

tal light intensity from the "direct sun radiation" (simulated by the 

parallel light beam), for a "sun" in the zenith, compared to the hor-

izontal light intensity received due to the luminance of the sky dome. 

The efficiency of the parallel light beam, lighting system. 

N' [%] 

The photometric efficiency of the parallel light beam, light source. 

E'[lm/watt] 

Assuming that the coating of the sky dome has a perfect diffusive quali-

ties. 

To enable the measurement of the small (as needed) DLF, taking into 

account the sensivity of the equipment. In the minimal case we will 

require (remembering that E = 

Rs. 

E 100. = 8100 
s 1J -n:-

k 
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The dimensions of the sky dome hemisphere, as already defined 

r = 12'-3" = 3.75[m] 

Assuming: that we would like to measure DLF as small as 0.01%. The 

lower reliable sensitivity of the measuring equipment is 0.0251ux. The 

light source being used is Tungsten Halogen, having a photometric output 

of 25 [1m/watt], and with other assumptions, the variables will get the 

values of: D k = 0.01[%] 

S = 0.025[lux], 0.050 [lux] 

r "" 3.75[m] 

n = 40[%] 

Rs • 70[%], 75 [%], 70[%] 

E = 67 for PG17/cw fluor. lamps= 1m/watt = 7450/110 = 67 

therefore: 

For S = .025, Rs = 70[%]. 

EH = sbOO = 250 [lux] 
k 

79.6 [lux] 

357 [lux] 

The effective photometric output of the sky dome lighting system, the 



minimal case, and not including the "sun" system: 

2 
"s = 2••.104~-- = 31,556 [ lm] 

k.Rs 

and the electrical power needed in this case: 

2 
Ps = 2n:106~Rr ____ = 783.3 [watt]. 

k s.n.e 
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The effective photometric output .of the sky dome lighting system, the 

maximal case, not including the "sun" system: 

fs.k1 = 104,975[lm] 

and the electrical power needed in this case: 

Ps·k1 = 3916.9(watt]. 

The power can be as high as ten times the diffused horizontal light 

intensity from the "sky": k2 = 10 and that the diameter of the parallel 

light beam is 2r = l[m] and assuming that the same light source will be 

used (Tungsten Halogen), and with other assumptions, the variables will 

get values of: 

r' = O.S[m] =A =nr'2 = 0.785[m2] 

n' = 20[%]F' = 25[1m/watt] 

n' = 20%E = 1m/watt =5700/2000 = 28.5 

The effective photometric output of the "parallel light beam" system, 

the mimimal case: 

tn 2s.A.k2, 
= 1960. [1m] = 10 --'--

Dk 

tn 4
s.A.k2 · 

~390. [watt] = 10 ---·-.n.e = 
Dk 
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The above values, defining the proposed system, are the minimum possible 

to enable the reliable operation of this system. However, to allow for 

uninterrupted measurement work on whole sequences of natural lighting 

situations, such as the typical changes during a "clear sky" day- there 

will be a need for a much wider range of operation. A practical range 

of work is four times the minimal value. Therefore the work values 

should be higher than the above mentioned values, to ensure that in 

practical work the system would not operate in higher range than 2/3 of 

its highest working values. So that the effective range of operation of 

the system will be within the intervals of: 

EH = 250[lux] .&. lOOO[lux] . 
L = 320 .:. 80 [ cd eq . ;zr 

Es = 1440 . 360 [lux] . 

fs= 31,536 .&. 126,200.[1m] . 

Ps = 783 .&. 12,600 [watt] . 

td = 1,960 ~ 7,850 [lux] 

For a cross section area of .785m2 =En=2,50~ 10,000 [lux] 

Pn = 1,570 [watt] 

So the effective photometric output of the whole system will be within 

the range of: 32,560 T 134,070 [lm] and the corresponding electrical 

power: 3,550 ~ 14,200. [watt]. 

Therefore it was decided to design the heat-dissipating system for a 
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load.of 14. kW. 

It was important to find out that the total installed lighting equipment 

power in this case was 

(783 x 5 + 390.)6 S! 26,000. [watt] = 26 [kw]! 

However, in no practical situation would there be a need to use all this 

power, at the same t.ime! 

C. Lighting System and Controls 

A four7stage development plan for the ar~ificial sky lighting and detec

tion system is shown in the following table. 
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DEVELOPMENT SCHEDULE 

FIG.8 

SKY DETECTOR 
LIGHT SUN SYSTEM CONTROLS MODEL 

STAGE 1· C.I.E. OVERCAST, INDIVIDUAL SINGLE 
TEST S!T UP LIGHT SWITCH TABLE ON 

INSIDE PLATFORM 

STAGE 2 C.I.E. OVERCAST MEGATRON EXTERNAL ROTATING 
AND CLEAR SKY READING AT CONTROL PANEL PLATFORM 
TEST CONFIGURATION MODEL INDIVIDUAL WITH ADJUSTABLE 
FOR ONE SUN LIGHT SWITCH HEIGHT 
POSITION OUTSIDE 

STAGE 3 C.I.E. OVERCAST SUN TEST MEGATRON CONTROL PANEL HORIZON 
AND CLEAR SKY SYSTEM TEST SYSTEM WITH DIMMING CURTAIN 
PERMANENT READOUT AND SWITCHES 
CONFIGURATION CONTROL 
FOR 3 SUN POSITIONS PANEL 

STAGE 4 C.I.E. OVERCAST SUN IN PLACE LI-COR CONTROL PANEL GROUND 
AND CLEAR SKY PHOTO CELLS WITH CHARTS REFLECTANCE 
ALL SUN POSITION CUSTOM AND VOLTAGE SIMULATOR 

RECORDING MONITORS 
SYSTEM 
CUSTOM 
DETECTOR -

" SYSTEM 

The lighting system was designed to provide uniform, CIE overcast, and 

several CIE clear skies and consists of two major•elements. A fluores-

cent lamp system arranged in 12 banks of fixtures on a steel frame just 

below the horizon line, evenly spaced around the edge of the dome, pro-

vides the basic background luminance of the sky, which does not vary 

with azimuth angle. Each sector consists of five fixtures holding two 

4-foot fluorescent lamps mounted perpendicular to the dome radius. By 

using various reflecting and absorbing panels positioned at different 

angles between the lamps, uniform and CIE overcast skies have been 

duplicated and the horizon-to-zenith variation of clear skies can be 

achieved. An array of narrow and wide-angle spotlights has been 
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installed to provide the azimuthal variation in clear skies for sun 

altitudes of 90o, through 40o. Agreement between the uniform and CIE 

overcast sky distributions and those achieved in the sky simulator are 

excellent. A uniform, overcast, and clear-sky distribution as measured 

in the dome are compared to standard CIE distributions in Figure fi g.42 

The lighting fixture design began with a study of fluorscent fixture 

reflectors available on the market. New reflectors with their geometri-

cal properties were constructed out of cardboard and Mylar and mounted 

on the 4-foot fluorescent fixtures. After extensive testing, four dif-

ferent design configuration were constructed, one for each ring. (See 

Figure 9 .) Based on this design a series of tests was conducted to 

produce certain luminance distribution. New modifications were made to 

change the cardboard reflectors to aluminum reflectors having adjustable 

turn knobs to control the altitude angle. (See Figure 10.) 
FIG.9 

XBB 816- 5181 XBB 816- 5182 
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FIG. l O 

YBB 816- 5149 XBB 816-5183 

XBB 816- 514 5 XEE 816- 5138 

The original lighting design concept included the use of individually 

dimmable fluorescent ballasts to control the light output of each fix

ture. In theory this would allow fine-tuning of the distribution and 

recalibration of light output, fixture by fixture, based upon lumen 

depreciation, temperature effects, and intrinsic lamp-to-lamp varia-

tions. Extensive testing in 1980 showed that as of that date, dimmable 

ballast technology was not sufficiently robust and cost-effective to 

warrant this approach. It was decided to change to on-off switching, 
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voltage control techniques, and group dimming hardware to provide the 

control needed to switch from a uniform sky to either an overcast or a 

clear-sky distribution. The test results for performance of group dim

? 
ming are shown in Figures 11 and 12. 

FIG.ll 

ta TEJI'.<C> 

TliiE<IIDI. ) 

.~----------------------. . . .• .. - ,. 

1. Test results on tarperature of ballast, 
larrps, reflector wi th::lut · di.nm:i.ng system 
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FIG.12 
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2. Test results on terperature of ballast, 
lamps, reflector with dimming system 
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3. Test results on dimming system 
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4. Test results on unifonnity of dimming 
system 

58 
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An additional study of the advantages and disadvantages of reflectors, 

lamps, and ballasts was conducted. The study showed that the initial 

lighting system design provided approximately 150 footcandles on a hor

izontal surface at the model location for an overcast sky. This was 

done by cardboard Mylar reflectors and WATTMISERII 35 lamps. The study 

also showed in order to do a series of conversion for achieving dif

ferent conditions electronically, the following were required: 

CONDITION OF SKY 

1. clear 2. uniform 3. overcast 

CONVERSION OF CONDITION 

1. cloudy---uniform---clear (A) 

2. clear----uniform---cloudy (B) 

There is a need for higher level of illumination than 150 footcandles. 

The 4D-watt lamps were replaced by PG17 Power Grove and the reflectors 

were changed to aluminum Mylar reflectors. 

REFLECTORS: 

1. Cardboard Mylar 2$ per ref. Total= $120 

2. Aluminum Mylar 5$ per ref. Total= $300 

3. ALZAK 60$ per ref. (materials) Total = $3600 

This will raise illumination levels to 500 footcandles for uniform sky. 
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The following table shows the SUDIIlary of all teat results and availa

blity of lamps on the aarket for the system and their cost. 

2.Lamps: 

Watt Miser II35 

Clear 

Uniform 

Cloudy 

F 40 Daylight 

Clear 

Uniform 

Cloudy 

PG 17 Power Grove 

Clear 

Uniform 

Cloudy 

Intensity Cost 
Dollar-$ 

Aclv--Dis 
(LUX)*10 

A 

77 

ils 

138 

90 

136 

162 

302 

450 

540 

B 

151 

126 

89 

172 

.79 per lamp 

Ballast $10 

600+120.720$ 

1.12 per lamp 

-low 

Dim--

146 Ballast Dim $40 Reg $18 Mid-L- -low 

100 Total 2400+140•$2540 -color 

600 4.04 per Lamps 

504 Ballast $26 ($63) 

336 Luaecon 280 

Total•1560(280)+480•3780$ 

DIM--

which can be converted by dimming and addition of spotlight to either 

clear sky or overcast sky. Now availability of 400ftcd., or 350ftcd. on 

horizontal surface at the model location for clear or overcast sky gives 

a benefit to the facility to become more useful for visual assessment of 

designs lighting disabilities. 
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3. Dimming: 

The three options for dimming the lighting system and their cost 

1. Lutrun System 

Continuous Dimming or 3 Position which gives limited 

options 

Cost • 

2540 

2 • Fixed Dimming 

Using Different Capacitors for Different Level of 

Intensity 

Cost•$1200 

3. Lumecon System 

%50 Continuous Dimming With 1500 MA Ballast 

Cost•3780 

Life Time estimation for the (amp was based on these assumptions: 

4BR/Day 5Day/Week 50 Week/Year 

lOOOHR:/Yea r 

Approx. Lumen at 40% Average Life 

1. Watt Miser II 35 losses 7% of its initial output 

2. F40 Daylight losses 2% of its initial output 

3. PG17 Power Groove loses 7% of its initial output 



RECOMMENDATION: 

1. 

2. 

Aluminum Mylar Reflector 

Within 5 Rings of Lamps: 

Ring 1st thru 4 Use PG 17 Power Groove 

3. Usage of Lumecon Dimming System 

for Ring 1 thru 4 or Voltage Regulator. 

Control 
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The lighting system was installed within 12 sectors inside the dome. The 

system consists of five rings (see Fig 13). There are twelve fixtures 

within each ring. Each ring has been divided into two half-rings for 

control. Each half a ring can be switched off or on or dimmed to 

desired intensity. Figure 13 shows a simple diagram of control system 

for fluorescent& lamps and control panel. 



Schematic Diagram of One Ring Wiring 

5 

6 4 7 

0 8 DO lh Q 1. fluor. lamp 
2. projection lamp 

0 8 D D 3. lumecon dimmer 

EJ 4. dimming switch 
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0 .s D D 0 
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1: 
0 

0 

0 

6. 
7. 
8. 
9. 

I 
I 
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on/off switch 
volt meter 
luminance meters 
charts & references 

10. projector switches 
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w 
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D. Sun Simulator 

We considered three approaches to adding a direct sun simulation capa

bility. (7 ,8) The simplest approach is to separate sun simulation from 

sky simulation by constructing a stand-alone sun simulator. We designed 

such a facility, which has the advantage of providing a large-area col

limated beam (approximately 5 feet in diameter) while introducing no 

disturbances in the sky simulator. It does, however, require taking two 

separate measurements and then adding both results. 

A sun simulator can be added to the sky simulator in two ways (see Figs. 

15,16). The artificial sun can be mounted on a track that traverses 

from near the horizon to the zenith. (See Fig. 15) The circumsolar sky 

component may be added to the movable sun source as described in Refer

ence 8. Alternatively, the sun source itself may be mounted remotely 

from the dome structure, and a moving planar mirror can be used to 

introduce a collimated beam at the model position. The latter approach 

places fewer constraints on the size, weight, and power consumption of 

the sun source. It requires a porthole in the dome skin which can be 

moved from horizon to zenith in order to vary solar altitudes. (See Fig. 

16.) In both designs the full range of incident angles at the glazing 

may be obtained by rotating the model platfor~. 

The metal dome was built with a removable skin section that would allow 

either of the sun simulator designs to be incorporated into the sky 

facility. In the short term, a separate sun simulator will be con

structed. After some experience is gained using the facility a decision 

about adding an artificial sun inside the sky dome itself will be made. 
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, Figure 16 
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E. Ground Reflectance Simulator 

Ground-reflected light must be considered in both indoor and outdoor 

model studies. The ground reflectance can be minimized by using a black 

foreground that extends to the horizon line. The ground-reflected con

tribution can then be added to the sky component by a separate measure

ment in which the model is inverted and the sky used as an effective 

ground plane. The desired ground-plane reflectance can also be simu

lated by providing an area with the appropriate reflectance in front of 

the model. This may introduce two difficulties. The diffuse ground

reflecting plane will bounce light back to the sky, altering the 

apparent sky luminance distribution. Second, it is possible to simulate 

ground-reflected light derived only from the sky. In actual design 

situations the sunlit ground can be the major contributor to light in a 

room. We have developed a design that provides a ground reflectance 

capability without these difficulties. The model foreground is con-

structed as a translucent surface, lit from below by a dimmable light 

source. For any given sun position, sun intensity, and ground reflec-

tance being simulated, the ground luminance is easily determined. The 

light output of the sources below lthe translucent foreground is then 

adjusted to provide the proper luminance relative to the sky luminance. 

(See Fig. 17) 
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This method provides the proper ground brightness for the model, but 

would add an unacceptably large luminous flux to the sky vault, altering 

the sky luminance distribution. This problem is solved by placing a 

louvered screen over the translucent ground plane so that the emitted 

light flux is selectively directed toward the model aperture. This per

mits a high apparent ground luminance for the model with a minimal dis~ 

turbance of the sky luminance distribution. In addition, variable fore

ground reflectance can be simulated by using neutral-density overlays 

properly positioned on the ground 

that this approach will provide 

plane. Preliminary tests indicate 

the desired control of ground-plane 

luminance. 
FIG.l7 

ENTRY 

PLAN OF ARTIFICIAL SKY 
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FIG.l7 

support system 

(GROUND SIMULATOR 

louvers 

diffuser 

vertical support 

lamp 

fixture 

Typical Section 
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F. Ventilation 

A large heat load was generated by the lighting system inside the dome. 

A 2-speed, 2600 cfm fan was installed to remove air through a circular 

duct attached to the top of the dome. (Fig.1 9 ) The intake to the dome is 

through 40 filtered openings at the base of the dome. As it moves 

toward the outlet, incoming air flows over the light fixtures at the 

periphery. Without the fan, dome temperature rose 16o F with approxi-

mately 5 kW of installed lighting. With t~e fan on a low-speed setting, 

the temperature increase was limited to less than 2o F. With a full 

lighting load of 15-20 kW, the fan will limit the temperature increase 

to less than 5o F. See Fig . 18 

•• 

88 

• 

71 
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FIG .19 

XBB 816- 5172 

XB B 816- 5173 
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G. Model Platform 

A model platform was constructed that could hold large architectural 

models (up to 6 feet across), that would allow for required adjustments 

of model height relative to sky horizon, and and that would allow safe 

access to the elevated model. (Fig. 20) The height of this platform can 

be adjusted to replicate positioning of fenestration in multistory 

buildings relative to the horizon. The entire platform rotates, allow-

ing the model to be positioned relative to a clear-sky distribution. 

This rotational capability is not required for uniform or overcast 

FIG. 20 
skies. 

MODEL 

PLATFORM 

XEE 816-5179 
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H. Models 

Current uses of scale models were examined to reveal how they might be 

used more effectively. The purposes of this section are as follows: 

1. Classification of three-dimensional models according to their use, 

·purpose, or scale. 

2. Investigation of the use of three-dimensional models in architec-

ture • Evaluation of the current uses. of three-dimensional models. · 

3. Models for research in lighting. 

1. Classification 

The proposed system is comprehensive, permitting all the three-

dimensional models to.be assigned to categories and types. Some models 

may have more than one function and would quality for more than one 

classification. In these cases, the model is classified as to its 

intended major purpose. A model built for small-scale study but later 

used for demonstrating a scheme or for testing and analysis would be 

such a multi--purpose model. Some models may change classification 
. ' 

depending upon the intent ·Of the user and the way they are used. 

All three-dimensional models can be classified into two major 

categories. These are Demonstration and Investigation. Each group can 

be further divided into several types which are employed within or are 
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related to the architectural curriculum. See listing below. 

The following is a description and critical discussion of the two groups 

and the types of models included in each. 
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Definitions 

A number of terms relevent to the study are defined as follows: 

1. MODEL (n. )-That which "exactly" "resembles something: a copy. A 
miniature representation of a thing: sometimes, a facsimile of 
the same size. An archetype. Something intended to serve, or 
that may serve, as a pattern for something to be made: as a 
clay model. 

2. THREE-DIMENSIONAL MODEL-A model which has length, breadth, and 
height. A representation of a system, object, structure, or 
any of their respective elements which have definable form or 
occupies a volumetric space. 

3. DEMONSTRATION MODEL-A model used as a process or means of pointing 
out various· facts, situations, or conditions: a portrayal or 
proof: an explanation or illustration. 

4. INVESTIGATION MODEL- A model uses primarily to obtain information 
by a process of synthesis, inquiry, or research. The informa
tion sought may be of a visual, technical, or conceptual na
ture. 

5. PROTOTYPE MODEL- An original or model after which anything is 
copied: pattern archetype: a primary form. 

6. MOCK-UP MODEL- An imitation of a system, object, or structure, or 
any of their respective elements: normally at full or expanded 
scale: a demonstration device. 

7. VISUAL STUDY MODEL- A model primarily intended only for informa-
tion, instruction, or assistance of the maker: for the purpose 
of assisting visualizat~on or expressing conditions otherwise 
not easily assimulated in other media. 

8. TESTING AND ANALYSIS MODEL - A model primarily intended to obtain 
specific data normally of a technical nature, relating to phy
sical performance. A device which is so related to a physical 
system that observations on the model may be used to predict 
accurately the performance of that aspect of the physical sys
tem. 
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9. EXPLORATION MODEL- A model used to systematically seek or search 
for information: a device which may be employed to inquire 
into areas of unknown, unpredictable, or conceptaul nature re
lated to architecture: a tool for research. 

10. SMALL-SCALE MODEL- Miniature: reduced in size but generally re
taining the same proportions as the prototype or intended sys
tem. 

11. FULL-SCALE MODEL- Same size as the prototype or intended system. 

12. DIMENSIONAL ANALYSIS- A mathematical method for determining specf
ic variables of homogeneous functions. The method may be ap
plied to models to determine certain data relating to perfor
mance. 



76 

2. use of· the Model 

The model has two primary purposes in architecturai education and study. 

The first is for the three-dimensional model to serve as a tangible 

object that aids in communication• It may function in the following 

ways: 

(a) as an aid for the instructor to communicate information to the stu-

dent. As an aid for the student'to communicate to the instructor, 

staff members, or students. 

(b) as an aid for the users to communicate information to themselves. 

(c) as an aid for the users to communicate their ideas to other staff 

members. 

(d) as an aid for communicating information to the layman who would 

otherwise find it difficult to interpret that information. 

The second purpose is for the three-dimensional model to serve as an aid 

for investigation, a way to obtain information of a visual, technical, 

or conceptual nature by, testing and analysis or by exploration. Every 

model must fulfill at least one of these two purposes or it is of no 

value as an educational device. 

Several major problems concerning the use of three-dimensional models 

have been raised by this study. They will be discussed in the following 
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Models have their best applications in the creative phases of the curri

culum. Models are the most vital to the basic design sequence. They are 

employed at the time when the student is least familiar with three-

dimensional conception. 

association. 

Models help to stimulate thinking and visual 

Models for architectural design and city planning have an equal position 

of importance. Although they have been exte~sively applied in these 

areas of study, they have many limitations and should be carefully 

evaluated before their use 

Demonstration models for structural theory and design would make a valu-

able contribution to the curriculum. speeial models or devices can 

be effectively applied to illustrate stress distribution and other 

structural conditions. 

3· Models for Research in Lighting 

Scale models are most useful for studying daylight conditions. The 

light property shows the validity of this method simply because the day

light factor is a dimensionless quantity that depends only on angles and 

lengths. (See Section IV B. This makes the daylight factor appear only 

as a ratio. It is valuable to have a method at the early stages of 

design to obtain a rough estimate 1of the effect of changes in design. 

The scale model is the most appropriate tool for this purpose, but the 

selection of the scale for the model is very critical. It cannot be too 

small, making it impossible to do measurements, or so big it becomes 

intractable. This applies especially to materials that have to do with 

the transmission, reflection, and scattering of light. The remaining 
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part of this section.discusses the scale of models and its limitations 

of scale, construction of models from different materials, internal 

reflectance and reflectivity of . materials, and glazing detail and 

material. The following charts summarizes the study's results. 

) 
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(a) General scales of models 

Metric 1/100 1/200, 1/300 in site planning 

= 1/8" volume shown 

= 1/4" doors, windows shown 

= 1/2" windows and doors, details shown 

= 1" interior design, details shown 

(b) Limitation in scale 

Because of the size of the platform inside the dome there are limita-

tions to making test models. The size of the platform is 4 x 4; if 

relate this size to the above scales we are dealing with areas such as: 

= 1/8" = 384' X 384' 

= 1/4" = 192' X 192' 

= 1/2" = 96' X 96' 

= 1" = 48' X 48' 
see next page for figures 

(c) Useable scales for light testing 

In conclusion we can say the scales that are useable for all our pur

poses (light fixtures, furniture) are 1/2" = 1/' and 1" = 1'. 

For information regarding model furniture for building architectural 

daylighting models, see Appendix A. 
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XBl' 816- 5180 XBB 817 - 6203 
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Construction of accurate models requires special tools, skills and 

experience. 3 •4 • 5 • The model should be built strong enough to tolerate 

a lot of moving, being mounted and dismounted for different studies. 

Corners should be square and light. Plywood, fiberboard, presswoods, 

foamboard, cardbord, and balsa wood are acceptable materials for models 

and are the ones most often used. Each material has advantages and 

disadvantages: for example, plywood is heavy and splinters. Presswood 

and balsa wood are brittle, and foamboard is reflective up to 80%. 

Sometimes it takes a great deal of skill and experience to construct a 

satisfactory model. In order to facilitate construction of simple 

geometric models, a platform was designed which has slots that can hold 

a series of small-scale wall panels. (See Figure 21) 

Figure (21) 

XBB 804-5183 

With this platform small rooms having a simple geometry can be con

structed quickly. For modeling reflectivity, the walls could be painted 

or a different cardboard having a known reflectivity could be pasted 

over an existing model. 
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The study shows (See Figure 23) that reflectivity of different materials 

and surfaces has a great effect on the light intensities in the space. 

It is important to model the effect very accurately. The major surfaces 

the reflectivity of which must be considered are first ceiling, then 

wall opposite fenestration, and last the floor, because the measurements 

are usually made at task level which is 3 feet or 30 inches above the 

floor. To prepare for modeling or duplicating different reflectivities 

or surfaces, a survey was made on the availability of different card

boards. Their reflectivities under the sky simulator were measured. 

Now for any desired reflectivity materials are available which can be 

used not only for accurate internal reflection measurements but also for 

representation of surfaces for visual evaluation and architectural 

presentation. 

