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I. INTRODUCTION 

It has been claimed that artificial lighting systems utilizing 

polarizing panels have the potential for major energy savings when 

compared to the more conventional acrylic panels. 

This report on polarizing panels is based on a survey of published 

materials and subsequent original analysis of this literature. We 

have reviewed the lighting and vision literature as well as briefly 

examined materials on management science and on the reflectivity of 

surfaces. Our analysis has, for the most part, been concerned with 

the connection between lighting design and productivity. 

We have concluded that polarizing panels should be_ included among 

the alternatives normally considered by the lighting designer to 

utilize energy more efficiently than normal general lighting systems 

using standard prismatic or diffusing panels. A lighting design using 

polarizing.panels might use 1/4 to 1/3 less energy than a reference 

system using standard prismatic panels without compromising function. 

The cost effectiveness of conversion or new design with polarizing 

panels depends upon the costs of the alternatives (including high 

efficiency, as distinct ·from standard, prismatic or diffusing 

panels). Current information of this type is available at the design 

stage. We unfortunately have only spotty data on how the use of 

polarizing panels compares to other potential lighting conservation 

designs in terms of potential energy savings. 
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Our estimate of the potential energy savings available with 

polarizing panels is based on our estimate of their efficiency at 

producing Equivalent Spherical Illumination, or "ESI". ESI combines 

the effects of luminance and contrast into a single figure of merit 

for visibility. Section II of this report provides a short history 

and some background for ESI. It then describes how polarizing panels 

affect ESI levels and how they compare to standard panels. 

ESI is not universally accepted as a measure of visibility. In 

particular a theoretical model for contrast of diffuse-specular 

surfaces published by Marks in 1959 has been used to support very 

general claims for the superiority of polarizing panels. Section III 

reviews first Marks' model and then a statistical model for 

reflectivity. This review shows that the theoretical models are not 

that precise and do not support a general claim for the superiority of 

polarizing panels. Section III continues with a discussion of the 

measured reflectivities of paper and pencil on paper. These data are 

used in ESI calculations. We discuss briefly why these data may be 

inadequate for determining visibility for polarizing panels. The 

error (if it exists) would tend to make ESI underestimate the 

visibility produced by polarizing panels. 

Section III closes with a discussion on absorption and multilayer 

reflecting-type polarizers. For the standard linear absorption 

polarizer, such as is found in sunglasses, the axis of polarization on 

a surface, and hence the effect on contrast, will depend upon the 

orientation of the surface with respect to the polarizer. Present 
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polarizing panels use instead a multilayer reflecting principle. 

These panels produce what Marks described as "radial" polarization. 

The axis of polarization with respect to a horizontal surface is 

independent of the orientation of the surface with respect to a 

"radial" polarizer. 

The problems and limitations of evaluating lighting systems 

strictly in terms of ESI per watt (or dollar) are discussed in Section 

IV. The relationship between visibility and productivity that 

determines the cost effectiveness of a lighting system is neither 

straightforward nor well understood. A short exposition on some of 

the factors affecting productivity - with emphasis on lighting -

provides a perspective on the importance of differences in ESI 

levels. It also gives a rationale for judging a lighting system by 

its footcandle level, its comfort level, its "interest" level, or even 

general aesthetics, instead of ESI. 

The discussion of cost effectiveness raises the important 

subsidiary point that the lighting system is not the only factor in. 

visibility. There is a brief discussion of the possibility of using 

alternative investments, i.e., remodeling or the purchase of new 

office equipment, to improve visibility, and how this affects 

investment decisions about lighting systems. 

Section IV closes with a discussion of task-ambient lighting 

systems versus general lighting systems. Our evaluation of polarizing 

panels versus standard panels consisted of a comparison of ESI values 

for general lighting systems and is not predictive of the merit of 
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polarizing panels used with task-ambient systems. The discussion in 

Section IV shows that a task-ambient system may often be far more 

efficient than a general lighting system. 

Section V attempts to evaluate polarizing panels in terms of the 

factors discussed in Section IV. Several specific situations where 

polarizing panels should be useful are mentioned. Potential benefit 

of task-ambient lighting with polarizing panels is evaluated 

qualitatively using the material in Section III. 

Section V completes the body of this report. There are, however, 

four appendices which cover material in more detail than was felt 

necessary in the general text. 

Appendix A provides a historical background on the viewing angle 

controversy. Appendix B tabulates comparative ESI data calculated by 

Bill Jones of the Lighting Research Laboratory. Appendix C provides 

very specific definitions of vertical and horizontal polarization and 

demonstrates how "linear" and "radial" polarization differ. Finally, 

Appendix D discusses modeling of visibility and productivity. 
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II. BACKGROUND - ESI AND POLARIZATION 

Since Equivalent Spherical Illumination (ESI) is an important 

metric for evaluating any lighting system and in particular the effect 

of polarizing systems, a short history of vision research related to 

the concept of ESI is useful. 

Early work by Cobb and Moss in 19281 ' 2 and Holladay in 1926 and 

1927 3 ,4 are excellent examples of publications that identified 

important visual parameters and discussed measurements of their 

effects on "visibility". The parameters studied were the light level 

(actually the luminance of the task or light level times 

reflectivity), the "contrast" of the task, the size (visual angle) of 

the target, the time available to see the target, and the presence of 

glare. Contrast is the difference of the luminances of the background 

and the target normalized by dividing by the adaptive luminance5,6 

(which is usually just the background luminance). Glare was 

considered to be the presence of light sources in the field of v1ew. 

Finally, visibility was defined by measuring a "detection threshold" 

of the task. 

Although detection thresholds can lead to reproducible measure

ments, it was not obvious how they related to visual performance in 

real work situations. In 1959 Blackwell7 measured a static and a 

dynamic threshold and determined the relationship between them. In 

the static threshold measurement the subject knew where and when the 

target would appear (for 1/5 second). Threshold is defined as the 
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condition under which the subject correctly detects the presence of 

the target SO% of the time. In the dynamic threshold experiment the 

subject did not know when and where the target would appear. 

Furthermore, the accuracy criterion for "threshold" detection was 

increased to 99%. These latter conditions were claimed to be 

reasonably representative of real conditions when the subjects are 

working at their maximum potential. The lighting recommendations 

adopted by the Illuminating Engineering Society have essentially been 

based on this study. 

Blackwell 1 s experimental procedure used a "standard" target and a 

"standard" lighting environment. The lighting environment consisted 

of uniform diffuse illumination such as would be found in a sphere. 

When the standard target is used, the visibility for an average 

observer can be calculated from the specification of the viewing angle 

and light level alone. Therefore, the visibility of the standard 

target in a lighting environment can be specified by the light level 

in a sphere that would give the same visibility-hence "Equivalent 

Spherical Illumination." 

In his subsequent 1963 papers, Blackwell8, 9 utilized the 1959 

results to compare different lighting systems (including polarizing 

systems). To simulate realistic viewing conditions, Blackwell 

calculated a weighted average of visibilities over viewing angles. An 

alternative procedure suggested by Crouch and Kaufman10 was to use a 

25° viewing angle for the calculations as this was thought to be the 

most common viewing angle. This latter procedure was the one chosen 
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by the IES when it presented the ESI concept in its 1969 RQQ #4 

report. 11 Appendix A discusses the viewing angle problem in more 

detail. 

The physical measurements needed for an