Another important issue in modeling is duplicating fenestration systems. 

The openings in models which represent the glazed windows are satisfac

tory but for accurate analysis of the system the model has to show the 

glass and, if possible, mullions . A material which has been used as an 

actual shading device (Dupont Mylar) was found very suitable for model

ing glass. Special consideration should be given to the effects of all 

obstructions, the spacing of columns and mullions, horizontal and verti

cal louvers, or elements within a fenestration system (See Figure 22) 
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5 

· Early experiments and studies showed that ground reflectance and the 

terrain are important factors to the illuminance distribution of the 

space adjacent (See Figure 23). The ratio of the light striking the 

fenestration system from the ground or terrain to the total illuminance 

reaching the fenestration should be the same for both the actual build-

ing and its model. With a curtain inside the sky simulator, there is no 

ground reflectance but with the use of a ground reflectance simulator 

different ground reflectivities could be produced For testing methods 

and the use of model within sky simulator, see Section IV B Accuracy of 

the System. 
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XBB 816-5 153 XBB 816-5155 

XBB 817-6206 XBB 817-6209 

XBE 817- 6208 XBB 817 - 6207 
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XEB 8 17-6212 XBB 817 - 6211 

XBP 8 17-6194 XED 8 17-619 2 

XBR-817-621 0 XBE 8 17- 62 1 3 



87 

XP.E 816- 619 1 XBB 817-6190 

XBB 817- 6195 XFI3 817 - 6189 

XBB 816-5165 XBB 804- 5192 
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I. Instrumentation 

The instrumentation that has been used in model studies to date has con

sisted of a variety of selenium and silicon photodiode sensors, all 

cosine- and color-corrected. Data have been recorded manually from the 

photometers. A new data acquisition system using small silicon photo-

diode sensors has been specified and will be used in all future studies 

in the sky simulator and for related outdoor model studies. 

The instruments used for illumination studies in the artificial sky are 

as follows (See Fig. 24a): 

1. Tektronix option 1 and 2 jl6 Digital Photometer 

2. Tektronix option 1 and 2 j6511 Illuminance Probe 

3. Tektronix option 1 and 2 j6523 One Degree Angle Luminance Probe 

(option 1 English Scale, option 2 Metric Scale) 

4. Megatron Architectural Model Luxmeter 

s . Spectra Model 1980A Photometer 

6. Li-cor Illuminance Probes 

7. Litemate/Spotmate System 500 Photometer 

8. Photoelectric Cells 

~· The Obliquity Correction of A Silicon Photovoltaic Cell for Specific 

Use 

An investigation into the characteristics of the various types of light 
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sensoring devices marketed in Great Britain, and U.S. led to the selec

tion of the silicon photoelectric device. (5961-602-6510) P/N 1025-161 

This unit, manufactured by Marvellum Company, has approximately 1/4" to 

1/8" overall sensitive surface. 

Due to reflection from the specular surface that forms a protective win

dow over the photoelectric sensitive surface, and screening introduced 

by its protective casing, the response of this unit to obliquely 

incident light was not proportional to I~= I Co~. In other words, the 

unit did not obey the cosine law of illumination. Since illumination 

incident on a horizontal plane at the far point in a normal side-lit 

room is from angles of elevation in the vicinity of 30° or less, it is a 

fact of prime importance that the device used to record the magnitude of 

illumination must obey Lambert's Law. (6) 

The same basic correcti.on technique used by Pleijel and Longmore was 

used in the obliquity correction of the photoelectric device. Since the 

ratio I Cos ~ I~ increased as the angle from the normal increased, with 

the latter showing the most rapidly increasing trend towards zero, it 

was necessary to collect all incident visible radiant energy in an 

artificial intermediate device which would project the correct amount of 

flux onto the receptor surface. 

Because of its nearly ideal diffusing and transmitting properties, No. 

2447 Plexiglass white manufactured by Rohm and Hass was selected as the 

obvious light collector and diffuser. This material provided the addi

tional advantage of being non-selective within the visible spectrum. 

After constructing of a housing from cylindrical Plexiglass tubing for 

the photoelectric device, a 1% precision resistor was placed across the 
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output of the silicon photoelectric cell in order to set the output val-

tage calibration to lmv 10 lux. With a small cable the photovoltic 

device can be connected to a voltmeter for reading out ~he measurements. 

Overall cost of this device compared to other eosin-corrected photocells 

is very low. This device can be used for model measurement inside the 

sky simulator since the overall illuminance output of different sky 

luminance distribution is defined . Also the device can be calibrated for 

any desired level of illumination for outside measurement. 

FIG.24A 
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Figure 
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XPB 817-6188 

(Megatron luxmeter) (Tektronix probs) 

XEB 817-6204 

(Litmate photometer) 

XBB 816-5144, 

(Spectra model 1980 A Photometer) 
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IV. C.I.E. OVERCAST, UNIFORM, AND CLEAR SKY CONDITIONS 

The working overcast sky distribution was attained in the summer of 

1980. Since that time the facility has been used successfully by 

several architectural firms for designing office buildings. Comparative 

measurements were made for a small office model both in the sky simula

tor and out-of-doors. (Fig.2,3) Results of indoor tests were compared to 

the C.I.E. standard. Agreement was excellent, as was shown in Figure 

23 Studies are now in progress to compare the output of several com-

puter programs with results from the sky simulator. 

Reflectors were adjusted upward toward the center of the sky, aiming at 

zenith. The spotlights are adjustable and can be aimed at desired solar 

altitude for producing the luminance distribution around the sun. The 

fluorescent lamps are adjusted and dimmed to simulate uniform luminance 

distribution in the sky simulator. The illumination on a horizontal 

level is 400 ft.cd S4000 lux over an area 10 feet in diameter at the 

center of the simulator plus or minus one per cent after 8ft. diameter. 

The overall brightness of the sky these conditions is about 1,280 foot

lamberts. Figure 24. shows preliminary results for sky simulation of an 

C.I.E. overcast sky and clear uniform sky. 
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Continuous refinement and testing of the lighting system in late 1980 to 

achieve the desired clear-sky distributions led to the major change in 

the basic fluorescent lighting system described earlier. The standard 

lamps and ballasts are being replaced with high-output units, and the 

reflectors have been modified from planar units to curved surfaces, 

which provide better directional control. With selective control of 

concentric groups of fixtures, this system provides a uniform sky, a 

C.I.E. overcast sky, and the horizon-to-zenith variation for clear 

skies. Arrays of spotlights are then used to fine-tune the clear-sky 

distribution for each solar altitude. The large size of the sky and the 

custommade platform within the center, along with the special curtain 

hung from the edge of the horizon line within a circle 16 feet in diame

ter at the center of the simulator, there is great flexibility for vari

ous model studies. The capabilities of the system, its accuracy and 

calibration, will be discussed next. 

A. Capabilities of the System 

The sky simulator can be used: 

1. to analyze photometric configurations inside scale models under 

simulated daylight conditions; special attention will be given to 

the development of techniques for the study of glare 

2. to observe (or take pictures) of the inside of modeled spaces, from 

the proper point of view, under proper illuminance distribution and 

with the correct architectural 

evaluation. 

background scenario for visual 
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3. to map natural light radiation availability inside a built environ

ment, not only from the photometric aspect but also from the irra

diance and illuminance aspect. 

1. Analysis 

One of the benefits of using a scale model for photometric measurements 

rather than a mathematical model, is.that one has the advantage of the 

"perceptual" dimension. Not only is it possible .to measure several pho

tometric quantities inside a scale model (quantities that can also be 

calculated from a mathematical model if the proper 'physical equations 

are used), but one can to some extent experience the space, which the 

model represents, directly through the visual sense.(l,2,3,4) 

Each of the above-named purposes will require specific instrumentation 

and some special modifications of the system. 

The following guideline is for each of the possible uses of the system: 

(a) Analyzing photometric configurations: This is the most popular use 

of such a system. It involves measurements of light intensity, but 

could also include spherical and luminance measurements. The most 

important factor needed to ensure successful. measurements is the ability 

to take a great number of "point measurements" (using sensors as "minia

turized" as possible). The second factor is the flexibility of this 

system, enabling us to create different lighting scenarios in a fast and 

accurate way. One specific area of investigation is of instrumentation 

and techniques for the study of glare using models in an artificial sky 

simulator with the use of sun simulator and clear-sky luminance distri

bution along with usage of LIAM diagram computer program. 
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(b) Observation or picture-taking: This field has been neglected by many 

architects. In many cases the designer is unable to observe his model 

from the necessary points of view, especially from internal eye-level 

points. One cannot be inside the model, so must be satisfied with 

observing the model from above. A similar situation occurs when taking 

pictures of scale models. The pictures are frequently taken in a photo

graphic lab, under random illuminance. The relative intensity of direct 

and diffused illumination is uncontrolled, as is the number and direc

tionality of the light sources. But now with some additonal equipment 

(camera) all these options are possible. (See instruction and research 

uses.) 

(c) Mapping availability: The photometric aspect is an obvious energy 

study option. No artificial sky system has been used before for the 

quantitative study of overall solar energy availability. For example, 

it would be possible to make direct measurements of the quantity of 

radiated natural energy reaching a certain element of a building (in 

particular urban, geographical, climatical and environmental constella

tions). This can be done with the standard photometric equipment, with 

some modifications of the recording system (giving it some kind of 

integrating over time capacity), single multiplying factor and with 

proper calibration of the lighting .systems. The successful result for 

such a project strongly depends upon the control flexibility and control 

of the lighting system. (See instruction and research uses.) The follow

ing tables and graphs shows the result of different sky luminance dis

tribution against Kittler's sky luminance distribution as C.I.E. stan

dard. 
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! Accuracy of the System 

The great interest of architects and designers in using daylight in 

building design requires simple and accurate methods of predicting the 

natural illumination.in designed buildings. Before the development of 

model-testing techniques, designers attempted to compare the effect of 

the architectural spaces and shapes under natural lighting by the use of 

full-size models. Then it was realized that in order to do the compari

son accurately, they had to keep the landscaping and the sky condition 

the same. The landscape was fairly constant except for different sea

sons, but sun and sky conditions changed constantly. It was obvious 

that an accurate comparison was impossible; thus the need for a sky 

simulator. In a sky simulator the sky condition could be held constant 

and the model tested with a fixed landscape. The architectural effect 

now is isolated, and accurate comparisons could be made. 

1. Definitions 

Daylight Factor: The daylight factor is a measure of dalight illumina

tion at a point on a given plane expressed as a ratio of illumination on 

the given plane at that point and the simultaneous exterior illumination 

on a horizontal plane from the whole of an unobstructed sky of assumed 

or known luminance distribution. Direct sunlight is excluded for both 

interior and exterior values of illumination. (10) p. 576 

Daylight Factor: (Revised Definition, 1963) The ratio of the daylight 

illumination at a given point on a given plane due to the light received 

directly or indirectly from a sky of assumed or known luminance distri

bution to the illumination on a horizontal plane due to an unobstructed 
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hemisphere of this sky. Direct sun is excluded for both values of 

illumination. (10) p. 576 

In the use of this method, the sky simulator was set for an overcast sky 

condition which was calibrated against c.r.E. overcast sky stan

dard.(5,6,7,8,9,10) The model were placed on the platform at horizon 

level, and a series of surveys were made for light intensities at vari

ous points on task level inside the model. These points are shown by EN 

in Figure 25a. Simultaneously with each measurement taken inside the 

model, a reference measurement was made outside of the model at the hor

izontal and vertical level of the fenestration system plate which are 

presented as EV and EH in Figure 25a The daylight factor, which is 

dimensionless, could be calculated for each measured point inside the 

model by the use of following equations: 

DEV = EN/EV or DEH = EN/LH (1) 

DEv is the daylight factor when a vertical reference reading was used 

and DEH for a horizontal reading. Results in are shown a curve of DEv, 

or DEH, or EN in Figures 25 and ~6 
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Then, the values of luxes or footcandles for the inside measured points 

(EN) can be calculated for any time and sky intensity by multiplying DEv 

or DEN by the value of EN or EH appropriate to a given sky intensity. 

Reliable comparisons can be made among different architectural shapes 

and spaces. The natural lighting of a proposed building could also be 

predicted. The accuracy of this method depends on the sky's ability to 

simulate luminance distribution. 

Skies are never uniform, and clear skies have maximum brightness in the 

direction of the sun.< 19 > Overcast skies have minimum brightness at the 

horizon and maximum at the· zenith. Based on C.I.E. expressions for day

light illumination for overcast skies, the brightness ratio of zenith to 

horizon is 3 to 1. For clear skies brightness varies with sun position 

(altitude). See Figures 27 and 28. By accounting for this variation in 

helios in the sky simulator, these variation were reproduced close to 

the C.I.E. standard. (See Section 5, following, on LIAM diagrams.) 



SY.Y LUMINANCE DISTRIBUTION 

Clear akies 

~e CIE standard luminance distribution for clear skies is given by the follo-
ving formula: -0 32/c c5 3•'• 2 

L · = L • (1-e ' 05 
) • (0,91+10e- "'+0,45cos !/J) 

~,cS · z 0,2i4· (0,91+10e-3z+0,45cos2z) 

is the sky luminance for the point P positioned by 
angle of altitude and 
angle of azimuth from the s~' s meridian 
sky luminance in zenith 
angular distance from the sun to the point P 
the sun's zenith angle (angular distance between sun and zenith) 

The figure below shows the geometrical relationships involved. 
~e luminance distributions for two sun altitudes is shown on next page on a 
~ky vault projection. 

An empirical formula for the zenith luminance is giyen below. With solar altitude 
h entered in degrees .the formula gives luminance in metric units (cdjm2), Divi
sion with 3.426 will give the luminance in foot-Lamberts. 

Lz = 100 + 63h + h· (h-3 o) ··eo, 0346 (h-68) 

A= horizontal plot of sky luminance distribution 
B= vertical 
C= liam d_iagraui plot 

gidelina for fig.27 & fig 28 
page 105 through 118A 
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Overcast·skiea 

The CIE stanw1rd luminance distribution for overcast skies is given by this 
formul.a: 

where Ls 
6 
Lz 

L = L •(1+2 sineS) 
cS z 3 

is the sky luminance for points with an altitude of 
degrees above the horizon 
sky luminance in zenith 

Note that the distribution is independent of the sun's position. T.be relative 
distribution is sh~~ on the sky vault projection below. 

An empirical relation for the zenith luminance is: 

Lz = 123 + 8600 sin h 

where h is the sun's altitude above the horizon. T.he formula gives the luminance 
in cd/m2. 
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There are limitations on producing the actual or theoretical sky lumi

nance distribution depending on the size, structural form, and lighting 

system of the sky simulator. (See historical review). The reminder of 

this section discusses horizon scale errors and the use of LIAM diagrams 

for defining the accuracy of a sky simulator. It also describes calibra

tion for different luminance distributions and instruments. 

2. Accuracy of the Method 

The model was tested on three different days in the artificial sky under 

C.I.E. overcast sky conditions which were calibrated very carefully. 

Three tests were made because the power output of the sky simulator 

changes in response to different usuage of the building, which might 

affect the intensity of the sky. Thus we obtained three readings for 

each point. Predictions were made at Rows A, B, C and Points 1 through 5 

located 3 feet away from each other and at a height of 3 feet height 

under three different ground reflectances Fig.29,31 The model was then 

tested twice with the same method under real sky because it happened to 

present the desired conditions. Results were compared Fig3labc. Since 

real sky conditions changes continuously, the sky simulator should be 

used for accurate design comparisons. For predicting the natural light 

for a proposed building, the sky simulator could be calibrated the 

against the calculated sky luminance distribution according to C.I.E. 

standards. But, if a specific site exists for a proposed building, 

those conditions could be simulated and modeled with the sky simulator. 

The following analysis is based on the model-testing done to compare the 

accuracy of prediction under the sky simulator and real sky. 
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(a) Analysis of results 

The model predictions were very close to results for real sky in the 

first test. (Fig. 3}). But in the second test correlation was low 

because total illumination in the sky simulator was lower than from the 

actual sky. The study also showed that landscaping or the ground reflec-

tance has a definite effect on illumination inside the model. Three 

different ground reflectances were chosen for the study. Thelstudy 

shows that to make accurate predictions of daylight illumination you 

have to ~eparate the effects of ground light and sky light. In using 

this method, the illumination on a vertical plane is separated into 

ground light and sky light as shown by Eg and Es, respectively, in Figs. 

25a and 25b. 

In applying this method it is assumed that: 

EN = DE E + DE E . s s g g, 
(2) 

where En represents the illumination at any point on the working plane 

in the model, DEs is a daylight factor for the sky light, and DEg is a 

daylight factor for ground light. EN, Eg, and Es are measured · simul

taneously for each point being considered in the model by collecting two 

sets of readings under conditions that produce widely different values 

of Es/Eg• Generally, DEs is much higher than DEg except in the case of 

diffusing type of fenestration. A typical curve of DEg and DEs is shown 

in Figure 25c• 

-Now since EN = DEv Ev (See Eq. 1) 

and since EN = DEs*Es +DEg Eg (Eq. 2), 

when separating sky light and ground light, then 



DEV x EV = DEs X Es + DEg x Eg 

DEV = (DE E + DE x E )/(E + E ) s s g g s g 

Obviously for any value of E /E DE must 
s g, v 

lie between DEs 

DE <DEv<DE g- - g 

if Es • Eg then DEv • (DE s + DEg )/2 
if Eg decreases or Es increases or 

and 

if Es/Eg goes to infinity, overcast sky 
if Es/Eg equals to 1, uniform sky 
if Es/Eg goes to 0, clear sky (See Fig. 2 ~,3l,a,b,c ) 
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(3) 

(4) 

It follows then, that when trying to isolate and compare architectural 

spaces or shapes and when using the method that uses vertical illumina-

tion Ev for reference, the value of Es/Eg should be the same for the 

different designs. Otherwise sky light and ground light measurements 

should be separated. 

This analysis explains the agreement between the results under the 

artificial sky and real sky given different ground reflectances. The 

model was tested first with a ground that had 0.01% reflectance as a 

minimum and 0.86% reflectance as a maximum, which shows the contribution 

of high ground reflectance to overall illumination in the room (Figs. 31 

a,b, and c). The study also shows the accuracy of predicting and dupli-

.eating illumination of terrain. 

Two methods were used to compare the prediction of natural lighting. 

First, the. original method that calculates illumination on a vertical 

surface, Ev, as daylight factor. This would be Equation (1) DEv=EN/Ev· 

Second, the method in which only the illumination from the sky, Es, is 

used as the reference value and which calculates DEs as daylight factor. 

This is the equation: 
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DEs • EN/E or DEH = EN/E 
S H, 

(5) 

these values are very easy to find with an artificial sky with its 

corrected horizon, which has .01 reflectivity. In other words, you 

measure Es at the horizontal level which is EH in Eq. (5) 

The graphs in Figure 3la (No. 1 ) show the level of illumination 

throughout the room, including the effect of ground reflectance. The 

results from the artificial sky and in Figure 3la (No. 2) are the same 

as under real sky but higher because of the high illumination level 

under real sky. 

In order to see the effects of changes in the Es/Eg ratio, the two 

definitions of the daylight factor used in the testing methods, look at 

those graphs in Figures 3lb and ·3lc that show a higher Eg• The DEv goes 

toward zero, which agrees with the definitions 

if Es/Eg goes to infinity, overcast 

if Es/Eg goes to 1, uniform 

if Es/Eg goes to 0, clear sky. 

The prediction of Es/Eg was very accurate except for minimum ground 

reflectance because the outside ground was different from the artificial 

sky (see Figs. 31a, b, and c). 
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Figure 29 
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Figure 31 a(l,2) 
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Figure Jlb 
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Figure 3lc-
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(b) Conclusions 

1. Model testing can provide accurate comparison and prediction of 

natural lighting of designed buildings when sky luminance distribu

tions are the same. This is true when there is no ground reflec

tance. 

2. Changes in ground reflectance or the landscape around a building 

affect illumination levels in the spaces within the building. In 

order to do an accurate comparison or prediction, the Es/Eg ratio 

(in other words the ground reflectance and sky conditions) should 

be simulated the same in both situations. 

3. Limitations such as height of the model and problems such as hor

izon scale error must be given greater consideration for accurate 

predictions or comparisons. 

4. Reflections from internal surfaces have great effects on the level 

of illumination in the space. 

5. A full-scale model could be used for prediction of a specific site. 

Comparison of two full-scale models on one site can be done accu

rately by doing simultaneous measurements under the same sky condi

tion. 
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2. Calibration of the System 

In order to simulate different sky luminance distributions the sky simu

lator must be calibrated. 

If using a sky simulator to simulate daylight conditions, it is neces

sary to calibrate the sky by measuring the various sky distribution 

luminance patterns. These patterns normally remain fairly constant even 

though electric energy input may vary with the time of day. Since there 

is considerable variation in sky luminance if the electric supply system 

is not closely regulated, it is necessary to measure the incident 

illuminance on the simulated fenestration area. If there is a large 

variation in the distribution of the incident illumination over the 

total area of the model's fenestration, a smaller model should be used. 

Another way of calibrating the sky distribution is to use computer pro

grams (No. 4 and 5) (see Section V D, Computer Programs). The computer 

plots the calculated sky distribution for a specific sun location 

against measured sky. See Figure 28 for an example of computer program 

No. 5 plots of calculated sky. 

In order to use this program, record the data on the appropriate form. 

One can measure the sky simulator luminance by using a SPECTRA photome

ter or Tektronix luminance probe.(8) Center the photometer on the marked 

spot on the platform. Turn it to adjust its azimuth to 0°; by locking it 

you can change the altitude to the desired degree position, in this case 

every 10°. Record the data on a form. This data could be plotted by 

either computer program No. 10 (LIAM) or No. 5 (x vs. y plot).(l5 ,l6). 

See Figure 32 for examples of the special forms; also see Section V B, 
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Also, if there is a past hysteris effect on the receptors used for 

measuring the illumination (a variation in output when previously 

exposed to high luminance), the receptors should be used and calibrated 

at more or less constant levels of illumination. This relatively easy 

to do if multiple receptor cells are used to measure the interior dis-

tributions. However, if one cell is used for different measurements, 

great care should be taken to reach stable adaptation before readings 

and calibration. If the same cell is used to measure the exterior and 

interior illumination, stablization should be established before meas

urements at different levels are undertaken. Using the same cell to 

measure both exterior and interior model re~dings reduces the need for 

accurate calibration, if the receptor is used over its linear response 

range. 

If multiple cells are used, it is desirable to calibrate each cell at 

its approximate level of illumination based on readings after each 

series of tests, which can be easily done with the SPECTRA Photometer.) 

4. Horizon Scale Error 

In artifical skies generally, there is a problem because of the location 

of the horizon with respect to the openings (windows) of the 

model.(2,9,10,) This means the ceiling of the model room or building 

receives direct light from tne sky, which does not happen in real situa

tions under the real sky. This error would differ for different model 

scales and different sky luminance distributions. For example, we might 

place a l-inch scale model at the center of the artifical sky and select 

a position for the photocell at p point (see Figure 33). If we take the 

measurements we will see that at a distance of 12 feet and 3 inches from 
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the horizon and with the photocell at the position of a 3-foot-high task 

level, you can see how many degrees of sky fall into horizon error {see 

Computer Program 7 results in Appendix D). Also if you make an 8-inch

high opening for a model having a height of 9 inches, the angle of 

depression is 8 degrees, which means the ceiling is receiving direct sky 

luminance. 

Figure 33 

rue Horizor. 

HORIZON ERROR 

There are ways of reducing these horizon effects such as making the 

luminance below the horizon zero by hanging a black curtain or arranging 

to have a zero ground reflectance. Also, under certain conditions the 

horizon · error does not occur or is very minor such as when taking meas

urements for top lighting (e.g., light wells, or for a roof-lighted 

building, or if the window is facing another building and the distance 
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of the building to the window is less than the scaled-down distance of 

the artificial sky to the window. One way of finding the size of a 

dome-type artificial sky that will have minimum error is to select a 

common scale model and place it on the same level as the sky horizon and 

then to measure the angle of error for some typical window sizes. This 

will show how large a dome-type artifical sky must be in order to bring 

the horizon scale error to within acceptable limits. (See Fig. 34). 

One can use the LIAM diagram computer program or Waldram diagram grid 

and draw an opening of the window and see what percentages of that open-

ing fall into the degree of horizon error (see Fig. 35). 

0 1.5 l 2 
Hor1zca Hori2cn Horiza1 Horizon 
Error Error Error Er:rcr 

has the least horrizcn error. 

fig. 34 

\ 
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The use of the Waldram Diagram to plot the outlines or cxtcmal 
obstructions. 

Figure 35 

Source: Daylighting by R.G. Hopkinson, P. Petherbridge, and J. 
Longmore. Reproduced by permission of William 
Heinemann Ltd., London, England,{S)l966. 
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Flgure 34c 

Waid.ram Diagram droop-li~es for glazed windows and C.I.E. Overcast Sky luminance distri-
bution (i.e. sky components on a· horizontal reference plane indoors). · 

Source: Daylighting by R.G. Hopkinson, P. Petherbridge, and J. 
Longmore. Reproduced by permission of William Heinemann 
Ltd., London, England,~l966. 
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It is possible to say that measurement from a window with no degree of 

horizon error is 100% accurate compared to a window having a different 

placement or an obstruction which makes it fall into horizon error lim

its. One also has to keep in mind that a different sky luminance dis

tribution changes the degree of accuracy of the measurement inside the 

room if the window placement is in horizon error limits. (See Computer 

Program No. 5 output in Appendix D.) 

4. LIAM Diagram Computer Program 

The construction of a Waldram diagram is explained by Walsh< 2>. The 

LIAM diagram used by MacGowan <17) is based on a graphical construction 

similar to the .Waldram diagram but it also accommodates azimuthal 

changes in sky luminance. That is to say, the LIAM diagram for zero 

azimuthal luminance changes is the same as a Waldram diagram, but the 

LIAM diagram can accomodate variations of sky luminance in the azimuthal 

direction, thereby extending the concept developed by Waldram. The 

diagrams are dimensional in centimeters, and their areas have been comr 

puted. These values are clearly indicated on the plots. The program 

can execute diagrams using Kittler's nebulosity expressions (12,13,14) 

or can be used to check the accuracy of any sky component as a predic-· 

tion device or as a distribution simulation device against any chosen 

sky distribution. 

The use of the LIAM diagram is adequately described by MacGowan< 17) (See 

Figures 36, 37, and 38a,b,c.) To use a LIAM diagram to calculate the 

glass plane rotation or ~·scomfort glare index needed to calculate the 

traditional sky component one has to determine the solar altitudes and 

then select the appropriatP pair of diagrams for the window orientation 
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being evaluated. By measuring the window with respect to azimuth and 

altitude angles, it can be converted to an image on the LIAM diagram. 

Now this image can be measured by using graph paper marked in centime

ters. 

If window area =A em and sky component, s.c.,a(MECs)= modified external 

sky component, then S.C. (MECs)= Acm x 100 area of front of sky + scale 

x area of rear of sky. 

Scale a height of front : height of rear 

Now one can calibrate the sky for a desired luminance distribution. Then 

after surveying the luminance distributions and recording them on one of 

the special forms, transfer them into the LIAM diagram computer program 

for plotting. At this point the program can take one quarter of the sky 

measurements in an array of 10x10, and by linear interpolation for one

degree interval it plots the sky luminance distribution at the horizon

tal plane. This plot of sky simulator luminance distribution can be 

checked against Kittler's sky or any~other distribution if necessary. 

And the accuracy of each can be calculated using: 

A • area of sky simulator diagram 

Ah = height of sky simulator diagram 

B = area of C.I.E. Kittler sky 

Bh = height of c.r.E. Kittler sky 

Scale = Ah/Bh = % then: B x Ah/Bh should be close Ah 
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USING THE LIAM DIAGRAM 

Daylight factor using the MEC computation should be called modified 
daylight factor (M.D.F.). 

Section 

Forward Half 
of Sky Vault 

LIAM DIAGRAM 
CIE KITTUR SKY 
lr.lRJZOHTAL PU!E 

A. The forward half of sky vault: 

21.5 X 100 
S.C. • 273.03 + 9.91/18.83 X 277.23 

21.5 X 100 
- 3.93% 273.03 X 2 

Plan 

Rear Half 
of Sky Vault 

vas depicted on em graph paper. 

• 5.13% 

LIAM DIAGRAM ~~l:::.G· 180 DEG 
CIE KITTUR SKY GUS$ TRANS• i.a./11\.'BIN,Cl.EARI 
IIOI!IZOHTAL PLA1£ SKY AREA 277 .zaSQ.CH. 

B. The rear half of sky vault: 

S.C. • 23.35 X 100 
277.23 + 18,83/9.91 X 273.03 

23.35 X 100 
277.3 X 2 - 4.21% 

Figure 3Z 

• 2.93% 
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Figure 38a 
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To obtain the desired accuracy, the sky was calibrated for the sun at 

60o, 700, 900 degree altitudes. These were·plotted by LIAM·diagram and 

their error came to less than 5% compared to c.r.E. Kittler's sky lumi-

nance distribution. Because of the control dimming system which is 

available in this facility other distributions can be achieved. There-

fore, as a check on luminance measurement of the sky simulator, one can 

use either LIAM diagrams or for fast checking, the C.I.E. data. 

One last, more elaborate way to check the accuracy of a specific sky 

distributions is model measurement. A model in one-inch scale was con

structed, and a 1% reflective board was placed at ceiling, wall, and 

floor surfaces in order to measure only the direct sky component at a 

4-foot distance from the window (4x4) on the task level height. The pho

tocell reads the illuminance level as number x. Now if we plot the 

image of that window on appropriate LIAM diagram and calculate the MECs, 

it should be close to the number x which was measured inside the model. 

A series of measurements taken inside the above model at different hor

izontal and vertical positions showed that there is a high level of 

accuracy at the center of the sky simulator within a volume of 30x30x24 

inches (Fig. 39). 
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V. INSTRUCTION AND RESEARCH USES 

A. Operation of Sky Simulator 

The sky simulator was built to support activities such as research, 

architectural design, and teaching. The sky simulator has to be 

operated in such a way that the greatest benefit can be obtained. In 

order to achieve such a goal one has to be familiar with the operaton 

and function of each part of the sky simulator. In case of power 

failure or problems with lamps one has to know how to replace them 

without disturbing any other system. Therefore throughout all the test

ing it was determined that in using the sky simulator one should follow 

certain guidelines: 

1. After turning the main power switch on, one can turn on the lamp 

switches for each ring. 

2. There is a waiting time of between 20 to 30 minutes during which 

the lamps warm up to reach the maximum level of output or dimming 

option. 

3. Next turn on the fan. 

4. Then by climbing up on the platform one can check to see if there 

are any flickering or non-functional lamps (control panel). 

The lamps are numbered and dated according to their positions 

within the rings and sectors. Example: A 23,5,S1,R1 



= first lamp toward the center of the dome 
= date on which lamp was install 
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A 
5,23 
S1 = sector one by the door, counting counter-clockwise 

as you are walking 
RI = ring one--first ring of lamps close 

to the center of dome 

5. Now it is time to calibrate the sky for the desired luminance dis-

tribution. (See section on calibration of the system in IV B; also 

see SPECTRA Photometer Manual, pgs. 8,12,13, and 40.)29 

6. Set up the platform at the horizon level if the model is more than 

24" high; make sure it is not blocking the projector lamps. 

7. For more accurate measurement set the model at the center of the 

platform. 

8. Decide whether to use ground reflectance simulator or sun simula-

tor; if so set desired position. 

9. Intensity of ground simulator changes by dimming. Its direction 

toward the wall or windows changes by louvers. 

10. The platform can rotate for azimuthal changes. The accuracy of your 

changes within azimuth can be checked by using the LIAM diagram 

computer program, or use calibration model to calibrate orienta-

tion. 

11. Set the photocells at desired working plane height. 

12. Close all the model walls very tightly. 

13. Follow the MEGATRON instructions for reading your measurements. 
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B. Sky Luminances Measurements 

For calibration and determining the degree of accuracy of the sky simu

lator in order to do a comparison and prediction for a proposed building 

in a specific site, one must have the sky lumi~nce distribution of that 

location. With the capabilities of the sky simulator it is possible to 

simulate the real sky (see Appendix D) rather than simulating the calcu

lated sky based on the C.I.E. standard. In order to do the calibration 

for that purpose one has to measure the sky luminance. The following 

guidelines simplify the procedure for taking measurements: 

1. Open and extend legs of tripod; mount it securely, locking with 

bottom and top screws. 

2. Screw transit unit to top of tripod head. 

3. Mount luminance probe to transit cradle; lock with small screw and 

Allen wrench inside transit case. 

4. Adjust transit to horizontal position, using the four base screws 

and the level on the upright. Rotate so that the sight line coin

cides with the base screw diagonals and adjust with the two screws 

along the diagonal. 

S. Connect luminance probe to Jl6 readout unit having extension cable. 

Readout unit can be hung by its handle on tripod screw. 

6. Loosen both lock screws on vertical axis (azimuth adjustment) and 

adjust horizontal scale to 0-reading at A-index, then lock top 

screw. Rotate whole body to vertical plane through sun's position, 
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checking the image formed on a piece of paper held behind the lumi

nance probe""s eye piece. Avoid turning instrument power on when 

turned against the sun, and never look through the eye piece! Lock 

bottom screw. 

7. The horizontal scale will now read azimuth=O for sun""s bearing. 

Scan through every 10 degrees in altitude from horizon to zenith, 

then change vertical plane (azimuth) at 15-degree increments from 

azimuth=O (sun) to azimuth •180. Use top screw on base for azimuth 

adjustments. 

8. Reading: Turn J16 power on and check battery condition (max=7.8). 

Push luminance probe "Readout hold" button in and depress "Momen

tary override" for reading when instrument is in correct position. 

Select range button that gives highest number of digits ~0 on 

display. Flashing display means overload-- select higher range. 

Multiply reading with a range factor (x.1 x1 x10 x100 x1000) and 

record. 

Note: Luminance probe on US unit J16 gives reading in deka

candela/m2. Multiply reading by 10 to obtain cd/m2. 

9. Record results on the special form. Record also: date, time when 

starting and ending measurements, site, sky conditions, observers, 

solar altitude, and compass bearing to sun""s position. 

10. See SPECTRA Photometer instruction and maintenance manual for model 

No. 1980A, pages 8,12,13, and 40.29 
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c. Use of Photography in Visual Evaluations 

Photography can be used for the following: 

1. Evaluating a specific luminous environment or lighting effect quan

titatively and qualitively. 

2. Recording different model configurations, positions, and orienta

tions along with photocell positions in complex floor plans. 

3. Comparing and evaluating light distribution patterns with direct 

sun and clear sky luminance distribution. 

1. Evaluating a specific luminous environment: 

With the increase of high-rise buildings within the downtown areas of 

major cities comes a growing need for light zoning and, as a result, 

height and setback regulation. However, limitations on height and set

back do not guarantee adequate sunlight although they do provide a fair 

amount of open sky above. Also this amount of sky does not maximize the 

amount of sunlight. If one follows the sun's passage 180 degrees from 

east to west, it is possible to arange the setback with a. different 

slope or other design change. Now to do the study for generating dif

ferent designs follow these instructions: 

(a) Set up the platform on the correct height position with respect to 

horizon. 

(b) Calibrate the sky for the desired luminance distribution. 

(c) Turn the sun simulator on with the desired altitude. 
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(d) Set up the model of the building on a sheet of Plexiglass on the 

platform or the opening between them. 

(e) Use photocell to measure the amount of light falling on street 

level. 

(f) Use the camera to take a picture of all areas with or without sha

dow. 

(g) With a camera equipped with a fisheye lens, photograph the sky 

vault from street level {bottom of platform). 

(h) Using an L.O.F. graph over those above photos also determines the 

amount of open skylights. 

2. Recording model configurations: 

One should know that several photos will be needed to record all 

cases adequately. They include: 

Top view showing layout or plans 

Side view (section) by removing one wall 

Interior shot from critical point of view to show workplan. 

Interior shot to show photocells 

Interior shot to show human scaled figures 

Overall view to show platform, model orientation 

Shots from different perspectives for architectural use 
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All photographs should have a clear picture of wall, ceiling, and 

work plane surfaces. 

Because of the fluorescent lamps, use standard Y2 filters if the 

photographs are in color. 

3e Evaluating light patterns: The photographs will allow you to see the 

light distribution patterns on walls, ceiling, and workplane and to be 

able to identify normal and dark areas within the model. Unlike the 

configuration cases these settings have to stay constant. Now in order 

to do the visual evaluation one must follow these instructions: 

Keep aperture and speed of camera constant. 

Use one type of film and paper. 

Use the same developer and processing for all films. 

Maintain the same agitation time and developing time on all films 

and prints. 
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D. Computer Programs 

The programs and the lighting data are stored on a magnetic tape car

tridge (Scotch DC 300 A), and can be used on the Tektronix graphic com

puter system, at Wurster Hall (Department of Archtecture, University of 

California, Berkeley). 

Programs and data are stored as separate files, numbered from 1 to 60, 

but the cartridge is capable of taking more files. The current inven

tory of major program follows: 

1. Program for calculation of lighting combinations 

2. Program for storing lighting data on tape files 

3. Program for printing out data files 

4. Program for calculation of C.I.E. clear sky distribution tables 

5. Program for storing data and graphing x vs. y plot 

6. Program for calculating the accuracy of the uniform overcast sky 

distribution 

7. Program for horizon scale error. 

8. Program for graphing y plot 

9. Program for graphing histogram plot 

10. Program (subroutine) for graphing measured data from sky simulator 

in LIAM program (uses Fortran on CRT at LBL, 7600 series). 
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When a program is changed for different data or a special function, the 

new version is put on different cartridges. Also, all the measurements 

from the sky simulator have been stored on the same cartridge that con

tains programs related to that data. See the listings for further 

details. 
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How to run programs: 

Put tape cartridge in the slot on right-hand side of the Tektronix unit. 

Power switch is placed on underside of keyboard to the right. Line-

printer hook-up is on backside of unit: put line-printer plug into 

socket. For printouts, make sure line printer has power; set LINE mode, 

set PITCH to 10. 

Wait until unit is warmed up, then clear screen by using HOME PAGE key. 

Remember that information shown on the screen will not enter the system 

until you hit the RETURN key. That is, every entry of data or command 

must be followed by RETURN key. 

To run specific program (e.g., no. 1 in file no. 1) 

Type command: FIND 1 (RETURN key) 
Type command: OLD (RETURN key) 
Type command: RUN (RETURN key) 

Program no. 1 will now be in unit memory and running, and the first pro-

gram message will appear on screen. The same procedures is used for all 

programs. 

During tape operations the BUSY (and I/O) light will be on. Do not 

attempt to type anything on the keyboard until operations are finished. 

The system is very slow on many operations, so be patient. 

To make new programs, or alter existing programs: 

Ask for assistance from a computer consultant or read BASIC manual. 

When the screen is full, use the PAGE key. To take an inventory of a 

tape cartridge, use the command: TLIST (RETURN key). For printout ver-

sion (check that line printer is hooked up) use: TLIST(a)40 (RETURN 
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key). To stop during run-time use BREAK key twice. Mistyping during 

program runs can be corrected before the RETURN key is used, by using 

the BACKSPACE and RUB-OUT keys. The flashing rectangle on the screen 

indicates where one is typing in the line. When a mistake is deleted 

with RUB-OUT, type the correct character in the same space. 

image on screen with SHIFT key. 

Refresh 

When finished running the program, just turn off the power and release 

tape cartridge with PUSH button. 

1. Program No. 1 

This program calculates lighting system combinations. The program takes 

an indefinite number of data files and adds them up, then calculates 

luminance d1stributions relative to the zenith value. Each data file 

(which is a set of luminance measurements for one specific lamp) can be 

entered with its main azimuth (pointing to the lamp) in any relative 

position in 15-degree increments around the whole sky. The positions 

are numbered 1,2,3, •••• to 24, corresponding to azimuth oo,15o,3oo •.. to 

345° or 0, 10, 20,30. The program is most useful for testing the effect 

of a whole bank of lights, when only one lamp has been measured. Then 

the same data file is used several times, but in new positions. In gen

eral, the simplest way of calculating a full circle of lamps is to use 

the file for position 1,3,5,7 etc., i.e., every 30 degrees. Each calcu

lation is entered with a scaling factor which can be used to simulate 

lamps having different wattages different from the one measured, or more 

than one lamp in the same position. The scaling factor can also be used 

to account for data taken with different types of instruments. 
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Input to program: 

The program gives screen messages for all necessary input. 

{a) "Enter calculation description." 

Type in a description of the calculation to be performed, using at 

most 72 characters {one line). This will later appear as the head

ing on the output. {RETURN key). 

{b) "Enter number of calculations to be performed." 

This is the total number of files {or repeated files) to be added 

up. For the same file used every 30 degrees {position 1,3,5,etc.) 

the number is 12. Type in the number. The program will only 

accept this number of calculations {RETURN key). 

{c) "Enter file number." 

Type in correct file number for first calculation {RETURN key). 

{d) "Enter position number." 

Type in position number for this file {see above) {RETURN key). 

5. "Enter scaling factor." 

Type in scaling factor for this file in this position. Use 1 if 

simulating the kind of lamp that was measured {RETURN key). At 

this point the tape will run to the file called for in step 3, and 

the data will be copied into the computer memory. Steps 3,4, and 5 

will be repeated the number of times stipulated in Step 2. Each 

calculation takes some time {15 sec.), so wait for BUSY lights to 
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go out before entering new data. 

When the last data file has been processed, the screen gives the mes

sage: "Connect line printer." 

"Printing will start when single digit is typed on keyboard." This is 

put into the program so that other terminals can use the line printer 

while calculations are being performed. Plug in the printer at this 

point, check power switches, and type in a single number (RETURN key). 

Printing will start immediately. Output consists of the heading, a list 

of all the positions and scaling factors that have been used, a table of 

relative luminances for the whole sky, and the zenith scaling factor 

which is the sum of all the zenith file values. 

2. Program No. 2 

This program is used when a new set of measurements is to be stored in a 

data file. New data can also be stored in files that contain obsolete 

data. The old data is of course destroyed in the process. The program 

is basically set up for storing a 13x10 array of numbers, with ample 

possibility for checking and correcting as you go. 

Measurement data is taken for every 15 degrees in azimuth and every 10 

degrees in altitudes for half of the sky, usually starting in such a way 

that the lamp position is indicated as azimuth=O degrees. Towards zen

ith some points are skipped during measurements because they are so 

close. These points must be filled in by manual interpolation, as the 

program can only handle a complete 13x10 array. The numbers to be 

entered should be the actual values seen on the-instrument display (but 

corrected for range) and not the values relative to the zenith 
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luminance. 

Running program: 

(a) "Enter lighting system description, max 72 characters." 

Type in one line (72 characters) that identifies the lighting sys-

tem, both lamps used, reflector, position in sky, and angle of tilt 

(RETURN key). 

(b) "Enter lighting data, line by line, starting with Oo altitude." 

"All data should be absolute measurement values." Type in data for 

one altitude (13 numbers), starting with 0 altitude and Oo azimuth. 

The program starts out with the message: 

(c) "Altitude degrees" 

Type in value for azimuth 0 degrees (RETURN key), then 10 or 15 

degrees (RETURN key), and so on to 180 degrees. 

(d) The program then repeats the whole set of values for this altitude, 

giving a position number in front of each value. The entered \ 

values can now be checked against the measurements. 

(e) "Enter number of wrong data." 

Type in the number of values that have been entered incorrectly. If 

none, use 0 (RETURN key). If 0, the program returns to step c, this 

time for "altitude 10."* 

*PS. When reaching 0 wrong data, the sequence: 
0 
HOME PAGE 
RETURN will ensure that next set of data can start at 
the top of the screen. 
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(f) If numbered entered in step 5 is different from O, the computer 

will respond with: 

"Enter data (line) number that is incorrect" 

Type in the line (or position number) where the incorrect value is 

(RETURN key) 

(g) "Enter correct data" 

Type in the correct value for the line given in step 6. (RETURN 

key) Steps 6 and 7 are repeated the number of times given in step 

5. The whole data-set is then printed on screen as in step 4, for 

rechecking. Step 5 is repeated uritil 0 is given when-~11 the data 

is correct. When 0 is finally reached, the program returns to step 

3, this time with value "Altitude 10 degrees". The steps 3 thru 7 

are repeated till the whole array has been filled up. 

(h) "Enter file number for storing data." 

Type in which file number should be used for this measurement. 

Make sure the line printer is hooked up before the RETURN key is 

used!!! 

The program will print out lighting description and the whole array 

on the line P,rinter. Final message is "Data stored and printed 

out". 

3. Program No. 3 

This programs reads a data file into memory and prints it out on the 

line printer. By doing alterations to the program resting in the com-
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puter memory, it is also possible to do corrections to the file and 

store the corrected version afterwards in the same place on the tape. 

Running the program: 

The program gives_initial messages, then: 

a. "Enter data file number" 

Type in the file number wanted (RETURN key), if the file is 

empty, the screen will give an error message. Make sure the 

line printer is hooked up before using RETURN key!!! 

To do corrections to data file, alter program between lines 170 and 180. 

For example, multiplying all values by a factor of 5.22: 

171 
172 
173 

LET A=A*5.22 
FIND X 
WRITE(A) 33:A$,A 

These program steps must be entered after the program has been copied 

into memory, but before giving the command RUN. 

4. Program No. 4 

This program calculates a table of CIE clear-sky luminance distribu-

tions for every 10 degrees of azimuth from Oo (towards the sun) to 180o, 

and every 10 degree of altitude (starting at a 5 o because the CIE for-

mula is not defined for 0-degree altitude). After initial messages, the 

program needs the solar altitude: 

a. "Enter solar altitude in degrees." 

Type in altitude desired, but make sure the line printer is 
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hooked up before using the RETURN key!! I 

5. Program No. 5 

This program takes a data file into memory which can be stored in files 

like program (2) but this program is capable of an x-y data plot which 

graphs the correlation between two sets of data x and y. The data on 

either axis can be continuous or discrete. A continuous variable may 

take a value anywhere within the limits of data series which can be 

changed easily. A discrete variable takes values that have definite 

breaks or steps between them. For a program that plots x and y on the 

screen, the Textronic, Inc., instruction manuals for the Textronix Plot 

50 and the 4051. (34,35) These prorams can be modified to make the use 

of the plotter. 

6. Program No. 6 

This program calculates the accuracy of the uniform sky distribution. 

It takes the survey data of the inside the dome from memory files and, 

through standard deviation calculation, calculates the confident 

interval-degree of freedom at every 10 degree of altitude. You can 

easily check these figures against C.I.E. standard distribution. 

7. Program No. 7 

This program calculates the horizon error. It takes the position of 

photocell (height from horizon level and distance from center of sky 

simulator), then prints out all possible positions at which you can have 

the photocell inside the model the number of degrees that fall into hor

izon error. You can use these to check the accuracy of your measure-

r 

) 
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ments within the limitations of the platform and the scale model. 

8. Program No. 8 

This program graphs y-plot. It takes a data file into memory which can 

be stored in files like Program No. 6 and graphs them in the order in 

which they have been stored. It is good for plotting maximum and 

minimum quantities of different light outputs and distributions. 

9. Program No. 9 

This program graphs a histogram, working the same way as Program No. 8. 

10. Program No. 10 

This program graphs LIAM diagrams. See Section IV, Accuracy of the Sys

tem). 
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1. Furniture Sizes and Availability 

2" = 1' None preassembled. One would have to make 
this size of furniture oneself. 

1" - 1' 

1/2" = 1' 

1/4" = 1' 

1/6" - 1' 

2. Cost 

This size is the easiest to obtain. It is 
the typical scale for doll houses, so there 
is a large quantity and variety of furniture. 
This size is satisfactory for 
carrying on lighting experiments. 

It is not possible to find preassembled 
furniture this size. One would have to 
make this size oneself. 

It is not possible to find preassembled 
furniture this size. One would have to 
make this size oneself. 

1/8" = 1' 
furniture (preassembled) through model train 
and hobby shops. 

It is possible to obtain this size of 
furniture (preassembled) through model train 
and hobby shops. 

The cost of building and furnishing architectural lighting models will 

depend upon the scale chosen and the degree of accuracy and sophistica-

tion required. The companies and stores listed are all similar in cost 

since prices are based on the degree of intricacy of each piece of fur-

niture. 

The following list is of premade furniture beginning with the most 

expensive company, ending with the least expensive. The architectural 

model supply companies are fairly similar in their price listings. 

(a) Gerald Shainin and Co. 
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Appendix A: Model Furniture Supply 

The following is the information necessary to obtain model furniture for 

building architectural lighting models. The information on companies 

and magazines states how each could be a useful source for model furni

ture, and gives a short synopsis on the scales of available furniture, 

their costs, quantity, and variety. 

Model sizes that could prove most beneficial for successful results in 

lighting experiments appear to be of sizes from 1/4" = 1' to 1" = 1'. 

Once this was decided, it was necessary to discover what model furniture 

is available in those sizes. 

Furniture of the scale 1"=1' was the most available in variety and quan

tity. Any premanufactured furniture of smaller or larger sizes was vir

tually impossible to find. It would be possible to make furniture with 

preassembled parts. If one must resort to this type of furniture assem

blage, it would be best to go about making smaller or larger scaled fur

niture, in the manner by which most architectural students make and sup

ply their models. The other problem is that the cost of each assembled 

piece is much higher than the complete piece of premade furniture. 
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niture. 

The following list is of premade furniture beginning with the most 

expensive company, ending with the least expensive. The architectural 

model supply companies are fairly similar in their price listings. 

(a) Gerald Shainin and Co. 



(b) Reevsline 

(c) Lundy 

(d) Amsi 

(e) H.O. Railroad and Craft Trains 

3. Companies 

Reevsline 

1107 Broadway 

New York, NY 10010 

175 

Reevsline carries high quality wood furniture in a large assortment, at 

a scale of 1" = 1'. 

King Tenaka 

800 w. Santa Inez 

Hillsborough, CA 94010 

If it is not possible to deal with the Reevsline company directly, 

then we could obtain the necessary quantity of furniture through a 

sales representative. 

Lundy 

1107 Broadway 

New York, NY 10010 

This company sells plastic furniture at a scale of 1" = 1'. 

is that they sell completely furnished houses, offices, etc. 

possible to buy individual furniture pieces. 

The problem 

It may be 



Gerald Shainin and Co. 

844 Mahler Rd. 

Burlingame, CA 94010 
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This company provides the highest quality of doll house furniture. It 

is made of wood at a scale of 1" = 1'. 

AMSI 

P•O. Box 3497 

San Rafael, CA 94902 

An architectural model supply company. They sell models completely 

assembled and furnished, and individual pieces to build your own models. 

H.O. Railroad and Craft Trains 

5601 W. Florist Ave. 

Milwaukee, WN 53218 

Model train supply house which carries furniture at scales of 1/8" = 1', 

1/16" = 1'. 

4. Magazines 

Narrow Gage and Shortline Gazette 

Lists itemized pieces to assemble models. This is used mostly for train 

models. 

Chrysnbon 

P.O. Box 13 

Western springs, IL 60558 
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Model trains supply magazine which may be helpful in finding individual 

components for model building. 

AMSI 

P.o. Box 3497 

San Rafael, CA 94902 

1) Doll House Materials; AMSI Miniatures; Houseworks L.T.D., 1979 

2) AMSI Model Builders Catalogue 

These catalogues would be the most helpful since this company caters to 

those building architectural models. 

H.O. Railroad and Craft Train Catalogue 

5601 w. Florist Ave. 

Milwaukee, WN 53218 

Model train supply magazine which carries doll house furniture of vari

ous sizes. 

H.O. Reflections Industry, Inc. 

133/3031 Williams Rd. 

Richmond, BCV7C461 

Canada 

Train model supply magazine. It contains individual model building 

pieces which might be useful when building models. 



APPENDIX B: Installation Instructions for Sky Simulator 

These tools will speed installation: 

"Spider" or temporary ring support 
2-speed wrenches w/deep 7/16" hex socket 
screw driver 
hammer 
sharp drift pin 
tin snips 
tape measure 
hacksaw 
visegrip 
crescent wrenches 
on 20' silo and larger, a catwalk 
on 24' silo and larger, a masonry drill 

1. Steps of Dome Assembly 

(a) Preliminary ground work 

178 

(i) Place metal sheets on sawbucks or other waist-high supports, and 

put clips and 1/4" X 1 7/32" carriage bolts within easy reach; 

attach roof clamps as shown in Fig. 1. 

(ii) Tie straps should be attached to fiberglass cap as shown in Fig. 2. 

(b) Assembling 

(i) Level hoop 3-1/2" from top with a lug at center of proposed door 

opening. If dome is definitely out~of-round, rod spacing down from 

top of silo should be increased proportionately where wall is 

"flat." Hoop tension should be relaxed during dome installation. 

On silos 24' and larger, drill directly through wall and install 

hoop supporting "J" bolts at even intervals. 
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Fig. 3 



(ii) 

(iii) 

(iv) 
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Support dome ring.at center of dome by means.of "Spider." 

On smaller dome, ring may be positioned after the 

first few metal sheets are installed, (Steps iii and 

iv) supporting back of ring with a temporary support 

or pairs of metal sheets loo~ely attached. 

Starting to the right (Note: all references "right" 

or "left" are from inside of dome, facing out) of pro

posed roof door opening (Fig. 3), install the starter 

sheet, (the sheet with the wide rib along each·edge). 

Fasten the two anchors to the hoop (Fig. 4) and bolt 

sheet to ring at the two closely spaced holes marked 

"ST." 

If dome has narrow 1/2 sheet groove, place it to right 

of starter sheet (Fig. 3). Then add regular metal 

sheets by slipping the narrow rib under the wide rib 

of the last sheet installed while sliding the dome 

anchor tab under the hoop. Fasten the anchor, as 

shown in Fig. 4, by bending up tab and fitting slotted 

tab over botton anchor bolt, securing with a nut. 

Turn clamps into narrow rib of metal sheet, tightening 

clamping nut finger-tight. Bolt sheet to ring. After 

four sheets have been added to starter sheet, plumb 

sheets so joints are running straight and tighten 

clamps securely. Keep dome ring level at all times. 



{v) 

{vii) 

{viii) 

{ix) 
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Install additional sheets, securing anchors but leav

ing clamps finger-tight. Re-tighten hoop at lugs 

before they are out of reach as dome 

progresses. 

assembly 

After securing all metal sheets and setting the dome 

on supporting walls, replace the clamps with rivets. 

Cover all the clamp holes with aluminum foil tape No. 

425 and all the seams between metal sheets with mask

ing tape such as 3M's No. 234 {Scotch Co.) 

Attach the fiberglass cap from inside to tie straps. 

Paint the inside with flat white paint having a high 

reflectivity {greater than 75%). 
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APPENDIX C: Study Cases 

1 Case No. 1 

Table of Contents 

(a) Table of Illustrations 

(b) Introduction 

(c) Findings 

(d) Recommendations 

(e) General Conditions to the Analysis 



1. List of Illustrations 

Figure 1: Distribution of natural light--south facing 
windows, worst conditions. 

Figure 2: Effectiveness of natural lighting-clear 
sky, minimal conditions. 

Figure 3: 

Figure 4: 

Table 1: 

Figure 5: 

Effectiveness of natural lighting-overcast 
sky, minimal conditions. 

Daylighting zone on a typical office floor. 

Annual demand for artificial lighting in the 
daylit zone during work hours. 

Distribution of natural light-north-facing 
windows. 

Figure 6: Distribution of natural light-north-facing 
windows. 

Figure 7: Distribution of natural light-north-facing 
windows. 

Figure 8: Distribution of natural light-south-facing 
windows. 

Figure 9: Distribution of natural light-south-facing 
windows. 

Figure 10: Daylight intensity with tinted glazing-
north-facing windows. 

Figure 11: Daylight intensity with tinted glazing 
south-facing windows. 

Table 2: Daylight transmittance of glass. 

Table 3: Sun intensity chart for Hawaii. 

Figure 12: The orientation of scale model units used in 
daylighting analysis in the artificial sky. 

Figure 13: Typical section-south. 

Figure 14: Typical section-north. 
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(b) Introduction 

This is a report on the preliminary daylighting analysis performed for 

the Hawaii Medical Services Association Office Building in Honolulu, 

Hawaii, in the summer of 1981. The analysis is a study of the daylight

ing performance of the fenstration facing the streets and the 

undeveloped part of the property slated for possible future expansion •. 

No consideration is given to the courtyard location and form, since 

those had not been determined at the onset of this analysis. Fenestra-

tion into the courtyard will provide supplementary daylighting for the 

offices and will further increase the area of the building which can be 

daylit. 

The daylighting performance of this building will probably change some

what as the design is developed in more detail. The addition of furni

ture and partitions inside office spaces will invevitably reduce the 

availability of natural light in some areas of the building. The extent 

of this reduction will be determined after the interior design of floor 

space has been finalized. 

(c) Findings 

It is clear that the proposed design will result in a well daylit build

ing (Figs. 1-3). The depth of the daylighting zone varies according to 

the orientation of each particular window. Measured perpendicular to 

the middle of each window, the daylighting zone behind the southwest 

windows is 24 feet deep, and behind the southeast-facing windows it is 

22 feet deep. Northwest-facing windows create a 35-foot deep daylight

ing zone, while the northwest-facing daylighting zone is 33 feet deep 
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(Fig. 4). These results are based on the simulation of a clear sky, a 

task surface 36 inches above the floor, 9'-0" floor-to-ceiling height, 

single-pane clear glazing in all windows. The varying daylighting zone 

depths result in a floor area of 24,480 square feet which is well lit by 

daylighting under most conditions. This means that 73% of the usuable 

floor area can be naturally lit by windows facing the surrounding 

streets. 

Since the conditions of natural lighting depend on the conditions of the 

sky (that is, on the cloud coverage and the time of day), the daylight

ing availability has to be adjusted for sky conditions. Based on 180 

work hours per month (workdays 8 am. to 5 pm. during the week), and 

distributed over one year, the intensity of natural light under the 

worse conditions at the back of the daylighting zone can be expected to 

be 40 footcandles 53% of the time if the sky is overcast, and 85% of the 

time if the sky is clear. Sixty footcandles can be expected 43% of the 

time with overcast sky, and 64% of the time with clear sky (Table 1). 

Clear glazing provides too much light close to the windows (Figs. 5-9). 

This problem can be reduced through introducing tinted glazing that will 

reduce daylight transmittance in the windows below the daylighting 

shelves. If a blue-green glass (single pane with transmittance of 72%) 

is introduced, the lighting intensity drops by 28% twelve feet behind 

the windows. Grey or bronze glass 3/16 inch thick (with 51% transmit-

tance) in the same place reduces daylight intensity by 49% ten feet 

behind the window. One-eighth inch grey or bronze glass (61% transmit

tance) reduces daylighting intensity by 39% twelve feet behind the win

dow (Figs. 10-11). 
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All aforementioned results are based on a 9-foot floor-to-ceiling 

height. If this height is increased to 11 feet, daylighting intensity 

increases by as much as 27%. 

(d) Recommendations 

The amount of available light is so abundant that the 9-foot floor-to

ceiling height will provide adequate daylighting. A higher floor-to

ceiling height would only result in further excess of light in the area 

immediately behind the windows. 

The glazing above daylighting shelves (2) should be clear for all orien

tations. The glazing below daylighting shelves should have reduced day

lighting tr~nsmittance. One-eighth inch grey or bronze glass having 61% 

transmittance should be adequate (Table 2). 

All windows should have a daylighting shelf. The top surface of the 

daylighting shelf should be horizontal for windows facing southeast and 

southwest and should have a 5-degree tilt inward for windows facing 

notheast and northwest. This top surface should have 80% reflectivity. 

The bottom surface of the daylighting shelf should be nonreflective. 

Inside ofice space the floor reflctivity should be 40%. Full walls 

inside should have a reflectivity of more than 60%, while low partitions 

should have only 50% reflectivity. The reflectivity of ceilings should 

be at least 75%. 

(e) General Conditions to the Analysis 

This daylighting analysis is based on experimentation with 1/2-inch 

scale models of typical window modules. These scale.models represent 
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areas of a typical floor with the appropriate orientations (Fig. 12). 

Models include no partitions nor furniture, and all surfaces are white 

with 80% reflectivity. It is assumed that no obstructions (e.g., from 

surrounding buildings or trees) exist on the outside. 

Window design and details are based on the requirements for effective 

external shading. Windows facing generally south are 8 feet wide; those 

facing north are 10 feet wide (Figs. 13 and 14). Southeast and 

southwest window orientations are 10 degrees off true south, while 

northeast and northwest orientations are 10 degrees off true north. 

The sunlight in Honolulu is extremely intense.(!) Sun intensities for 

the different months of the year are shown in Table 3. 

The net usable floor area per typical floor, used in calculating the 

percentage of the daylit portion of a typical floor, is assumed at 

33,500 square feet. 
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Figure 4 Oaylighting zone on a typical office floor . 
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Figure 12 The orientation of scale model units used in daylighting 
analysis in the Artificial Sky. 
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design standard: 40 ft.cd. destgn.standard: · 60 ft.cd. 
S of work hours* hours* S of work hours* hours* 

clear sky overcast sky clear sky overcast sky clear sky overcast sky c1ear sky overcast sk) 
January 77 100 140 180 83 100 150 180 
February 55 0 100 25 77 45 140 
March 33 0 60 16 66 30 120 
Aprtl 22 0 40 0 . 0 

Hay 0 0 0 0 
June 0 0 0 0 

July 0 0 0 0 
August 19 0 35 16 63 31 115 
September 30 0 55 22 75 40 135 
October 100 0 180 80· 100 145 180 
November 100 0 180 88 100 160 180 
December 100 100 180 180 100 100 180 180 

total hours 320 1,010 781 1,230 

*expected demand ·24 ft. from the wtndow when sky condtttons are as tndicated 

Table 1: Anriual demand for arttftctal 1tght1ng 1n the day11t zone durtng work hours. 

• 

N 
0 
N 
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8AMI4PM 10 AM I 2 PM noon 
cleer overcast clear overcast clear overcast 

.June 5,000 ft.cd. 2,000 8,700 3,600 12,000 4,100 
May I .July 4,500 1,700 8,000 3,200 9,700 3,500 
A!n-11 I August 4,200 1,400 7,600 2,600 9,20o 3,100 
March I September 4,000 1,200 7,300 2,200 8,600 2,500 
February & October 3,500 1,000 6,500 1,800 7,800 2,100 
.January I November 3,000 700 5,600 1,500 6,800 1,700 
Dlclllber 2,400 500 4,700 1,100 5,700 1,500 ft.cd. 

Table 3: Sull Intans1~ Chart for Hawaii 

transmittance MONOLITHIC THERMO PANE triple THERMOPANE 

97S 1/8" clear 
72S 1/4" blue green 3/16" blue green 3/16" clear 
SlS 1/16" grey 3/16" bronze 1/8" grey 
61S· 1/8" grey l/8" bronze 3/16" blue green 

Table 2: Daylight Transmittance of Glass 
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2. Case No. 2 

The study and comparison of the daylighting in eight state office build-

ings was done to show that good lighting design is potentially an excel-

lent energy saver. The model studies were made to compare available 

daylight that reaches into the various building sections.3 

The models were 112 " scale models of office modules. They were tested 

under the sky simulator under C.I.E. overcast condition. The models 

were made of identical materials with identical reflectance and at the 

same scale. The measurements taken were of light quantity (footcandles) 

available from the sky through the facade, at horizontal level, to 

obtain the daylight factor. The same measurement was taken outside the 

model. The results are in footcandles. 

These measurements were taken for a few sections, depending on the 

actual building design. Due to time and money constraints, only "typi-

cal" modules were built and tested. The actual office section, its 

depth, and the two exterior surfaces affected the daylighting measure-

ments. These were chosen to be as "typical" as possible, given the 

variety of architectural treatments on any one building. 

Each building and the results for that building will be described as 

follows: 
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(a) Site lA 

The percentage of possible sunshine at 15 feet within the building was 

low, due to the large overhangs on the south side. This value was 

greater for the atrium side's full glass section. This section is not 

typical. At the same time, the large shading device over the atrium 

will be closed almost all summer. As with all buildings, the winter 

daylight is better than summer due to the shading devices. The two sec-

tions in the graph are for the exterior and the atrium. Overall, the 

low· perimeter-to-floor area ratio affects the lighting for the entire 

building. 

30 

20 

10 

0 
Exterior Atrium 

Site One-A 

Graphics reproduced by permission of 
Sam Davis, Department of Architecture 
at the University of California, 
Berkeley, @ 1979 ("Designing for Energy 

~ 1st Floor 

Efficiency: A 
Study of Eight 
California Office 
Buildings"). 
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(b) Site lB 

This building has a fairly thin section, typically. The atrium section 

is better because there are no vertical overhangs; just the one large 

shading device on top, which is open in wintero It was assumed that the 

vertical shading devices were open on a cloudy day, not blocking much of 

the window's view of the sky. The model tests show that the facade 'for 

lB is favorable in daylighting aspects. 

10 

0 
Atrium 

Site One-B 

-.-7 

-7 Jrd Floor 

Graphics reproduced by permission of 
Sam Davis, Department of Architecture 
at the University of California, 
Berkeley, © 1979 ("Designing for 
Energy Efficiency: A Study of Eight 
California Office Buildings"). 
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(c) Site lC 

Site lC has no atrium; it is a high-perimeter building. The horizontal 

overhangs on the south, east, and west affect the window's view of the 

sky. The north side has better daylighting because the window sees more 

than the sky. All windows were modelled as 7.5 feet tall, typically 

larger than most of the other buildings. 

.If'. 2nd Floor 

Graphics reproduced by permission of Sam Davis, Department of 
Architecture at the University of California, Berkeley,(§) 1979 
("Designing for Energy Efficiency: A Study of Eight California 
Office Buildings"). 
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(d) Justice 

The corridor lighting appears better than the courtyard lighting. Most 

of the courtyard walls have comparatively small amounts of glazing. The 

corridor lighting may be somewhat overated because the amount of light-

ing reaching the interior is reduced due to the fact that it must pass 

through two sets of glazing and has more surfaces to reflect of.f of or 

be absorbed in. 
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10 

0 

Justice 

1st Floor 

Graphics reproduced by permission of 
Sam Davis, Department of Architecture 
at the University of California, Berkeley, 

(§) 1979 ("Designing for Energy Efficiency: 
A Study of Eight California Office 
Buidlings"). 
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(e) Site 3 

The lighting in Site 3 drops to a low level very quickly, and the build-

ing section is wide. The north glazing is shaded by another building 

close by; it does not see much of the sky. The south glazing is shaded 

by the collectors. It too does not see much of the sky. The glazing 

sections are not large: 4.5 feet for the north side and 3.4 feet for the 

south side. 
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10 
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Site Three 
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Graphics reproduced by permission of 
Sam Davis, Department of Architecture 
at the University of California, 
Berkeley, ©1979 ("Designing for 
Energy Efficiency: A Study of Eight 
California Office Buildings").· 
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(f) Santa Rosa 

The Santa Rosa building had very good daylighting on the 4th floor. The 

other office floors (2 and 3) were not modeled as their conditions were 

more specific. The greatest amount of office floor space is on the 

fourth --floor. The shading devices were fixed vertical panels having a 

slight horizontal overhang. Again, the windows could see much of the 

sky. Bronze glass is planned for those 4th floor windows, so the light-

ing levels were reduced 25% due to the reduced transmission, to make the 

lighting assumptions more accurate. 

Bronze 
Santa Rosa 

. ~ 4th Floor 

Graphics reproduced by permission of 
Sam Davis, Department of Architecture 
at the University of California, 
Berkeley, ® 1979 ("Designing for 
Energy Efficiency: A Study of Eight 

_J California Office Buildings"). 



211 

(g) San Jose 

The lighting in the San Jose building is good, mainly because the build-

ing section is so thin that the lighting levels begin to increase again 

beyond 20 feet within the building. The many courtyards make the build-

ing section thin. The San Jose lighting would be better if the glass 

were higher. The courtyard section appears better because no overhang 

was modeled. The overhangs are moveable; presumably they would be drawn 

back on a cloudy day. The south, east and west side overhangs are 

slightly horizontal ones, compared with the moveable canvas shades in 

the courtyards. The third floor, not modeled, would have increased 

lighting levels due to the skylight monitors. 
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urtyard 

San Jose 

Graphics reproduced by 
permission of Sam Davis, 
Department of Architecture 
at the University of 
California, Berkeley, @ 
1979 ("Designing for Energy 
Efficiency: A Study of 
Eight California Office 
Buildings"). 

'\V 2nd Floor 
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(h) Long Beach 

The atrium section and the exterior section were similar in light lev

els. The exterior section is a much more "typical" building section. 

The lighting levels are not as high as in some of the other buildings 

due to the elaborate shading devices for all sides. The lighting levels 

do not decrease too rapidly due to the amount of glazing and the large 

perimeter areas as the building steps back. The atrium section was 

modeled, and the lighting levels decrease further into the interior. 

Some of the Long Beach building will have bronzed glass (parts of the 

western facade). Of course, this would reduce transmission thereby 

lowering lighting levels. 
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Long Beach 
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Graphics reproduced by pcrminnion of 
Sam Davis, Department of Architecture 
of the University of California, Berkeley, 

@1979 ("Designing for Energy Efficiency: 
A Study of Eight California Office 
Buildings"). 
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Fig. 1 

Light Levels in the daylit zones in footcandles. 

Figures are for a cloudy sky on December 21 (worst condition) for most 

times of the day. The ratings high (H), medium (M), and low (L) are used 

to compare these buildings. 

Place Measured Footcandles Rat ins 

8am/4pm Noon 10AM/2PM 

Site 1A i2 
Site 1B 17 
Justice 16 
Long Beach 12 
Santa Rosa 17 
Site 3 15 
San Jose 16 
Site 1C 20 

,. J'ossiltle Perimeter 
clw-iollia Dayllabt Zoae 

15 FL Ft. 

SlteOae-A 4.0 12 

SlteO.....B 5.6 IS 

! 

Jalltlcle 5.3 IS 

Lolli Beach 4.0 14 

Saata Rosa 5.6 IS 

Site Three 4.9 10 

SaaJose S.2 13 

SlteOae-C 6.S IS 

Pen:en&ap ~r possible darlilht I 5 feet within the buildlna: the lilhliftl 
on the buddona as meuured in the model under the dome. 

43 32 L 
60 45 H 
56 43 M 
42 32 L 
59 45 H 
52 39 L 
55 42 M 
69 52 H 

Reproduced by permission of Sam 
Davis, Department of Architecture, 
University of California, Berkeley, 

(E) 1979 ("Designing for Energy 
Efficiency: A Study of Eight 
California Office Buildings"). 
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1~ fiW ~~~f~~~~culates lighting system canbinations" 

t~ ~~ ~18;j~~ 
i{B ~' er calculation description" 

~ tJWilhter mJDber of calculations to. be performed" 

I DIM C~N~ DIM D N 
DIM ~=f '1'0 If ;riN'l' "lhter file number" 

270 INPUT X 
~ plhter position number" 

~ slhter scaling. factor" 

iB/~.;t$,A 
I D M =P 

EM =S 

I 
~:t IQ 10 
I=P p~ P+12 

~f~(~)+A(J,K) 
~~J~~=B(J,L)+A(J,K) 

0 Nm' J 
'FOR J=1· ~10 FOR I=P+1 TO P+2~ 
LET K=P+2 I 

~ i~fjJ =B(~)+A(J ,K) 
LET L=~4 
fiil.rBtJ,L)=B(J,L)+A(J,K) 
Nm' J 
NEXT M 
PRINT "Connect line_printer" mw QDO YOU WANT TO USE PRnmR (40)0R SCREm(32)"; 

~ ft~ l'fRA4Xf> 10A,2D,S 

m 
mt; ~ijRT~ICIAL SKY LIGHTING C.AICllLATION" 
PRINT : 
Fm M=1 '1'0 N 
PRINT CIQ: USING 620:"~no.: ",D(M),"File)no.: ",C(M) 
PRINT CIQ: USING 630:" ing factor: ",ElM 

10~M~: 
lJriNTE: 
FeR ~-1 ro 24 
LET z;;;Z+Bl10,I) 
NEXT! I . 
LET Z=Zt, 4 · 
LET B=B Z 
iat~ 1 ~(6A),S 
~&ll A (6A),S 

a re~ -~~3D-2D > .s 
PRINT : USING '7CI>:"~ITUD~" "8" "10" "20" "~" "40" PRINT • USING 8f0•" "60"' •r "'"8:>"'"90"' ,/\./ ' 

i 
m~ ~ .. AZIMt1l'H" • • • • • 

PRINT : 

~ : USING 820:"C.S4E.SKY~" "0~~" "0·&:~" "O·~oo" "0.66", "0. 76" 
o USING C'V\,110 II 110 II II It to II II PRINT : JJ,J\Je • t • t e t • t • 

PRINT : 
~ T-1 ""'?A 
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ART.J'IClAL SKY LIGHTING CAlCULATION 
ClOUDY SKY STUDW:WATT MISER ll (FILE 36,37 ,38,39,40) 

Pos.no. 2 File no. ; Scaling factor 1 
Pos.no. 2 File no. Scaling factor 1 
Pos.no. 2 File no. ~ Scaling factor 2 
Pos.no. 2 File no. Scaling factor 2 

~g~:~g: ~2 j:H: ~g: ~f~ f~ig~ r 
Pos.no. File no. Scaling factor 1 
Pos.no. File no. Scaling factor 2 
Pos.no. ~ File no. ~ Scaling factor 2 Pos.no. File no. Scaling factor 3 
Pos.no. File no. ScQling factor 1 
Pos.no. File no. Scaling factor 1 
Pos.no. File no. Scaling factor 2 
Pos.no. File no. ~ Scaling factor 2 
Pos.no. File no. Scaling factor 3 
Pos.no.. File no. Scaling factor 1 
Pos.no. 8 File no. ~ Scaling factor 1 
Pos.no. 8 File no. Scaling factor 

2
2 

Pos.no. 8 File no. 39 Scaling factor 
Pos.no. 8 File no. ~ Scaling factor 3 
Pos.no. 10 File no. ~ Scaling factor 1 
Pos.no. 10 File no. 1 Scaling factor 1 
Pos.no. 10 File no. · Scaling factor 2 

~~:~g: ~8 j:lt: ~g: I ~~~ f~~~ ~ 
Pos.no. 12 File no. ScalPlg factor 1 
Poa.no. 12 File no. Seal~ factor 1 
Poa.no. 12 File no. ScalPJg factor 2 
Pos. no. 12 File no. Scaling factor 2 
Pos.no. 12 File no. Scaliug fac'tOr 3 
Pos.no. 11~1 File no.. Scaling factor 1

1 Pos.no. File no. 'Yl Scaling factor 
Pos.no.. File no. ~ Scaling factor 2 

~~:gg: 14 Rr: gg: -~~~ ~g:r~ f~ig~ ~ 
Pos.no. 1

1
9 File no. Scaling factor 1' 

Pos.no. 9 File no. 7 Scaling factor 1 
Pos.no. 11t;~ File no. Scaling factor 2 
Pos.no. Q File no. ~o Seal~ factor 2 
Pos.no. 16 File no. Scaling factor 3 
Pos.no. 

1
1§ File no. Scaling factor 1 

Pos.no. v File no.· 7 Scaling factor 1 
Pos.no. 1o File no. Scaling factor 2 
Pos.no. 18 File no. ~ Scaling factor 2 
Pos.no. 1B File no. Scaling factor 3 
Poa.no. 20 File no. Scaling factor 1 
Pos.no. 20 File no. ~ Scaling factor 1 
Pos.no. 20

20
_ File no. Scal¥Jg factor 2 

Pos.no. File no. ~ Scaling factor 2 
Pos.no. 20 File no. Seal~ factor ~ 
Pos.no. 22 File no. · Seal~ factor 1 
Pos.no. 22 File no. Scaling fac'tOr 1 
Pos.no. 22 File no. Scaling factor 2 

~~:~g: ~ j:fi: ~g: ~ ~~ f~ig~ ~ 
Pos.no. ~22 File no. Seal~ factor 1 
Pos.no. File no. Scaling factor 1 
Pos.no. File no. Scaling factor 2 
Poa.no. File no. Seal~ factor 2 
Poe.no. File no. Scaling factor 3 

ALTITUDE 0 1 0 20 
AZIMUTH 

~
0 f:~~ ~ :~1 

2.~f 1 .81 
1:4! 1:af 

~ 
1.6{ 1.~ 

1 f:~~ 1:~1 1: 
l 2:~ 1: 1: 
~~ 1.4 1. L 1SS 1.69 1.52 1. 
100 2.~ 1 .81 1. --1?6 _____ - t4?"1 ~~ 1: 
22 1 .~9 1.52 1. 
2 2 ·tf 1 .81 1 • 1: ! l :af l: 

1. 9 1.52 1. 
2.4f 1.81 1. 
1.691.52 1. 
2.4f 1.81 1. 
1.69 1.52 1. 

TH SCALING FACTCJR: 1 

30 40 
1.21 1.1 
1 .20 1 • 1 
1 .21 1 .1 

1 =~ 1:1 
1.20 1.1 
1.21 1.1 
1 .20 1.1 

l =~ 1:1 
1 .21 1.1 
1 .20 1 .1 
1 .21 1 . 1 

- 1-;20 . 1 .1 
1.21 1.1 
1 .20 1.1 
1.~ 1.1 
1 :21 l :1 
1.20 1 .1 
1.21 1.1 
1.20 1.1 
1 .21 1.1 
1 .20 1 .1 

50 
1 .1-
1.1 
1 .1 

1 : 1 
1 .1 
1.1 
1.1 

1: 1i 1.1 
1.1 
1 .1 
1.1,.( 
1.1~ 
1.1~ 
1 .1.2 

1: li~ 1 • 1 
1 .1 
1.1 
1.1 
1 .1 

60 70 
1.11 1.03 
1.12 1.Q'J 
1.11 1.05 
1 .12 1.09 
1.11 1.00 
1.12 1.09 
1.11 1.00 
1.12 1.~ 1.11 1. 
1.12 1. 
1.11 1. 
1.12 1 .Q9 
1 .11 1 .oo 
1.12 L~ 
1.11 1.\..0 
1.12 1.09 
1.11 1.00 

1 :H 1 :~ 
1.12 1.09 
1.11 1.00 
1 .12 1 .09 
1.11 1.00 
1.12 1.09 

00 

1.00 
1.Q9 
1.C6 
1.09 
1.00 
1.09 
1 .C6 
1.(}1 
1.00 
1.09 
1.00 
1.()3 
1.00 
t.Q9 
1.05 
1.09 
1.00 
1.09 
1.00 
1.09 
1.:13 
1 .I"Ll 1.00 
1.09 

9J 
1.00 
1.00 
1.00 
1.00 
1 .co 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.CC 
1.00 

1 :&3 
1.00-
1.00 
1.00 
1.00 
1.00 
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~if~Ji~2C~fiSl'DDIIDU flm 49,50,51,52. 

roo::gg:; i R~: gg: ~ ~~ ~ t
1 ~O&.no.: ~ Fiie no. Seal~ ra"C.;)r~ 

Poe.no. 8 File no.: Seal~ factor: 1 
~~:gg:; li ~H: gg:. ~ml ~:g~~~ t 
~oe.no.: 1 Pile no.: Seal~ factor· 1 
Poe.no.: 1 File no.: Seal~ factor: 1 
~~:gg:: ~ tit: gg: ~ ~~ ~:g~~~ 1 
Poe.no.: ~ Fiie no.: Seal~ factor: 1 
Poe.no. : 2~ File no. : mil ~actorr:.· ~ ioe.no.: l'1 e no.: acto 
oe.no.: P'1 e no. · actOr: 
oa no • Pile no. · Seal actor: 

Poe:no:: ~ m= ::· Scali factor: 1 

Iii~!~~ ! 11: e:: Elm~ ~~~~ 11 
g::~:: t: :: i t!.'l ~=~; 
oe.no.: ie no. wg faCtor: 

Poe.no.: 1 Pile no.: Seal~ factor: 
~:~:: ~n: ~:: ~~ t.~r~ 
~os.no.: Fife no.: Scal.tiil facto~i 

EPoe:~:: 1i Pi~ no.: Seal~ factor: 
.no.: 1 It e gg: ~ ~~ ~:g~~i 
.no.· 1 Pi e no.: scat~ ~actor: 

Poa.no.: 1 Pile no. Seal~ factor: 
Poa.no.: 18 Pile no.: Seal~ factor: 

ro::gg:: i Rl: ~: ~ ~~ ~=~; 
Pos.no.: 1 Pile no.: Seal; factor: 1 

Eoa.no.: Pile no.: Seal ~actor: 1 oe.no.: Pile no.· Seal actor: 
e.no.: Pile no.: Seal~ actor: 

Poe.no.: 8 File no. Seal~ factor: 1 
Poe.no.: 10 File no.: Seal~ ~actor: 

1
1 

Poe.no.: 12 File no.· Seal~ actor: 
Poa.no.: 14 File no.: Seal~ actor: 1 
Poe.no.: 16 Pile no.: Seal~ factor: 1 
Poe.no.: 18 Pile no. Scal.U!i factor: 1 
Poe .no. : 2> File no. : Seal~ factor: 1 
Poe.no.: 22 File no.: Scaling factor: 1 
Poe. no • : 24 File no. · Scaling factor· 1 

ALTITtiDE 0 
AZIMt1.rH 

10 20 30 40 50 60 70 8) 90 

c.r.E.SKI 0.33 0.44 o.56 o.66 o.76 o.~ o.go 0.95 0.913 1.00 

~~ 
2. 

~= 2. 
9: o. 

. ~:~ 2. o. 

~:~ t: 2. 1. o. 1. 
2. 1. 
o. 7 1. 

TH ~ALING FAC 

1. 1 
1. 
1 • 
1. 
1. 
1. 
1 • 

t: 
1 • 
1. 

1 : 
1. 
1. 
1. 
1. 
1. 
1 • 
1. 
1 . 
1 • 
1 • 
1. 

1.1 
1.1 1.t 1 • 
1.1 
1 .1 
1.1 
1 .1 
1 .1 
1.1 
1 .1 

1 : t 
1 .1 
1 .1 
1 .1 
1.1 
1 .1 
1.1 
1.1 
1.1 
1 .1 
1 .1 
1.1 

7.5 

~l o. 
§: 
o. 

§: o. o. 
8: o. 
8: o. o. o. 

l:~oo 1. 
1 • 
1 0 

1. 
1.00 
t:~ 1.00 
100 
1:~ t.a> 
1.00 
1.~ 1. 
1. 
1.00 ,.m 1. 
1. 
1.00 
1.00 
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ARTIFICIAL SKY LIGHTING CAlCULATION 
CIDUDY SKY STUDIE3.RING 1 THRU 4 t~33.~100,166.ffl) 
Pos.no. 2 

~os.no.: ~ os.no.: 
os .no.: 

Pos.no.: 10 
Pos.no. :l 1! Pos.no.: 
Pos.no.: 
Pos.no : 18 
Pos.no.: a> 
Pos.no.: ~ Pos.no. 
Pos.no.: 
Pos.no.: ~ Pos.no.: 
Pos.no.: 
Pos.no.: 10 
Pos.no.: 12 
Pos.no.:. 1

1
4 

Pos.no. 6 
Pos.no. 18 
Pos.no.: a> 
Pos.no.: 22 
Pos.no.: 24 
Pos.no.: 2 
Pos.no.: 4 
Pos.no.: 6 
Pos no. 8 
Pos.no.: 10 
Pos.no.: 12 
Pos.no.: 1

1
4 

Pos.no.: 6 
Pos.no.: 18 
Pos.no.: a> 
Pos.no.: 22 
Pos.no 24 
Pos.no.: 2 
Pos no. ! Pos.no.: 
Pos.no.: 
Pos.no.: 10 
Pos.no.: 12 
Pos.no. · 14 
Pos.no.: 16 
Pos.no.: 18 
Pos.no : a> 
Pos.no.: 22 
Pos.no •. 24 

ALTITUDE 0 
AZIMUTH 

File no.: 

file no. 
e no.: 
e no.: 

File no. 
File no.: 
File no.: 
F1Ie no •. 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no. 
File no. 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no. 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no.: 
File no : 
File no.: 
File no.: 
File no.: 
File no.: 
File no., 

10 

Scaling factor: 

~iliim ~actor: + actor: 
1 actor: 

Scaling factor: 
~ing factor 
§~a±l~ f:g~~ 7 
Scaling factor: 
Scaling ~actor: 
Scaling actor: 
Scaling actor: 
Seal~ factor 
Scaling factor: 
Scaling factor: 
Seal~ factor: 
Scaling factor: 
Scaling factor: 
Seal~ factor 
Scaling factor: 
Scaling factor: 
Scall,ng factor: 
Seal~ factor: 
Scaling factor: 
Scaling factor: 
Scaling factor: 
Seal~ factor: 
Seal~ factor: 
Scaling factor: 
Scaling factor: 
Scaling factor: 
Scaling factor: 
Scaling factor: 
Scaling factor 
Scaling factor: 
Scaling factor: 
Scaling factor: 
Scaling ~actor: Scaling actor · 
Scaling actor: 
Scaling factor: 
Scaling factor 
Scaling factor: 
Scaling factor 
Scaling factor: 
Scaling factor. 
Scaling factor: 
Scaling factor: 

40 50 60 

1 

1 
1 

1 
1 
1 

1 
1 

1 
1 
1 

l 
1 
1 

l 
1 

l 
l 
1 
1 
1 
1 
1 
1 

l 
1 

l 
1 
1 
1 
1 
1 
1 
1 
1 
1 

70 90 

C.I.E.SKY 0.33 0.44 0.56 0.66 0.76 0.84 0.90 0.95 0.98 1.00 

o. o. o. o. o. 
8: o. o. o. o. o. 

8: 

I 
o. o. o. o. o. 

j 8: 
o. o . 

._ TH SCALIJ."i 

o. o. 
8: o. 
8: o. o. o. 
o. o. o. 
8: 
o. o. o. 
o. 
o. o. o. 
Q. o. 

1.01 
0.99 

6:i01 1. o. 1. 
0.99 1.01 
0.99 

6:i01 1. o. 
1. 
0.99 1.01 
0.99 1.01 
0.99 
1.0f 
0.99 
1.01 
0.99 
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150 lJ:J•I.J 

165 45.0 42.0 42-0 43-0 44-0 46.0 4S-0 41 .0 G).:J 62 -~j 

180 42.0 42.0 42.0 4).0 43-0 44.0 45.0 42.0 61 .c £2.C 

AR'.:·.£FlCIA1 .... -:""V 
Vl\. .. 11Gi1T~:~G CALCULA'?:GH 

CLEAR SKY S~UDI:E3. 

Pos .no.: 2 Fi.le no.: 19 Sc"'-ling fac~o~: 
Pos.no.: 4 File no.: 19 Scaling fac:.or: 
Pes .no.: 6 File no.: 19 Scaling factor: 
Pes. no.: 8 File no.: 19 Scaling f~::.ctor: 
Pos.no.: 10 File no.: 1 9 Scaling factor: 
Pes .no.: 12 File no. : 19 Scaling factor: 
Pos.no.: 14 File no.: 1 9 Scaling factor: 
Pos.no.: 16 File no.: 1 9 Scaling factor: 
Pes .no.: 18 File no.: 1 ~ Scaling factor: 
Pes .no.: 20 File no.: 1 9 Scaling factor: 
Pes .no.: 22 File no.: 19 Scaling facto:-: 
Pos.no.: 24 File no.: 19 Scaling factor: 

AL':::i:~UDE 0 10 20 30 4C 50 GJ 7C 60 g;:; 
;..Zli-iW~H 

c 3-77 ).?j 2 "" (l 1 .73 1 . ., 
1 ~-- 1 .1:;. ~j. 9·3 0 .9:.· i .· .. . ~ ,/ • <j. I ·C..) ...... --...) 

1? 1 4>'~ . ~ 2.2-7 2.15 1 .Gg 1 .4) 1 -2~ 1 .1:) o.•:n ::~.s:~ 1 • ~.)j .. -\ 3-77 3-73 2. 3·9 1 .?i3 1 -47 1 .23 1 .1) 0 ·~·-· 
:,) ,..,, 1 ~-. ., "-,/ . .,~ . :·.) . ..-~ 

4::, 1 -4d 2 I"., 2.15 1 • tiS' 1 .4:;'· 1 "L. 1 .15 "' ,,., J (..ol 1 .-.. ' 
\. .... , •t:.-:J v•.;l . .,~ ........ ,) 

6~ ... 7~ ).73 2-39 1 -7-::S 1 .47 1 • ~~j 1 1'.( 0-9~ a.s:? 1 .·J\._: 
·' • ' I . ,/ 

7? 1 .i;.S 2.37 2. 15 1 .69 1 • 4~~, 1 '):. 1 .1:; J-97 :.).f}tt 1 
., 

-~.; -~~ 

G·"• -;,. 77 "). 7~: 2-:'.:l 1 ~.J 1 4'' 1 ').: 1 .1 > o.ss .). :;:, 1 r.' 
.-v . , .... o I ..:... ... • 'v'' ... 

"!)~ 1 4;J 2. ::,·,- 2. 1? 1 r .-. 1 ... ~~ 1 .2~ 1 .1 ~ U-97 8. S··1 1 .... ~' . . ~ .oj . .,.,/ ·~v 

~ '·,,.. 5-17 j. '!) 2 ·~o 1 .70 1 .47 1 •")7 1 1 ~~ ;J.;;~ ·, ( p: 1 -~· ..... · I .:; ·-....~ "././ •t:..) . , . v.;.,-.; 

1:;:5 1 4'l . ._, 2.tJ7 2.15 1 . 69 1 .43 1 .25 1 . 1? o.•n G-94 1 .::;J 
1 ?J 3-77 3-73 2 --:o 1 -7d 1 .47 1 2" 1 .13 ,, \.' -~~ 0-95 1 .(J.J . -·,; . , ·v • 'J•, 

16~ 1 .4::3 2.67 2-15 1 .G9 1 .4) 1 .25 1 .1? " or".· V•.-1 ~). :14 1 . :);) 
1 g·,j 3-77 3-73 2.;.9 1 7'":> . ..., 1 .47 1 .23 1 1'-', . -· C;.9d 0-9~ 1 .cc 
1 95 1 .48 2.t.7 2.15 1 .69 1 .4) 1 .25 1 1 t,; . ,/ '). 97 0-94 1 .GC 
210 --:,.77 "j. 7) 2-39 1 .78 1 -47 1 2"' . - 1 .1) ·J.S3 a.g~ 1 .~0 
225 1 .48 2.37 2.1::; 1 .69 1 . 4) 1 .2~ 1 1 , . 

• :;1 -;;.~7 J.~4 1 r,,-
•'-'"' 

240 3-77 3-73 2-39 1 .7S 1 .q 1 .23 1 .13 :J.SB 0-9:5 1 or, • v 

255 1 .4.:3 2.87 2.15 1 .69 1 .43 1 .25 1 .15 0-97 0.94 1 .80 
270 3-77 3-73 2-39 1 7Q • v 1 .47 1 -23 1 . 13 o.9c (). 9? 1 .ao 
285 1 .48 2.87 2.15 1 .69 1 .43 1 .25 1 . 1 5 o.'n 0.94 1 .JO 
;-JC 3-77 ).7) 2.?9 1 .7"::. 1 .47 1 '). ~ . "'~· 1 .13 C-9~ 0-9? 1 .OJ 
;·15 1 4"' . ;:,) 2.87 2.1? 1 6Cl . ., 1 • 43 1 -25 1 1 ._: (). 9'f ::;.<)4 1 r,l'• . 

• .I oVV 

3:;o 3-77 )-73 2-39 1 .73 1 .47 1 -23 1 p: 
• .I (.).9:3 0.95 1 .co 

345 1 .48 2.87 2.15 1 .69 1 -43 1 .25 1 . 15 J O"i G-94 1 
,.,, ... 

• j' eV\..' 

ZE~l1'ii SCALING FAC~OR: 744 



222 

FILZ :iU!·lBER: 2E 
CLOUDY SKY S~UDIES :NO. 5 OFF 1 ,4 r::::I·'iNED 

ALnTUDE 0 10 20 30 40 50 60 70 bO 9J 
AZii'!U~H 

0 28.0 57.0 75.0 27.0 83.C 86.0 t!2.C 79.0 t:~ "" 
...,,, ,.., 

V.I•V , . ..,.""' 
1 5 37.0 69.0 72.0 88.0 83.C 85.0 84.J 80.0 G;.c 7'J .. O 
30 26.0 45.0 6~.0 82.0 Sj.O d6.0 80.0 76.0 62.C 6s.c 
45 2"" ,, 

~· •V 27.0 51 .o 74.0 90.(.) 35 .·J c.;~.o 75.0 6).0 6).\.i 
60 16.0 2~.0 4'7.0 63.0 72.0 71:3.0 82.0 76.C 64.0 6d.O 
75 18.0 23.0 39.0 52.: 60.0 65.0 66 .o 70.0 GG.O 6c.c 
90 15.0 22.0 33.0 44.0 55.0 61 .. () G5.C 64.~ 67.C 6J.:) 

10:;; 1:::.. 0 2C.li 26.0 )9o0 4~.0 5?.0 6.: ("\ , ..... Od.J b').O t):;) "0 
12J 17.0 1 c..(; ~).0 }O.G )SJ.O 4D.J 54.0 6v.J "U ., 

u ..... " oe.J 
135 10.0 1 :; • 0 22.0 2o.J ,... .,.v ;>u.o .;.;.o 4~ .. J ,4.J 70.J 6c-.J 
15J b.O 1 ~:. 0 22.C 2P '"'I :;4.:.; 41 .J 4"' "" 54-0 

... ,,, ,, 
~7 

., 
""'"" ,;:),..., ,....,.v . " 

i ~~ 1 '"' " _,...; 1 9. c ~2.0 2?.:..; j). \.)- 4~:. J 4'; .o :i1 ·"'I 
•V '(..;.0 ,j7 .. o 

E:C 1 :s.o 1 ~.o 2'' " ~. \,i ;d.-.:_, "' 
"i.Jo...J j2.(; .. , ... ,, 

,.}Co \.I 45.0 ,G.C 7J.C u7.J 

i-.:ar::PlCIAL ~iCY L:JH~lNCf Ct..LCULA~ :Ol~ 
Gl.GUDY :3KY S':i:iJDr:ES: l-iU. 5 OF!-, ,-~~N8. 1 ,4 DlEE.EB. 

Pos.nc.: 2 File no.: 28 Scaling factor: 
Pos.no.: 4 File no.: 28 Scaling factor: 
Pos.no.: 6 File no.: 28 Scaling factor: 
Pos.no.: 8 File no.: 28 Scaling factor: 
Fos .no.: 10 File no.: 28 Scaling facto!": 
Pos.no. .12 File no.: 28 Scaling fac'tor: 
Pos.no.: 14 File- no.: 28 Sca.lin13 factor: 
Pos.no.: 16 File no.: 28 Scaling factor: 
Pos. no.: 18 File no.: 28 Scaling factor: 
Pos. no.: 20 File no.: 28 sc,.line factor: 
Po:::. r:o.: 22 File no.: 28 Scaling factor: 
Pcs.no.: 24 Pile no.: 28 Scaling fa~tor: 

;..:/~I'11..!DE c 1C 2C 30 4C 50 GJ 70 ~c. ;:v 
i.Zl!4U~II 

0 0 ·.:·. o.o 0.5'7 :J.7G :.;.e6 0.91 J.95 0.97 ;) . Sb 1 •'.' ._,_/ . ...... ...~ 
1:, J.29 0.41 :.>. :;i6 ().74 ."\ Q':C .... l.l') ;:;.~6 'J U'7 0 (.)'7 1 .··,. 

....,.,_.,.; v • ..-'- • J' • J' ........ v 

30 0.33 0.43 o.s7 " r"'J-:. 0.96 ;,;. S'1 C-95 0.97 J. ~)';.. 1 , ....... 
V• I u w~V 

45 C:.29 u. 41 (i.Ji,! 0-74 o.c3 0.92 u.~6 ;) • :37 ~-97 1 . \,,.;·.~ 
~:~ c.:;.;: ;).4:', ' 

, . ..., 
\J•). 0. 7(, J.66 :.J. 91 0-9:5 ~). •;'/ ·J. ~:~. i . :···..:. 

, . ..,.;_ 
(;.2'::) 0.41 0.~.~ J.7:. .:..e:; 0.~2 ;J.~o \..:.]? 'I ·-,.-; i ., ....... 

·-' ..... .... t 
9(; Vo)) 0.4) v. ?'I ().76 o.c:6 i..i. 91 ... Ql, 

\J • .;..,I 
:·. C'7 
..,j.,..,l U.S4.-:5 1 -~·-· 

1 G~· 0.29 0. 41 0.5ti J. 7tr 0 <p i.). ~!2 () c: ,- J u'.' .. c.·· 1 .~J ..... .,/ ._,u ._,' V." I 
12J 0.3:5 0.43 0.57 0.76 O.oG o. 91 0.9~ 'J.97 C.Yo 1 •\'' . ....,....., 
1)~ 0.29 0. 41 0.58 0.74 :J.s; C.92 0.96 0.97 0.';}7 1 .Jv 
150 ;).33 0.4?· 0.';7 (;.76 o.s6 o. S1 0.9:) ;.J."jj J.S•J 1 .ou 
165 0.2~ 0.41 0 "'"' 0-74 0 10< ~.~2 0.9o J.97 0.97 1 ". . _,...., ·--' .v .... 
1 8() o. ::-3 0.43 0.57 0.76 '" n'~ 0. 91 0.9~ J c.- ().';)i.;; 1 ,,,·, 

vo~O ._,I •\..•V 

1 n· _,, 0.29 c .41 0.58 0.74 0.3) ().92 0-96 0.9? c.~~ 1 .\,,;.,J 

21G 0.)3 0.4) 0.57 0.76 :J.8G 0.91 0.95 0.97 ~.'jf.;. 1 .~;:, 
::25 0.29 0.41 0.58 0.74 0.83 0.92 0.96 0.97 Ooi)7 1 .oo 
240 0.33 0.43 0.57 0.76 0.86 0. 91 0.95 0.97 0.95 1 .oc 
255 0.29 0.41 0.58 0.74 0.83 0.92 0.96 0.97 C.97 1 .JC 
270 0.33 0.4~ 0.57 0.76 0.86 0. ~1 0.95 0.97 0 C:..i 1 ···\ ·--- •¥'-i 

2S? 0.29 0.41 0.58 0.74 0.53 0.92 0.96 0 o•r 'J.S? 4 ,..., 
• J' I 

·---~ 30J 0.33 0.43 0.57 0.76 0.86 o. 91 ().95 0.91 0.98 1 .J~ 
315 0.29 0.41 0.58 0.74 o.s; 0.92 ~-96 c.s7 ..;.97 1 ,... 

....... ·· ..... 
3::0 O.)j 0.43 0.57 0.76 0.86 o. 91 0.95 0.97 0.95 1 . J'.. 
:545 0.29 0.41 0.58 0.74 0.83 0.92 0.96 0.97 0.97 1 , ....... 

·v~ 

ZEliiTH SCALING FAC~OR: 817.5 



223 

-?::~ 2\Ui'·iE3R: .·,..:, 
'--' 

c;::S;\R Ji!..Y ., ,.., .. _T" .... '"""~t., 

:hiJ. 1 :J:'F '\T ....... fl. '::IR:; ..; t:~ r .. \ ~ ~ c ~lUjt-~l~~~) .,J .L IJ..JJ..::,,.::: .!., ....... -' 

riLT:TUDE 0 10 20 )8 40 s~:) 6J (J ·-'-' ~lJ 

r\.Z~!;!UT~l 
0 292.0 )45.0 215.0 i2G.O 10G.0 SJJ.() ._... " 

---~ • v '! 1 .c. 4.:;.0 .,.; . :) 
1 ~ 5:55.0 508.0 26G.O 145.0 103.C 91 .J 81 .o 72.0 ,., ,, 

.:,.1 •V 41 . ...; 
30 164.0 2:;)5.0 193.0 129.() 1UG.O 95.0 35.0 72.0 .1 '7 .:) 47.J ..,, 
45 41 .o 58.0 n.o 86.0 86.0 i.:i4.0 7'5.0 69.(; ~~~. c 4?.0 
60 29.0 ~(..; ,...., 

_,·.,J•V 53.0 66.J 70.C 70.0 66.c 05.0 4/.C 4'7.C 
75 26.0 21:3.() 34.0 44.0 52.G )6.0 5?-J :,:;.c 49-~ 

I.., ,, 
""T l """ 

90 26.0 2d.C 51 .o :;6.0 4).0 47.0 )~.:) 55.0 4~:.0 47.(.; 
105 2G.u 28.0 31 .o 34.U 4U.O 43-0 :59-:J )1 .v ,1 .o i.7.,_, 
1 'J" ... v 2,.J 2d.O 2t..O 30.0 3).0 ;;~.o ;i.:.;.c 41 .J 51 .() L,:'(.:,-

1 ::..5 25.C 25.0 2!::).0 2C.. " 31 I" ,., "7 r- )b.J 4;).0 c· ., ,... •+'/.0 ;•V •V .);J•" :Jt-•'1,; 

150 25.0 2~.0 28.0 29.0 .51 .o )J.i.) 36.0 j7.0 5~>.0 47.0 1 , . 25.0 2G.c 2o.J 2·:.:.:. >1 .(.; 
·r • ,... )7.0 <"''I c.: ::;:;.J 0:;' ,.J)•...J -' : .. 4 i .._ .. 

1aO 25.0 26.0 20.0 2~.0 )1 .o :5.: "' }'{.~ ,~.0 :,j.() ... 7 '' 
•'v 't ( .-.... 

AR~:!..E'IC: :l~L .8XY LI~ri:~;:o :A.l.~U~~~.:.CJ 
8L.EAR SKY S~UlH:S:.l: !<0.1 8FF, :·LJ. 2 T.ilHti ' 

,·,~- (tiC J.&.::~<i.~.·J j "'"""''· 
Pos. no.: 2 File no. : 29 ~c~ling facto:· 
Pos .no.: 4 File no.: 29 ~caling ft<C"COr: 
Pos.no.: 6 :r'il~ no.: 29 Scr.ling f8.ctor: 
Pos.no.: 8 Pile no.: 29 Sc~line f::,~tor: 

Pos.nc. : 10 File no.: 2Cl Scr~l ir:£ factor: 
Pos .no.: 12 File no. : 29 Sc::<liu€ factor:· 
Pos. no.: 14 File no. : 29 Sc~.ling free tor: 
Pos. no.: 16 Fil"' no. : 29 Scaline fHctc·r: 
Pos.no.: 18 p•, ·, -·" no.: 29 :Jet~ line :fc...;t.or: 
Pos .no.: 2" "' File no.: 29 Scaling factor: 
Pos. no.: 22 File no.: 29 Scalint: fr,c~or: 
Pos .no.: 24 File no. : 2';: :.::c~:linc :-:~c tor: 

hL';:l~UU!. 0 1 ,., 2C )'J ~ ,, '"-•""~ tv T:J .. ,. S< .. '•.J ,..~ .,I.J ...... 
1-..::..d~.UT!! 

0 2.40 2.39 1 .(.:; 1 .... ·.J 1 ..,., 
1 .21 1 . i ~ 1 • 1 ~ 1 .26 1 .• 

•'-" ........... 
1 5 1 .52 1 . S'i 1 . (.;; 1 .;1 1 .24 1 .2U 1 .;;1 1 • 15 1 .. ~ 1 .c . .; . ...,_, 
_:;;J 2.40 2.;g 1 .65 1 ·3·J 1 .z2 1 .21 1 • 1' 1 .15 1 .JG 1 •\.o ...... 

4:; 1 .:;2 1 -97 1 r .. 1 . )1 1 r, 1 1 .2C 1 .21 1 1 t. 1 r·. r. i .D~ .c;.;. • .I •v,/ • • )·..i 

G~: 2.48 2. :=;•) 1 • f)5 1 ·>J 1 ~-, 1 .21 1 .1 ~ 1 . ' 1 • :_~!,; 1 .• 

·"- • I.) .· .... :....,· 
r;:-.; 1 . ;.2 1 ()'"7 1 .() 1 • .:,1 1 .24 1 .<::...i 1 .21 j . i:; 1 • .._1:;.; 1 ... 
'-' • .I' ' 
~.'j ') r. • .• , 

"' 1 (.,. 1 ·; .. 1 .22 1 • ~'i 1 .1 5 1 .1:.. 1 1 
'-•""t...J ~ .... :, . "'-' . , '...) ' • oJ .. ; ' ............ 

1 ' 1 t"·"1 1 U7 1 .C..' 1 .)1 i -24 1 .2J 1 .~1 1 .1:; . .,, .. ... ··) •.I<- . -'' I . ...,_, ....... _, 

Ld 2.40 2.3s; 1 .65 1 7,-, 
• .;V 1 .2~ 1 . 21 1 • 1' i .1 ~ 1 • ~-G 1 4 'J.,.) 

1 ~· 1 -52 1 .9? 1 6'~ 1 • 31 1 ?' 1 .2J 1 • 21 1 1 r.; 1 .o:;, 1 
,,., 

-·' . "' ·~'+ . -' ........... 
1:)0 2.40 2.39 1 .G5 1 .)v 1 ·'·) 1 .21 1 1 r.; 1 • 1 :i 1 .JG 1 .J~ . .::; ... . ; 

165 1 .52 1 0'7 1 G'L 1 • j1 1 .24 1 .20 1 • 21 1 .1:,. 1 f'.r. 1 
-.-, 

• J I . "' . ...,, .. ...)-..~ 
18C 2.40 2.39 1 .65 1 .J() 1 .2<: 1 • 21 1 .15 1 F . ~ 1 .Ob 1 .. .;·._: 

195 1 .52 1 .97 1 .6) 1 .31 1 .24 1 .20 1 .21 1 .1 ~ 1 /"'"' 1 • cjl.J •'-:I 

21C 2.4:.) 2 ·~-- 1 .65 1 .)0 1 .22 1 . 21 1 • 1 5 1 .15 1 .~G 1 • C>J •.;;) 

225 1 .:;~ 1 .97 1 . 6; 1 .31 1 .24 1 • 2C' 1 • 21 1 . 1 5 1 "' 1 
,..,- . 

•V.J . ..,...., 
248 2.4:J 2.):J 1 .65 1 -,-, 1 .22 1 .21 1 .15 1 1"' 1 .06 1 ,, .. , 

• ).J . "' •'-'" 

255 1 .52 1 .97 1 .63 1 • 31 1 .24 1 .20 1 .21 1 • 1 5 1 o~ 1 .uo • .I 

270 2.t() 2.39 1 .65 1 -30 1 .22 1 • 21 1 • 1 5 1 • 15 1 .OG 1 .oc 
285 1 -52 1 .97 1 6''· 1 • ~" 1 1 .24 1 2.-, 1 .21 1 • 1; 1 .::.:; i ,--. \ . -' • v • ..;v 

300 2.40 2.39 1 .65 1 .);,) 1 2" 1 .21 1 1 "' 1 • 1 J 1 .06 1 • 'J'_) . "' • .I 

)1~ 1 .52 1 .97 1 . 63 1 • 31 1 .24 1 .20 1 .21 1 .15 1 "- 1 r-, .~ . 
•V./ •Vv 

330 2.40 2 "'" 1 .65 1 .)0 1 .22 1 .21 1 • 1 :; 1 • 15 1 .. ::;::., 1 ,-.-
• .,1 >' •VV 

34:; 1 .52 1 .97 1 .63 1 • 31 1 .24 1 .20 1 .21 1 .15 1 .0) 1 .Ju 
~ElC:TH ~CALlHG FAC~Ort: 564 



FILE NUiolBER: 35 
wATT'MISER II W/OUT REFLECTOR. 

0 10 20 30 40 50 ... 60 70 80 . . 
ALTITUDE 
AZIMUTl:l 

0 
15 

.30 
45 
60 
75 
90 

500.0 407.0 265.0 192~() 157.0 133.0 119.0 "109.0 87.0 
975.0 685.0 328.0 209.0 161.0 135.0 118.0 107.0 87.0 
545.0 383.0 261.o-192.o 155.0 132.0 12o;o 109.0 87.0 
121.0 140.0 143.0 136.0 137.0 123.0 114.0 111.0 89.0 

105 
120 
135 
150 
165 
180 

12.0 89.0 103.0 109.0 109.0 107.0 104.0 104.0 92.0 
56.o 7o.o 88.0 95.0 99.0 101.0 98.o 97.0 .. 94.0 
48.0 56.0 75.0 ·87.0. 93.0 98.0 105.0 102.0 97.0 
51 ... 0 55.o· 1o.o 82.o 90.0 99.0 103.0 91.0 1oo.o 
52.0' 55-0 63.0 70.0 78.0 85.0 89.0 93-0 103.0 
54-0 55-0 63.0 69.0 77.0 82.0 85.0 79.0 106.0 
52.0 55-0 61.0 67.0 75.0 81.0 85.0 88.0 109.0 
54.0 55.0 61.0 67.0 73.0 79.0 85.0 86.0 111.0 
52.0 55~0 61.0 67.0 73-0 79.0 84.0 85.0 111.0 

AR':i:lFJ.Clr.L ;;KY ~:ua~il~~ CAL~U1h~iC:~ 
CLEAR :JKY S~UD.i:::G:ih~T 1°1J..:J:i::•i i.l ';;I UUS: P.l.:Fi... 

Pos. no.: 2 Pile no.: 35 Scding f<.ctor. 
Pos. no.: 4 Fil.; no.: 35 Scaling f<J.c'tor: 
Pos. no.: 6 File no.: 35 Scc.lint3 f~ctor: 
Pos.no.: 8 File no.: 7r.: ./) Scaling factor: 
Pos.no.: 10 File no.: )5 Sca.line.; factor: 
Pos .no.: 12 Filt 110.: 35 Scaling f<:~.ctor: 
Pos.no.: 14 Pile no.: )5 Scaling factor: 
Pos. no.: 16 Filt: no.: 35 Scaling factor: 
Pos .no.: 1B File no.: 3' Scalin6 factor: 
Poa.no.: 20 File no.: ;, Scaling factor: 
Pos .no.: 22 File no.: 35 Scaling factor: 
Pos.no.: 24 File no.: )5 ScalinE:; ±"actor: 

i~L~l7UD~ 0 1() 20 30 4:J 50 QC,· ..,,, 

'"" AZlt·IU'..:i.i 
0 <:.44 1 .s.o 1 )'-" 1 .;.:~ 1 • 1 i... 1 .1j 1 1 ., 1 

,,,.., 
1 . "" . '- •Vi 

1 5 1 9' 1 • 61 1 ~- .: 1 .21 1 • 1 C:. 1 .1) 1 .12 1 .10 1 . .... • ..i't . ._.,, 2.44 1 .~6 1 -"''j 1 .22 1 .E 1 .b 1 1'' 1 .j7 1 _/V . """" . ... 

45 1 .94 1 . (, 1 1 --.·.· 1 .21 1 • 16 L1j 1 • 12 1 • 10 1 •./.,. 
6J 2.44 1 .9c 1 ·..:o •.-;;; 1 .22 1 .1 0 1 • 1? 1 • 1 2 1 .C7 1 
75 1 .s-4- 1 .61 1 ·A 1 .21 1 .1 b 1 .1:... 1 .1 ~ 1 .1J 1 
'30 2-~4 1 • ::(> 1 . >·~ 1 .22 1 .1[: 1 .1) 1 1 ') 

• I'- 1 
.. ,,., 

1 •VI 

1 Jj 1 • 'J4 1 • .:.1 1 .;.,•t..t 1 • ~1 1 .16 1 .1j 1 . 1 2 1 .. ;·. 
• J...; 1 

1~0 ;::.44 1 ·':.:U 1 .,:.,:;. 1 .<:2 1 .ld 1 .1? 1 • 12 1 .'JI 1 
1;.:~ 1 .~4 1 • 61 1 • ~·L~ 1 • 21 1 .16 1 .1) 1 .12 1 • 1 :J 1 
bv 2.44 1 .~6 1 .;.;~ 1 .22 1 .1<:J 1 • 1 ::;, 1 • 12 1 .(J7 1 
1 6:;, 1 .94 1 .b1 1 .)4 1 • 21 1 .16 1 .lj 1 .12 1 .10 1 
1 bO 2;44 1 .96 1 .;g 1 .22 1 .18 1 .1:.. 1 • 1 .:.: 1 .07 1 
11;:1~ 1 .94 1 • 61 1 .j;;. 1 .21 1 .16 1 .1j 1 1 . ' . "" 1 .1J 1 
210 4::.44 1 .SJ& 1 ·. (.; 

"-'-' 1 2" . "" 1 • 1 tl 1 . 1 :.. 1 .12 1 ,~, r! 
•VI 1 

225 1 .~A 1 • 61 1 ·.A 1 .21 1 .16 1 • 1 ~ 1 .1 ~ 1 .1 ~ 1 
24v 2 ... 4 1 .g6 1 •'\1 . ..,.., 1 ;;:) .... 1 .1u 1 .b 1 • 1 ~ 1 .07 1 
25? 1 -~4 1 . t 1 1 • :A 1 • 21 1 .16 1 • 1;; 1.12 1 • 1 u 1 
270 2.44 1 .96 1 .39 1 .22 1 .18 1 .15 1 • 12 1 .J7 1 
2t.l~ 1 .94. 1 • 61 1 .)4 1 .21 1 • 16 1 .13 1 .12 1 1 ., . '"" 1 
;ov 2.44 1 .~6 1 -~9 1 r") . .:: .... 1 1'" . '-' 1 .15 1 • 1 .:: 1 .07 1 
j1:) 1 .':;:4 1 .G1 1 • )4 1 .21 1 • 16 1 .13 1 .12 1 .1J 1 
330 2.44 1 .96 1 -3'3 1 • 22 1 .b 1 .15 1 • 12 1 ,·,1 

• ~I 1 
)45 1 .94 1 • 61 1 .)4 1 • 21 1 • 16 1 .lj 1 • 12 1 • LJ 1 

ZEUTF. sc;..Lllm FACTOR: WbO 

90 

90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 

2J 

•v';) 1 
o(.;j 1 
.::') 1 

·-:~ ..... .., 1 
.c:; 1 

!'",-. 1 . ...;;. 
. ,-. 1 . \.,: -· I . \.._·~: 1 

.I.,.,J 1 
J~ . .., 1 
{;(.& 

·~.- 1 . :.;~;: 1 
.:.Is; 1 

'•U ...... .., 1 
.(:,') 1 
u·· . ::;: 1 
:Jl . .., 1 

.09 1 

.09 1 

.0';1 1 

.09 1 

.O<;J 1 

.OS; 1 

.C;SJ 1 
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<;l:.J 

.(;J 
oJ'J 

. ' ~ ' 
·~~ 

.(,j 

.O'J 

.l) • .; 

• \.,,:v . ....,...,· 
,Jcj 

,i..)'J 
.... ;.J 

.JO 
• '-''.,J 

• •,j.J 
,.j..:, 

.u:_;; 
........ , 

•'-'" 
.u8 ,,,, 
"'""" .·;r, 
•VV 

-~~ . .,,., .-.v 
.;.;o 
.GO 
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: ~ .. -~ . ; 

:~.7\.:. -4 _.·w '-•"1.J.J 3.Y ~~~.r: i~;J ~.; AL;.; ULrt·..: ~Cj 
t.,,L;;.,.id\ :..'.{Y ;:/~UDiJ:U: ·.it .. ~'l. :,L . ..i.::.{ i.l. ~~ i 'JU:..: HLFi,. 

L)o~. nc. ~ ' '1. - no. : .55 Jc~ling fc:.ctor; ~ rl ... .: 
?o::;.no.; i ~1!.1~ no.: .:i5 ;;ceding f:.~.ctor: 
.2oo.no.: b i'ile no.: :55 Jca.l.ing factor: 
Pes. !lO. : 0 File: no.: 35 .3caling factor: 
Po.:>. •10.: 1J File no.: j' Scaling factor: 
Pos. no.: 12 2ile no. : 35 Gca.l.ing factor: 
?os. r.o.: 14 i:'!lt: no.: ::'5 Sca.lin~ factor: 
Pos •• ,o.: 1b ?ile no.: ,;, Scaling factor: 
.i?os. r.o.: 18 ?!lt: no.: 3~ Sc:~ling fac'tor: 
?oa.no.: ~0 Pil.o: no.: )? :Jc:.ling fac'tor: 
Pos.no.: . ··) 

.:.~ File no.: ;:; ~caling factor: 
Pos .no.: 24 Fih no.: :.:>5 Scaling factor: 

"L~ 1'.:UJi:: j 1i.J 20 )J 4:J 50 
,,.. ..,., .3u 9;) \).,) ,.,J 

AZ.l'!Lf'~i.L 
~. 

~.44 1 • s·u 1 • )·3 1 • :d2 1 .1d 1 • 1 :i 1 .12 1 . -~ 1 • :.r:; 1 .(JJ v •Uj 

15 1 .':)4 1 .61 1 .j4 1 .21 1 • 1 6 1 • 1) 1 .12 1 • 10 1 .09 1 .:,)0 
,.,, 

~-44 1 .;;6 1 .)9 1 .22 1 • 16 1 • 1 :; 1 • 12 1 • .;7 1 .J9 1 .(JO ..;v 

45 1 .94 1 .t;;1 1 .::;.:;. 1 .21 1 • 1 6 1 .1 j 1 • 12 1 • Lj 1 .~9 1 .CJ 
6:) 2.4-4 1 • ')6 1 -~9 1 .22 1 .1c. 1 • 1 5 1 • 1 ;2 1 .C7 1 .(;'j 1 .OJ 
''.::. 1 • s·...;. 1 .61 1 .)4 1 • 21 1 .1 b 1 .1 ) 1 • 1 .2 1 .1 J 1 '""/"'' 1 • v·~ ... '" •'-'::1 
;j ~ ;: •I 1 • ;£> 1 . _.-;; 1 .22 1 1 ·' 1 . i 5 1 .12 1 

,., 
1 ·.( .. 1 '-'"'T"T • u • \J I •v.- ..... v 

1 jj 1 ~ ~ ,. 1 • '51 i . ;,/~ < • ~1 1 .1 G 1 .1,; 1 .12 1 ..... , 1 . :C. 1 . ...;,...) ..... ~ I • I v •'V.; 

l~J ~.A 1 • : .. : lJ 1 • ,) j 1 .22 1 .l;J 1 .1::; 1 .12 1 . .;'( 1 . ') 
•v.; 1 ,>.JJ 

1 ,; 1 • j.:;. 1 • tJ 1 1 . ,~.::;. 1 • 21 1 • 1 6 1 • 1 j 1 < • 1 .1 j 1 .J~ 1 ,-.)() 
"'" 

• I~ 

l:;,J 2 ··~4 1 .:;6 1 .)-j 1 .22 1 .1 ~ 1 • 1 ::5 1 .12 1 .J? 1 • · .. .r9 1 • ...,,J 

1:C.) 1 .')4 1 .(;1 1 . .:,,. 1 • ~1 1 • 16 1 • 1 j 1 .u 1 .10 1 .·J~ 1 .J(; 
1-J ') .... 1 • 'Jo 1 .;9 1 .22 1 .1.:,) 1 .I;; 1 • 1 2 1 .J7 1 ju 1 ··-··..J --·"T"'t .... 
1 ~:; 1 .·:;4 1 • o1 1 • ;·.:r 1 • 21 1 • 1 6 1 1 .: • ..1 1 • 1 <:: 1 ,1J 1 f\I.J 

'"-' 1 .;JJ 
21\J d.:,.4 1 • :J6 1 •U 1 )'• 1 .1d 1 .1? 1 • 1 2 1 c·-, 1 .C9 1 .J;:; ..... .- ... , • I 

.:!..i.-:; 1 .:;4 1 • i.J 1 1 ... A 1 .21 1 .16 1 • 1) 1 • 1 2 1 .1~ 1 .us; 1 .u;; 
~-4-v ~·'H 1 -~6 1 _.,_ .. 

1 .;::2 1 • 1 t3 1 .1::5 1 .12 1 .07 1 vL; 1 ,J:j ....... . ; 

~~:> 1 .')4 1 .t.l 1 ·A 1 • 21 1 • 16 1 • 1 _;, 1 1 ., . ~ 1 .1 J 1 .J9 1 .;;0 
1.'/'j ~ • .:;.4 1 '.· • :,lt.J 1 .j9 1 .22 1 .1d 1 • 1 5 1 .12 1 • J7 1 .U9 1 .\.:0 
2d~ 1 .':J4 1 • 61 1 ._;,4. 1 • 21 1 • 16 1 • 13 1 .12 1 • 10 1 .(i'j 1 .JO 
;;;:;;; 2.44 1 .96 1 .j9 1 .22 1 1"' • u 1 .15 1 .u 1 .'07 1 .C=9 1 .Ju 
;,1~ 1 • : . .A 1 .~1 1 • )~'1- 1 • 21 1 . i 6 1 • 13 1 • 1 2 1 .1J 1 .O'j 1 .;JG 
;..;·J <;.44 1 • :)6 1 .jlj 1 .22 1 • 1 :j 1 .15 1 .12 1 ."..;7 1 .J<j 1 ,JJ 
.)!r") 1 .':)4 1 • 61 1 .:;..4 1 • 21 1 • 16 1 .1 j 1 .12 1 • 1 (; 1 ·'--'9 1 .GJ 

~~r: ~ -~;:: ~~·..;;..~;..j~ 2;;,C 1.l0R: 1~:..;() 
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~,.. r-
~· J....,~ ·_jU~-:J.i::·~: .,/~ 

~," ' T f ...., *.I 1'\':' ~ 
~· .wl.- \) • .;"_ 'I v Tl 4F IX:t:";lE (.;.,:;,r;,_1 )?OS. Ai..U /CARDEC;\ItD R~'F. :J:! ,:;r_s ,,. ... ~,.,~n-

,) _ ........ J. ..... t • 

AL': 11:\JD~-
0 iO 20 30 40 50 60 70 so 90 

PC3.: 
1 38.00 38.00 42.00 54.00 61 .00 75.00 80.00 81 .00 66.00 78.00 
2 27.00 36.00 38.00 51 .00 55.00 71 .00 78.00 81 .00 66.00 77.00 
3 31 .oo 3~.00 35.00 52.00 59.00 73.00 7?.00 79.00 67.00 78.00 
4 ;.c.co 38.00 46.00 51 .oo 63.00 79.00 84-.00 80.00 69.00 7S.OO 
5 2G.CO 45.00 56.00 68.00 73.00 76.00 78.00 84.00 72.00 77.00 
6 )2.CO 44.00 54.00 67.00 72.00 74.00 73.00 72.00 76.00 77.00 
'7 26.00 33.00 44.00 54.00 66.00 76.00 80.00 76.00 77.00 77.JO 
8 24.00 27.00 )9.00 45.00 53.00 60.00 65.00 67.00 74.00 77.00 
9 23.00 26.00 30.00 38.00 47.00 56.00 62.00 68.00 76.00 77.00 

1 J 22.00 24.00 28.GO 35.00 43.00 52.00 58.00 63.00 66.00 ?'?. 00 
11 21 .co 23.00 25.00 32.00 37.00 44.00 52.00 57.00 66.00 "7..., 1"'\f"\. I: .\. ... •._J 

1 2 21 .co 23.00 24.00 28.00 34.00 43.00 53.00 57.00 66.00 77.CO 
13 21 • :JO 22.00 24.00 28.00 34.00 43.00 50.00 57.00 77.00 77o00 
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ARnFICIAL 3KY LIGII'i'I!IG CALCULA~IO~r 
SHiULATIO~: FOR CLOUDY SKY. CALCULATION OF 12 3EC7-:n~ ~30 D:::G ~- .. ,..- ......... 

,) .:. .., ... ,.) ·~ . 
Pos.no.: 2 File no.: 38 Scaling fn.ctor: 1 
Pos .no.: 4. File no.: 38 Scaling factor: 1 
Pos.no.: 6 File no.: 38 Scaling factor: 1 
Pos.no.: 8 File no.: 38 Scaling factor: 1 
Pos .no.: 10 File no.: 38 Scaling factor: 1 
Pos .no.: 12 File no.: 38 Scaling factor: 1 
Pos.no.: 14 File no.: 38 Scalinr, factor: 1 
Pos .no.: 16 File no.: 38 Scaline factor: 1 
Pos .no.: 18 File no.: 38 Scaling factor: 1 
Pos .no.: 20 File no.: 38 Scaling factor: 1 
Pos .no.: 22 File no.: 38 Scaling fg,ctor: 1 
Pos .no.: 24 File no.: 38 Scaling factor: 1 

AWITUDE 0 10 20 30 40 50 GO 70 30 90 
AZHlUTII 

0 0.34 0.41 0.49 0.60 0.69 O.E2 0.89 0. 91 o.c;o 1.00 
15 0.34 0.41 0.48 0.62 o. 71 0.83 0.89 0.93 0.93 1.00 
30 0.34 0.41 0.49 ·0.60 0.69 0.82 0.89 0. 91 0.90 1.00 
45 0.34 o. 41 0.48 0.62 o. 71 0.83 0.89 0.9) c.s::; 1.00 
60 0.34 0.41 0.49 0.60 0.69 0.82 0.89 o. 91 0.~0 1 .co 
75 0.34 0.41 0.48 0.62 o. 71 0.83 o.e.9 0.93 0.93 1.00 
90 0.34 0. 41 0.49 0.60 0.69 0.82 0.89 o. Cl1 0.90 1.00 

105 0.34 0.41 0.48 0.62 c. 71 0.83 0.89 ,...., 07 v. _ . .) C.(:'3 1 . 00 
120 0.34 o. 41 0.49 o. 60 0.69 0.82 o.es- 0. C)1 0.?0 1 .0~ 
135 0.34 o. 41 0.43 0.62 o. 71 0.83 0.69 0.93 0.93 1 .oc 
150 0.34 0.41 0.49 0.60 0.69 0.82 0.89 o. 91 0.90 1 .co 
165 0.34 o. 41 0.48 0.62 o. 71 0.83 0.89 0.93 0.93 1 .00 
180 0.34 0.41 0.49 0.60 0.69 0.82 0.89 0. 91 0.90 1. 00 
195 0.34 0.41 0.48 0.62 o. 71 0.83 0.89 0.93 0.93 1.00 
210 0.34 0.41 0.49 0.60 0.69 0.82 0.89 0. 91 0.90 1.00 
225 o.;;4 0.41 0.48 0.62 0.71 0.83 0.89 O.S'3 0.93 1. 00 
240 0.34 o. 41 0.4"9 0.60 0.69 0.82 0.89 o. 91 0.90 1 .oo 
255 0.34 0.41 0.48 0.62 o. 71 0.83 0.89 0.93 o. 9~') 1.00 
270 0.34 o. 41 0.49 0.60 0.6') 0.82 0.89 0. 91 0.90 1.00 
285 0.34 0.41 0.48 0.62 o. 71 0.83 0.89 0.93 0.93 1.00 
300 0.34 0.41 0.49 0.60 0.69 0.82 0.89 o. 91 0.90 1 .00 
315 0.34 o. 41 0.48 0.62 c. 71 0.83 0.8') 0.93 0.93 1 .00 
330 0.34 o. 41 0.49 0.60 0.69 0.82 0.89 o. 91 0.90 1.00 
345 0.34 o. 41 0.48 0.62 0.71 0.83 0.89 0.93 0.93 1.00 

Zl::lHTH SCALING FACTOR: 926.5 



F.~o13 UUl'I.BER: 46 
G::LU:iD REF. D.i.S':'RIBUTlO:i. 

~1?:TUDE 0 10 20 30 
AZ~duTH 

0 16.0 16.0 16.0 16.0 
15 14.0 14.0 14-0 14.0 
)J 10.0 10.0 10.0 10.0 
45 g.o g.o 9.0 9.0 
60 9.0 g.o g.o g.o 
75 s.o 8.0 8.0 8.0 
90 s.o 8.0 s.o s.o 

1os s.o a.o s.o 8.0 
120 s.o s.o s.o a.o 
155 s.o a.o a.0 d.o 
150 u.o s.o a.o s.o 
165 8.0 8.0 s.o 8.0 

• Jf.&;ciAL ~ 'r~GHT~0 ~ H &,rt.XTioiP · 0 
~:JU.ilJ ~~1010 DI~h·n~flT'!O:J 

40 

16 .o 
14.0 
10.0 
9.0 
9.0 
8.0 
8.0 
8.0 
a.o 
!:3.0 
8.0 
8.0 
8.0 

?os.no.: 2 
?os.no. 4 
?os.no.: 6 
Pos.no.: 8 
Pos.no.: 10 
Pos.no. 12 
Pos.no.: 14 
Po3.no.: 1b 
Pos.no.: 18 
Po.::.no.: 2~ 
Pes. no.: 22 
Pos.no.; 24 

Pile no.: 46 
File no.: 46 
File no.: 6 
File no.: t:. 
File no.: 
File no.· 
File no.: 
File no.: 
File no.: 
File no.: 
Pil·~ no. : bq 
File no.: 

Scaling f'3.Ctor 
Sc·:tling f<iCtor 
Scaling f3.ctor 
Sc:.Uing f,~~-;;or 
Se-lling :'·iCtor 
Scaling f·1ctor 
Scali!'lg f'lctor 
Scaling f·1etor 
S:~aling f"l.CtO!' 
Scaling f'l~"':or 
Scaling frtc-::or 
Sc::ling f'~Ctor 

ALE~UJE 0 10 
;..z~j~iJI'.d 

J 1 .CD 1.00 
15 1.00 1.00 
30 1 .oo 1 .co 
~j 1:88 1:88 
75 1.00 1.00 
90 1.00 1.00 
1~3 1:~ l:ffi 
1
133- 1.00 1.00 

2 1.00 1.0J 
11Q2 1.~ 1.00 w 1. 1.00 
19r.:3 . 1 • 1 .oo 
2f 1.00 1 .oo 
2~:2 1 .oo 1 .oo 
2~ 1.00 1.00 
25:2 1 .oo 1 .oo 
27u 1 .oo 1 .oo 
2~r 1 ·&5 1 ·&3 m ~ :oo 1 :oo 
;)~ 1.00 1.00 
'~~ 1 .oo 1.00 

Z!:<f:i:'d SCALING FACTOR: 

20 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.~ 
1.00 
1.0J 
1.00 
1.00 
1.00 
1 .00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
110 

jO 

1 • (.)) 
1 .oo 
1.00 
1.00 
1.00 
1.;)) 
1.00 
1.w 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

40 
1.00 
1.0} 
1.00 
1.00 
1.00 
LW 
1.(0 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1 .(X) 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

50 
1.00 
1.00 
1.00 
1.00 
1.00 
1.W 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.0J 
1.00 
1.00 
1.00 
1.00 
1 .00 
1.00 

50 

16.0 
14.~ 
10.0 
9.0 
9.0 
8.0 
a.o 
(j.(.) 

8.0 
!3.0 
a.o 
8.0 
8.0 

1.00 
1.00 
1.00 
1 .OJ 
1.00 
1.00 
1.00 
LX 
1.0} 
1.00 
1.00 
1.00 
LOJ 
1.00 
1.0J 
1.(X) 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

60 

16 .o 
14.0 
10.0 

16.0 
14.0 
10.0 

g.o 
g.o 
8.0 
8.0 
8.0 
8.0 
a.o 
[3.0 
8.0 
8.0 

TJ 
1.00 
1.00 
1.00 

1 :& 
1.00 
1 .00 
1.00 
1.0:) 
1.0J 
1.00 
1.00 
1.00 
1.(X) 
1.0J 
1.00 
1.0J 
1.00 
1 .00 
1.0J 
1.00 
1.00 
1.00 
1.00 

1.00 
1.CXi 
1.00 
1.CX; 
1.0J 
1.00 
1.()J 
1.00 
LW 

1:~00 1. 
1. 
1. 
1.()) 
1.00 
1.00 
1.\)J 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

9.0 
9.0 
8.0 
8.0 
a.o 
8.0 
8.0 
a.o 
8.0 
8.0 

<JJ 

1.00 
1.00 
1.00 
1.(.X) 
1.oc' 
LOJ 
1.0:.) 
1.083 1 • 
1.0J 
1.\.X) 
1.0J 
1.0J 
1.00 
1.00 
1.0J 
1.00 
1.0J 
1.00 
1.o:J 
1.00 
1.00 
1.00 
LOJ 

16.0 
14.0 
1J.O 
g.o 
9.0 
8.0 
~.a 
.s.o 
a.o 
s.o 
8.0 
a.o 

90 

16. •) 
14. :) 
1J.;J 
9.0 
9.0 
s.o 
6.;) 
8.0 
8.0 
s.o 
3.·J 
8.0 
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l~ mw "Artificial skY" i iV iftt!·.~: "This progralill.oads lighting data on magnetic tape files" 
120 DIM A$~']t) 1 nHN Aflter lighting system description, IDSX. 72 characters" _ 

1 lt(10,37) 1 "B'Ite:r l~ing data, line by line, starting with 0 altitude" 
1 "All data shOUid be absolute measurement varues" 
1 =1 TO 10 1 ~=1~i~e ";(I-1)*10;" d~" 

P:dr'l(I,Jf 
~;!;~ 'Z;A(I,J) mw j(:Ehter number of wrong data" 

THEN 315 
1TOK"" 
M:Ehter data (line) maber that is incorrect" 

PRINT "!bter correct data" 
INPUT A(I,MJ 
~L220 
lif1

x:Ehter file number :tor storing data" 

mn~li33:A$ A BW i"DO 10~ VArr TO SEE (32)CR PRIIT(40)"; 
PRINT :"FILE BDMBm: ";X PRINT :A$-

• ~tA~(6A),S 
BaSI ax· 5<5D >.s . 
mw 1 ~~g-1ni:ALTr~.r8=·~:.:20:,"30","40" IRINT :"AZ~o 50", ·. , , , ~ 

~:asro~ ~iit6!J)!ic~~~,~lc~~~,:1c~~~,~lctb!:1>·A< 5 ·J> 
~ ~ta stored and printed out" 
nm 
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/ 

1 -{). 
2 :8· 
t :8: 2 -{). 
7 -{). 
8 -{). 

. 9 -{). 
10 -{). 
11 -{). 
12 -{). li :8: 1 -{). 
1 -{). 
17 -{). 
18 -{). 

1 -1.~~ 1 -1. 
1 -0.2 
q -0.2 
l -0.2 '% o. o. 

8: o. 
-0. 

o.oco o.oco o.oco o.oco o.oco o.oco o.oco o.oco o.oco 
8.oco .oco o.oco o.oco o.oco o.oco o.coo o.oco o.oco o.oco o.oco o.oco o.oco o.oco o.oco 
O.OO'J o.oco o.oco o.oco 
8.oco .oco o.oco 
O.('('() 

232 
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03 0.022 .{).mJ.~ O.Z/C -<J.~1~-<l-~1 0.,1 O.S~b o.m o.cco 
~ 0.622 0. -<>. .{). TIO -<>. f 0. ~ 1.~ 1 -0.~ . o. o.cro 

o:~2 -0. q oi -O.m -0. 1 o. f 1. 1 -0. o. 0.000 
8: ~ -8: -8: .::2: ::2:J ::2: b:~ ~ -8: i :8:~~~ 8:~ 

EVIATION OF 2 

1 0.1 ">: o. .O.CXJ7 0.12~ 1.826 0.2~ 1. o.ooo 
2 0.1 

~ 
o. o.m 0.12 1.826 0.2~2 1 • 0.000 

! 0.1 o. 1.1 0.12~ 0.1~ 0.2 2 o. o.cro 
8·1 8: 

1 .16 8-12 0.1 ~ 0.2 1 o. o.oco 
.1 o. • 12 

8:~ o.~ o • 0.000 
0.1 o. 1 .1 

8:11 
0.2 1 o.~ 0.000 

~ 0.1 
8:o 

o. o. 1 0.211 o. . o.ooo 
0.1 ~ 1 .1 0 0.12 o. 21 0.211 o. o.cco 

16 8·1 o. 1 .1 8.12 8: 1 0.211 
8: 

o.cro 
.1 

~ 
o. 8: .12 8.211 0.000 

11 0.1 o. .12 0.12 .211 0.000 
12 0.1 o. o. 0.12 1.82 .211 o. o.coo 

!I 8.1 8: 
o. 8·1 1.82 8-211 

8: 8:888 .1 
8: o:~ 

0.12~ 

-~ • 1 'it o. 0.42 o • .coo 
0.1 ~ o. o. o. 1 0.421 o. o. 0.000 

~~ 0.1 o. 1 .1 o. 1 o. 1 0.2 o. 0.000 
0.1 ~ o. 1.1g o. 1 o. 1 0.2 1 o. o.coo 

16 0.1 o. 1 • 1 o. 21 o. 1 0.211 o. o.coo 
o. o. 

8: I o. 21 o.~ o. 0.000 
21 o. 1 .1 o. 1 o. 2 o. o.coo 
22 o. o. 8·1 8: 

1 8· o. 8·coo 

~ 
o. 1.1 .1 1 o. .coo 
o. 1 • tffi 0.12 o. 1 o:2 1 o. o.coo 
o. 8: ' o., o. 1 0.2f2 o. o.coo 
o. o.~ o. 1 0.2 1 o. o.coo 

~ o. 1.1 o. 1 o. , 0.2f2 o. o.coo 
o. o. 0.12~ o. 1 0.2 1 o. o.coo 

2C 
8: 8: 8:12 o. 1 o.~ o. 0.000 

o. 1 0.2 1 o. 0.000 
o. o. 0.~1 0.1~ o.~ o. 0.000 
o. o. 

8: 2t 
0.1 0.2 1 o. 0.000 

o. 
8: 0.1 6 0.2f2 o. o.ooo 

o. ) 0.42 1.82 0.2 1 o. 0.000 
o. o. 0.~1 1.826 0.211 o. o.ooo 
o. o. o. 2~ 1.e26 0.2i2 o. 0.000 
o. o. 0.123 0.123 0.2 1 o. 0.000 

o.rn5 0~ 0~~0.~ 0.4TI o.m 0.498 0.541 o.ooo 
SD+<: D OF *SQR ;; -1 = 

0~ o.a 0.~.~ )O.e£,2 0.484 0.789 0.505 0.548 o.coo 
SE THE 10F I = 

sr~ ~TI6N~ t&~~) 2•944 4.002 -,.em 3.3).5 0.000 

O.C81 O.C82 0.()3'3 O.Cf74 d.142 0.(8) 0.130 O.C83 0.090 0.000 
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60 70 90 
0.2 0.22 0.26 o. 0.4 1.00 
0.2 0.22 0.26 o. o. 1.CO 
8·2 8·22 8jg 8: 8: 1.~ .2 .22 1. 
0.2 0.22 

8:1 
o. o. 1.CO 

0.2 0.22 o. o. 1.CO 
8·2 0.~2 8·2 8: 

o. Lffi .2 o. 2 • 2 o . 1. 
0.2 0.22 0.2 o. o. 1.CO 
0.2 0.22 0.2 o. o. 1.CO 
0.2 0.22 0.2 o. o. 1.CO 
0.2 8·22 0.2 o. o. 1 .co 
0.2 • 22 8:, o . o. 1.CO 
0.2 0.22 o. o. 1 .co 
0.2 0.22 0.2 o. o. 1.~ 0.2 0.22 0.2 o. o. 1 • 
0.2 0.22 0.2 o. o. LCO 
0.21 0.22 0.26 o. 0.4 1.CO 
0.2 0.22 0.26 o. 0.4 LCO 
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-RELATIVE LUlUNANCE DIS~RIBUT!OH, CIE CLEAR SKY 
SOLAR AL~H'UDEO 

HDEGRE:ES 

ALTITUDE 0 10 20 30 40 50 60 70 80 90 
AZIMUTH 

0 32.22 22.35 10.69 5-74 3-45 2.28 1.64 1.28 1.09 1.00 
10 24.61 18.78 9-79 5-46 3-34 2.24 1.62 1.28 1.09 1.00 
20 16.75 13.56 7-92 4-77 3-07 2.12 1.58 1.26 1.08 1.00 
30 11.69 9.72 6.13 ;.sa 2.72 1.97 1.51 1.23 1.08 1.00 
40 8.50 7.17 4.76 3.26 2.37 1.80 1.43 1.20 1.07 1.00 
50 6.47 5. 51 3.78 2.72 2.06 1.63 1.35 1.17 1.06 1.00 
60 5.16 4.43 3.10 2. 31 1.82 1.4~ 1.27 1.13 1.04 1.00 
70 4-~3 3-73 2.65 2.02 1.63 1.38 1.21 1.10 1.03 1 .co 
80 3-83 3-30 2-37 1.83 1.51 1.30 1.16 1.07 1.02 1.CO 
90 3.56 3.07 2.22 1.73 1.43 1.25 1.13 1.05 1 .01 1.00 

100 3.48 3.00 2.17 1.69 1.40 1.22 1.11 1.04 1.01 1.00 
110 3-54 3-05 2.20 1.70 1.41 1.22 1.10 1.C3 1.00 1.CO 
120 3.70 3.19 2.29 1.76 1.44 1 .23 1.11 1 .:3 1.00 1.00 
130 3-94 3.39 2.41 1.84 1.49 1 .26 1.12 1.03 0.99 1.00 
140 4.20 3.61 2.55 1.93 1 .5 .. , 1.29 1 .13 1.03 0.99 1 .oo 
150 4.45 3.82 2.69 2.02 1.60 1.33 1.15 1.C4 0.99 1.00 
160 4.65 3·99 2.81 2.09 1.65 1.36 1.16 1.04 0.99 1 .co 
170 4-79 4.10 2.88 2.14 1.68 1.37 1.17 1. C5 0.99 1 .oc 
180 4.8;; 4.14 2.91 2.16 1.109 1.38 1.17 1.05 0.~9 1 .co 

RELA~IVE I.UJ:.:NAl;CE DISTR!BU:IO!i,C!E CLEAR Sl.."Y 
SOLAR ALTI~UDE10 

HDEGREES 

ALTITUDE 0 10 2C ~" ~"' 40 50 60 70 50 90 
AZHlU'r'H 

c 29.96 32.47 15.00 7-73 4-43 2.79 1 .92 1.43 1.15 1.00 
10 22.95 20.92 12.72 7-14 4-24 2. 72 1.89 1.42 1.15 1.CO 
20 15.67 13.9:'! n .,,., 

.... ,1.., 5-87 3.76 2 "'"" . ..,_ 1.E:1 1.39 1.14 1.0C 
30 10.95 9.66 L73 4.61 ~ .19 2.28 1. 71 1.35 1.12 1.CC; 
40 7.98 7.01 4-99 3.61 2.67 2.02 1.59 1.29 1.11 1.CC 
50 6.oe 5-33 3.85 2.tl~ 2.24 1. 7E 1.46 1.24 1.09 1 .cc 
GO 4.85 4.24 3.09 2.38 1.91 1.58 1 .~s 1.18 1 • C;7 1.00 
70 4.07 3-55 2.60 2.03 1.67 1.42 1.25 1.13 1.05 1 • CC; 
80 :;.5e :;.12 2.2e 1. 79 1.50 1 .)C 1.17 ·1'.09 1 .o; 1 .C•C 
90 3.32 2.85 2.10 1.6~ 1.39 1.22 1.11 1.05 1.01 1.00 

100 3.2;; 2.oo 2.02 1 .su 1.33 1.17 1.07 1.C2 1.00 1.00 
HC 3.29 2.62 2.02 1.57 t.:;o 1.14 1.04 0.~9 c.gt; 1 ···r· .v"' 
120 3-42 2.9:'\ 2.CC 1.60 1. 31 1.13 1.03 0 "" ......... 0.<:7 1 .cc 
130 3-62 :;;.og 2.18 1.65 1 '7"".!' 

..... J 1 .14 1.02 0.~7 0.96 1 .cc 
140 ;;.54 3.2t:l 2.29 1.72 f.37 1 .16 1.03 0.96 0.':!5 1 .cc 
150 4.06 3.46 2.40 1. 78 1.41 1. i? 1.C; 0.96 0 c~ 

·~.- 1 .cc 
160 4.25 ;.61 2.50 1.€4 1.44 1.19 1.04 o.9u 0.94 1.("C 
1?0 4.)7 ::;.71 2.56 1.83 1 .47 1.20 1.04 0.96 0.94 1 .G~ 
18C 4-41 3-74 2.5tl 1.9C 1.47 1 .21 1.04 0.96 (i. 94 1 .c\,; 
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RELA!:'IVE LtntiNANCE DISTRlBU!ION, CIE CLEAR SKY 
SOLAR ALTI~UDE20 

HDEGREES 

ALTITUDE 0 10 20 30 40 50 60 70 eo 90 
AZir.UTB 

0 17.20 18.34 20.68 10.30 5.66 3.40 2.23 1.58 1.21 1.00 
10 15-30 15.55 13-59 8.88 5-29 3.26 2.19 1.56 1.21 1.00 
20 11.81 11.36 9.20 6.65 4-45 2.98 2.07 1.52 1.19 1 .oo 
30 8.83 8.22 6.46 4.90 3-59 2.59 1.91 1.46 1.18 1.00 
40 6.68 6.10 4.73 3-69 2.87 2.22 1.73 1.39 1 .15 1.00 
50 5.22 4· 71 3.61 2~87 2.32 1.69 1.56 1 • 31 1.12 1.CC 
60 4.24 3-78 2.88 2.31 1.92 1.63 1.41 1.23 1.09 1 .oo 
70 3-59 3-18 2.40 1.93 1.64 1.43 . 1 .27 1.16 1.06 1.00 
80 3.17 2.79 2.09 1.68 1.44 1.28 1.17 1.09 1.04 1.00 
90 2-95 2-57 1.90 1.52 1.30 1.17 1.08 1.03 1.01 1.00 

100 2.86 2.47 1 .so 1.43 1.21 1 .09 1 .02 0-99 0.98 1.00 
110 2-~ 2.47 1. 78 1.39 1.17 1.04 0.98 0.95 0.96 1.00 
120 2-98 2.54 1 .80 1.39 1.15 1.01 0.94 0.92 0-94 1.00 
130 3-13 2.66 1o86 1.41 1 .15 1.00 0.92 o.go 0-93 1.00 
140 3-31 2.80 1 -94 1.45 1 .17 1.00 0.91 0.69 0.91 1.00 
150 3-48 2-94 2 .• 02 1.49 1.19 1.00 0.91 o.8a 0.91 1.00 
160 3.€2 3.05 2.09 1.53 1.21 1.01 0.90 0.87 0.90 1.00 
170 3· 71 3.13 2.13 1.56 1.22 1.02 0.90 0.87 o.9c 1.00 
180 3-75 3-16 2.15 1.57 1.22 1.02 0.90 0.86 0.89 1.CC 

RnA~IVE LUHINANCE DIS~R!BUTIOl<,CIE CLEAR SKY 
nOLAR AL~ITUDE30 

HDEGRE3S 

AL~I~UDE 0 10 20 30 40 50 60 70 80 90 
AZII-!U~H 

0 9.74 10.18 11.09 13.48 7.16 4.13 2.58 1.74 1.27 1.00 
10 9.14 9·39 9.57 9.14 6.32 3.91 2.51 1.72 1.27 t.CO 
20 7.78 7-72 7.16 6.36 4.91 3.41 2.34 1.66 1.25 1.00 
30 6.30 6.06 5.28 4.57 3.73 2.54 2.11 1. 5F. 1.23 1.00 
40 5-07 4.76 3.97 ~.40 2.87 2.34 1.e6 1.47 1.19 1.00 
50 4.12 3.80 3.09 2.62 2.2€ 1.93 1.6:;: 1.37 1.16 LOC 
60 3-44 ).13 2.49 2.10 1.8;. 1.62 1.4~ 1 .26 1.12 1.CC 
70 2.97 2.67 2.08 1.74 1. ~~ 1.~9 1.27 1 017 LOS 1.CO 
80 2.66 2.36 1.81 1.50 1.32 1.21 1 .14 1.09 1.04 1.00 
90 2.48 2.18 1.64 1 .34 1.18 1.09 1.04 1 • (; 1 1.00 1 • CoO 

100 2.40 2.08 1.54 1.24 1.08 1.00 0.96 0.95 0 (\ .. . -. 1.CC 
110 2.40 2.06 1.50 1.18 1.02 0.93 0.90 0.91 0-94 1.00 
120 2.46 2.10 1.49 1.16 0.5'13 0.89 0.86 0.67 c.g2 1 ~ CCl 
130 2.56 2.17 1.52 1.16 0.97 0.(;6 0.83 0.84 o.c9 1.00 
140 2.68 2.26 1.56 1.18 0.96 0.85 0.80 0.51 0.68 1 . c.c 
150 2.79 2-35 1.61 1.20 0.97 0.84 0.79 c.eo 0.()7 1.CO 
160 2.8<;! 2.43 1.65 1.22 0.97 0.84 0.78 0.79 0.86 1.00 
170 2-95 2.48 1.68 1.23 0.98 0.84 0.78 o.;a c.~; 1.C\..' 
1&C 2-98 2-49 1.69 1.24 0.98 0.84 C.7f:l 0 ..,,~ . ·- 0.85 1 .cc 
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R:ELA'1'IVE LUJ>IIJiAllCE DISTRIBUTION, CIE CLEAR SKY 
SOLAR ALTI=UDE40 

HDEGREES 

ALTITUDE 0 10 20 30 40 50 60 70 80 90 
AZIMUTH 

0 5.48 5.60 5.85 6.87 8.91 4·97 2.98 1.!?2 1.34 1. 0() 
10 5.28 5.36 5.47 6.08 6.31 4.52 2.67 1.89 1.33 1.00 
20 4.78 4.76 4.61 4.71 4.57 3.67 2.60 1.61 1.)1 1.00 
30 4.15 4.04 3. 71 3.58 3.38 2.90 2.26 1.69 1.27 1 .oc 
40 3.54 3.37 2.97 2.75 2.58 2.31 1.93 1.55 1.23 1.00 
50 3.03 2.83 2.40 2.17 2.02 1.86 1.65 1.41 1.19 1.0C 
60 2.62 2.41 1.99 1. 76 1.63 1.53 1.42 1.26 1.14 1.00 
70 2.32 2.11 1.69 1.47 1.36 1.29 1.23 1 .17 1.09 1.00 
80 2.11 1.89 1.49 1.27 1.16 1.11 1.09 1.07 1.04 1.CC 
90 1.98 1.75 1.34 1 .13 1.0:5 o.9a 0.97 o.9s o.gg 1.00 

100 1.92 1.68 1.26 1.04 0.93 o.e9 o.e9 o. 91 0.95 1.00 
110 1.91 1.65 1.21 0.98 0.86 0.82 0.82 0.86 0.92 1 .cc 
120 1.93 1.65 1.19 0.94 0.82 0.77 0.77 0.81 0.89 1.00 
130 1.99 1.69 1.19 o. !?3 0.79 0.74 0.73 0.78 0.86 1.CC 
140 2.05 1.73 1.21 0.92 0.78 o. 71 0.71 o. 75 v.c4 1.CO 
150 2.12 1.76 1.23 0.93 0.77 0.7C 0.69 0.73 0.63 1.00 
160 2.18 1.82 1.25 0.93 0.77 0.69 0.67 0.71 0.82 1.00 
170 2.22 1.85 1.26 0.94 0.77 0.66 0.67 o. 71 0.81 1.00 
1ao 2.23 1.86 1.27 0.94 0.77 0.68 0.66 0.70 0 .li1 1.(.,0 

?J::I.A:'lVE LU:·:HU,!:'.::E D!S'l'iUBU'l'IOU, c:;:E CLEAR nKY 
:CLAR AL:':'7UDz5J 

HDEGRE:ED 

AL:'l:'UI•I c 10 20 30 40 50 60 70 80 90 
AZIF.t':'E 

() ~.CG :;.07 :;.07 3.46 4-33 5.89 ~-41 2.11 1.40 1.CC 
iJ j.C<: ;;.co 2.96 3.28 3-94 4.41 3.20 2.07 1 -39 1.0C 
20 2 .(;4 2-79 2.69 2.85 3.20 3-~4 2.75 1.94 1.;,6 1.00 
30 2.60 2.52 2.34 2.36 2-5:5 2.56 2.29 1. 7ll 1.32 1. cc 
40 2-34 2.23 2.00 1.96 2.01 2.03 1.90 1.60 1.27 1 • c;:. 
50 2 r,o oVJ 1 -97 1.71 1.62 1. 62 1.64 1.59 1.43 1 .21 1 .cc 
60 1.88 1.74 1.47 1.36 1 .:r; 1 -35 1.34 1.26 1 .15 1.CO 
','(j 1.i2 1.57 1.29 1.16 1.13 1.13 1.15 1.14 1.C~ 1.CG 
c•J 1. ~·9 1.44 1.15 1.02 o.c;7 0.98 1.00 1 .0:;': 1.0 1 .co 
90 1.51 1.34 1.05 0.91 0.86 0.86 0.89 0.94 0.96 1 .cc 

100 1.46 1.29 0.98 0.83 0.77 o. 77 0.80 O.EJ6 0-94 1 .cc 
110 ~.~~ 1.26 0.94 0.7r3 o. 71 0.70 0.74 0.80 o.go 1 .CJ 
120 1.45 1.25 0.91 0.74 0.67 0.66 0.68 0.7~ 0.66 1.0C 
13C 1.47 1.26 0.90 0.72 0.64 0.62 0.65 0.72 O.t;:; 1 .co 
1-tG 1.50 1.27 o.go 0.71 0.62 0.5? 0.62 0.69 0. Ell 1.08 
1'" -'"' 1. 53 1.29 0.91 0.70 0.61 0.58 0.60 o.c€ o.:g 1 .c::: 
16(, 1.56 1.)1 0.91 ·J.70 O.GC 0.57 ().5P 0.65 o.;o 1 .CC· 
17:: 1 .;e 1 -33 0.92 0.70 0.60 0.56 0.57 0.64 (•.77 1 .oc 
130 1. 59 1.33 0.92 0.70 0.50 0.56 0.57 0.64 o. 77 1 • C·C' 
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RE:i.A~IVE LUf.:INAr!CE DISTRIBUTION,CIE CLEAR SKY 
SOLAR .AL~I~UDE60 

EDEGREES 

AL:I':UDE 0 10 20 30 40 50 6C 70 80 90 
AZll.:UTH I 

0 1.73 1.69 1.60 1.73 2.07 2.73 ;.85 2.30 1.47· 1.00 
10 1.71 1.66 1.57 1 .68 2.00 2.56 3.07 2.22 1.45 1.00 
2v 1.65 1.60 1.49 1.57 1 .'81 2.20 2.47 2.03 1.42 1.00 
:o 1.57 1.50 1.38 1.41 1.57 1.83 2.01 1.t!O 1.36 1.00 
4~ 1.47 1.40 1.25 1.24 1.35 1 .52 1.65 1.58 1.30 1.00 
50 1.37 1.29 1.12 1.09 1 .15 1.27 1.38 1.38 1.23 1.CC 
6C 1.26 1 •19 1.01 0.96 0.99 1.07 1 .17 1.22 1.15 1.00 
70 1.21 1.10 0.92 0.85 0.66 0.92 1.01 1.08 1.CS 1.00 
eo 1.14 1.03 0.84 0.76 0.76 0.80 o.8e 0.97 1.02 1.0C 
90 1 .10 o.sa 0.78 0.69 0.68 0.71 0.78 0.86 0.~115 1.CO 

100 1.07 0.94 0.74 0.64 0.62 0.64 c. 71 0.80 0.91 1.00 
11 (; 1.05 0.92 0.70 0.60 0.57 0.59 0.65 0.74 0.87 1.00 
120 1 .05 c. 91 0.68 0.57 0.54 0.55 0.60 0.69 o.s; 1 .oo 
130 1.05 o.yo 0.67 0.55 0.51 0.52 0.56 0.66 0.&0 1.CC 
140 1.06 c.so 0.66 0.54 0.49 0.49 0.5,l 0.63 0.78 1.00 
150 1.07 0.91 0.65 0.53 0.48 0.48 0.52 c.Go 0.76 1 • OC.• 
16~ 1.08 0.91 0.65 0.52 0.47 0.47 0.50 0.5':) 0.74 1 .co 
17.J 1 .CIJ 0.92 0.65 0.52 0.46 0.46 0.50 0.5t.J 0.74 1.0::.• 
130 1 .og 0.92 0.65 0.52 0.46 C.46 0.49 0.58 0.73 1.CC 

P~i.:'!VE Ltn·:~l-:ANCE D:STRIBU:ION,CIE CL!i.R ~KY 
!~01Art AL':'ITUDE70 

l.ill!:GR!Ef: 

AL:'IO::UDE 0 10 20 30 40 50 60 70 ~!;0 (..jf~ 

~v 

Az:;:U':;i 
1.70 2.49 1 -~·3 1.CO c o.9c 0.93 0.84 0.86 0~99 1.25 

1:) 0.~7 0.92 o.s; 0.85 0.97 1.22 1.64 2.13 1.51 1.l:O 
20 o.s-6 0.90 0.81 0.82 0.'93 1.15 1.5(.; 1.£3 1.46 1 . CC> 

"'" :>.93 O.E=3 0.7& 0.78 0.87 1.05 1 . 3~1 1 .58 1.;e 1 .oc ... 
40 0.9(; O.b4 0.74 0.73 0.80 0.95 1.17 1 .;e 1 • .50 1 .cc 
50 0.87 O.f'1 0.70 0.68 ().73 0.84 1.02 1.21 1 • <! 1 1 .co 
6'' C.b4 0.77 0.65 C.63 0.66 0.75 u.~o 1.07 1.1:::, 1 .c·:J .... 
70 O.B1 0.74 0.62 0.58 O.EO 0.68 c.ec 0.95 1 .06 1.00 

t!O O.?H 0.71 0.58 0 "·' 0.55 (l. 61 0.?2 0.86 o. ~~9 1 .cc . ..~~ 
9J ,.. ..,- o.f.s 0.55 c.so c. 51 0.56 0.65 0.7B 0.93 1 .0(. .... ,t. 

1':)~ 0.74 0.6€ 0.53 0.47 0.47 0.51 0-5~ 0.72 C.t.-::, 1 .C.:·C 

11J 0.73 c.E5 0.51 0.45 0.44 0.47 0.55 0.67 O.b;" 1.CC 
12:- 0.7?;· 0.64 0.49 0.43 0.42 0.45 0.51 0.6; 0.80 1.0C 

0.59 0 r"!"7 1 ' r, . 
,,~ 0.72 0.63 0.48 0.41 0.40 C.42 0.45 . '' .... v 

148 'J.72 0.6; 0.47 0.40 0.39 0.41 o.4n c c::.., c. "/4 1 • CC' 
·~· 

0.62 0.47 0.3':) 0.;".7 o.;g 0.45 0.~5 0.?2 1 r.-• . ' - 0.72 ·-v I)>J 

16: c.72 0.62 0.46 0.39 0.37 O."G 0.44 0.~4 -:). '71 1 • C·D 

1'/;,i 0.72 0.62 0.4E 0.39 o.:;6 o.:.e C.£3 0.5: Q.70 1 .c~ 

1 t. ~: 0.7~ ;J.E2 0.46 0.39 0.36 o.;E " r< c 1:'7 C "'n 1 .cc ,.., . .,. .... •.I. . '. 
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RELA~!VB LID!INAllCE DISTRil3U~IDrl ,CIE CLEAR SKY 
rOLAR AL~I~UDEbO 

HDEGREES 

AL:'I~UDE 0 10 20 30 40 50 60 70 60 90 
J..Z!I-iU~~ 

0 0.56 0.52 0.44 0.43 0.47 0.57 0.75 1.05 1.58 1.00 
10 0.56 0.51 0.44 0.43 0.47 0.57 0.74 1.04 1.46 1.00 
2Ci 0.55 o. 51 0.44 0.43 0.46 0.56 0.72 1 .oo 1.35 1 .co 
30 0.55 0.50 0.43 0.42 0.45 0.54 0.70 0.95 1.25 1.00 
4C 0.54 o.;o 0.42 0.41 0.44 0.52 0.66 0.90 1.16 1.00 
50 0.53 0.49 0.41 0.39 0.42 0.49 0.6:; 0.64 1.08 1.00 
60 0.53 0.46 0.40 0.38 0.40 0.47 0.59 0.78 1.C1 1.00 
70 0.52 0.47 0.39 0.37 0.39 0.44 0.55 0.73 0.95 1.00 
8:) 0.51 0.46 o.:;8 0.35 0.37 0.42 0.52 0.68 0.90 1.00 
90 0.50 0.45 0.37 0.34 o.:;5 0.40 0.49 0.64 0.85 1 .0(1 

100 o.~o 0.45 0.36 0.33 0.34 0.38 0.46 0.60 0.81 1.00 
110 0.49 0.44 o.;5 0.32 o.:;:; 0.36 0.44 0.57 0.7E 1.00 
120 0.49 0.44 0.35 0.31 0.32 0.35 0.42 0.55 0.75 1.00 
130 0.49 0.43 0.34 0.31 0.31 0.34 0.41 0.53 0.72 1.00 
140 0.48 0.43 0.34 o.:;o o.:;c o.:;3 0.39 o. 51 0.70 1.CC 
150 0.48 0.43 0.3'3 0.29 0.29 0.32 o.;9 0.50 0.69 1 .co 
160 o • ..;s 0.42 o.:;:; 0.29 0.29 0.32 o.;s 0.49 0.68 1.00 
1?0 o.4e 0.42 o.:;:; 0.29 0.29 0.31 0.'!-7 0.48 0.67 1.00 
1BO 0.4R 0.42 c.:;:; 0.29 0.29 0.31 0.37 0.48 0.67 1.CO 

RELA':'ZVE LUI: .i!IAI:CE DIS~RIBUTION,CIE CLEAR SKY 
SOL~}; :.L':'::~UDE':-'0 

HDE;JREE:i 

ALTI~UDE c 10 20 30 40 50 60 70 80 a:·, 
-'" 

A.Zll·;UT~ 
c 0.;;2 0.29 0.24 0.22 0.23 0.26 0.33 0.45 o.c.; 1.00 

10 0.32 0.29 0.24 0.22 0.23 0.26 0.33 0.45 0.65 1 .cc. 
20 0.32 0.29 0.24 0.22 0.23 0.26 0.3'3 0.45 0.65 1.CC 
;,o c.~2 0.29 0.24 0.22 0.23 0.26 0.33 0.45 0.65 1.0C 
4: 0.~2 0.29 0.24 0.22 0.23 0.26 0.33 0.45 0.65 1 .cc 
"" .... 0.:;:2 0.29 0.24 0.22 0.2:; 0.26 0 7'' ..,_.. 0.45 C.E5 1.00 
6' ·- 0.32 0.29 0.24 0.22 0.23 0.2(, o.;;:; 0.45 0.65 1 .cc 
70 C.?-2 0.211 0.24 0.22 0.23 0.26 0.33 0.45 0.65 1.00 
ec c.;2 0.29 0.24 0.22 0.23 0.26 o.;;3 0.45 0.65 1 , .. ,.. 

.\.. ..• ; 
~0 0.;.2 0.29 0.24 C.22 0.23 0.26 0.33 0.45 0.6; 1 • cc-

1CC'· C.j2 0.29 0.24 0.22 0.23 0.26 0.33 0.45 0.65 1 .C·C 
11·) 0 .,., . -.. 0.29 0.24 0.22 0.23 0.26 0.33 0.45 0.65 1.00 
1"" .. w o.;:2 C.C:9 0.24 0.22 0.23 0.26 0.3"3 0.45 C.€5 1 .CJ 
1;:..: O.j2 ().~y 0.24 0.2~ 0.2:; 0.26 c.;~ 0.45 0.65 1 .co 
1t,: o.::;2 0.29 0.24 0.22 0.23 0.26 0.33 0.45 C.E5 1 .Cc 
1 :;·.: 0.)2 0.29 0.21, 0.22 0.23 0.26 0.3:5 0.45 0.65 1 .:JC 
1 t .' 0.32 0.29 0.24 0.22 0.23 0.26 0.3;; 0.45 0.(5 1.CC 
1'i;" o.;:2 0.29 0.24 0.22 0.2; 0.26 0.33 0.45 o.G5 . . ,.. 

• .v~o..· 
1..:...; c.;2 C.29 0.24 0.22 0.2: 0.26 c.;:; 0.45 O.t5 1 .c:; 
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B=1?f 

t1~~
2 

B=1 

t~ 
B=1 

El~ B=1 1 
B=1 
B=1 
B=1 
B=1 
:8=121 
:8=122 
B=12! B=12 
:8=12 
t12 

t-1~ 1~ 1 
B=1 1 
B=1'32 
B=1TI 
B=1~ 
B=12:2 

Ehn-~~ B=1 
B=1 
B=1 1 
B=1 2 
B=1 3 
B=1 

251 



868 15 awTINE 
869 CALL. LIIESG!ZIQE,91,X.YI 
870 IF!IIYSIIE.EII.21 YNB • Y!9U 
871 IF!I!YSIJE.EII. U VIII • Y!U 
872 IF!IIYSIJE.EII. U CALL JUIIG(DIIE,JII. \'111,2. IIEGRI 
873 IIEGR • I~ - 5 
874 10 awTINE 
m REMN 

876 e=---=-- IEET !IUGIN Flit 1£11' FrWE -----m ENTRY IIUG 
878 CALL FrWE 

-879 IETlM 
880 Ere 
881 c 
882 o-------- Sl.l Flit fMWAJ." SK1SKV-/ -----
883 SIIIROOTif£ AFIU.UI.J.IET,J,J.It\'SIIE) 
884 C SliiWI'If£ TO lEAD IN 10110 IBSIIIED SkY Nil STilE 
88S C VAI.I.£S ARE INTERPII.ATED fY A Flfll TO f£MEST IEIIIEE. 
886 C ~TA CMD ~ Tl£ COORII.L.Ifli ~TA CMOS AS 510111 
887 C 789 CMD 
888 c PI.DTHffH 
889 C AZIIIITHIH 0.0 
890 C PLOT IOUZOOAI.OOOOOOO V/07 7 7 1100 IBSIIIED 
891 c oooo •• 1111 2.222 33.33 444.4 5555. .6666 1~m •·• m.9 
892 C !ETC Flit 10 ALT. I UO AZ PER Lif£1 
893 c 9I)HHH 
8M C 6789 CMD 
895 c 
896 c 
897 
898 c-
899 c-
900 
901 
902 
903 
904C 
90SC 
906 c 
907 
908C 
909C 
910 c 
911 c 
912 
913 
914 
915 I/) 
916 
917 
918 

c 

DIIENSICW AU0.101 

IFUJ.EII.JJ 00 TO 50 
READ!5. U UA!I .JI.Ja1 .101 .1•1• 101 
FIRIAT! 10F6.21 
REMN 

IMY FIWD , IJitERPilATE liB &rED 
50 aMINE 
II IS ALT-aumtli FRIJI 91 IDif 
J IS AZI~fli FRIJI 1 IP 
K IS ALT IN !U A #MAY 
L IS Ali IN !U A #MAY 

IF!IIYSIIE.EII. 11 00 TO 60 
Ja92-.J 
aMINE 
K•!II-1 1/10+1 
L•!J-11 110+1 
IF!IC.EII.101 00 TO 100 
IF!L.EII.101 00 TO 200 919 

920 
921 
922 
923 
924 
925 

C O£CIC IE'IIE IIJT Ill EXlE£ ElliE CF #MAY 
c 

926 
927 
928 
929 

c 

c 

SIJFERa!A(K+t.L +1 1""1\(K.L +1) 1/10. 
SLIJIEL•!A!K+1.LI-A!K.LI 1/10. 
51JfEB-!A!K.L+1 1-A!K.LI J/10. 

C TAl(£ IEI!Jfl'ED MRI'IIE CF w:RTICM. 
C SUJIES !URI 
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931 C M.PHA IS FRACTII* Flit M.TJTUIE ~1 
932 C BETA • • • • • • • • • • • • • • • AZDIJTH • • ETA.. 
933 
934 
935 
936 
m 
938 
939 
940 
941 
942 
943 
944 
945 
946 
947 
948 
949 
950 
951 
952 

c 

l'll.PHA-1 Ul·11-1o.tiK-111/10. 
IIETA a( IJ -11-10.t1L-lll/10. 
SUI'EaSUftl.tl 1-IIETAI~IIIETAI 

C lET TIE INTERPII.ATED POINI' 
c 

IET=AIK.LI+10tiiETAtSI.IJIEI+10IM.fHAISUIIE 
c 
C IDE Flit f£JERfL CASE 101 IETliiN 
c 
c 
C ED CINIITII* , TIP 
c 
100 IF IL.EQ.101 00 TO 300 

SUFEB=IAIK,L +1 I~(K,LII/10. 
IIETAal IJ-11·10tiL ·111/10. 
IET=AIK, L 1+10tiiETAtSl!IEB 
~ 

953 c 
954 c 
955 c 
9S6 c 
957 200 
958 

S..lfER=IA!K+1oLI~!K,LI 1/10. 
IVHA=I I II-ll-10. tiK-111/10. 
IET=AIK, Ll+10tM..fHAtSUIIER 
RETlJlN 

959 
960 
961 
962 
963 
964 
965 
966 

c 
C IN lfPER RIOO' CIR£R 
c 
300 IET=AIK.LI 

RETUIN 
END 

The following figures are the clear 

sky luminance distribution within 

sky simulator page (254-260) 

LIAM DIAGRAM 
IIIWAB. K ~ sr.t 
HORIZONTAL PLANE 

WINDOW SOLAR AZJM = iSZ DEG 
SOLAR AL T = 90 DEG 
GLASS TRANS= L8~/R~SiN,CLEAP.1 
SKY AREA 3414.52 SQ. CM. 

253 



LIAM DIAGRAM 
CIE KITTLER SKY 
HORIZONTAL PLANE 

WINDOW SOLAR AZIM = ~ DEG 
SOLAR AL T = 40 DEG 
GLASS TRANS= LBLIRUBIN,CLEAP.i 
SKY AREA 186.79 SQ.CM. 

LIAM DIAGRAM 
NAVVAB,M SKY 
HORIZONTAL PLANE 

WINDOW SOLAR AZIM : ~ DEC 
SOLAR AL T = 40 DEG 
GLASS TRANS= LBL/P.U91N,CLEARl 
S1<Y AREA I S2 • 3C: SQ • CM. 

N 
VI 
,.::.. 



LIAM DIAGRAM 
CIE KITTLER SKY 
HORIZONTAL PLANE 

WINDOW SOLAR AZIM = 0 DEG 
SOLAR ALT = 60 DEG 
GLASS TRANS~ LBL/RUBIN,CLEARi 
SKY AREA 2t:a5. 34 S~. CM. 

\: 

LIAM DIAGRAM 
NAVVAB,M SKY 
HORIZONTAL PLANE 

WINDOW SOLAR AZIM = 0 DE~ 
SOLAR AL 1 = 50 DEG . 
GLASS TRANS~ LBL/RUSIN,CLEARi 
SKY AREA I 75 • 18 SQ • C:M, 

1>-J 
1.11 
1.11 



LIAM DIAGRAM 
CIE KITTLER SKY 
HORIZONTAL PLANE 

WINDOW SOLAR AZIM = 0 DEG 
SOLAR AL T = €0 DEG 
GLASS TRANS= LBL/RUBIN,CLEARi 
SKY AREA 233. 7E S:l. CM. 

LIAM DIAGRAM 
NAVVAB,M SKY 
HORfZONTAL PLANE 

WINDOW SOLAR AZIM = 0 DEG 
SOLAR AL T = 60 DEG 
GLASS TRANS= LBL/RUBIN,CLEARI 
SKY AREA 230. 22 SQ • CM. 

N 
lJ1 
0\ 



LIAM DIAGRAM 
CIE KITTLER SKY 
HORIZONTAL PLANE 

WINDOW SOLAR AZIM = Z DEG 
SOLAR AL T = 70 DEG 
GLASS TRANS= LBLJRUBiN,CLE.4Ri 
SKY AREA 273.02 SQ. CM. 
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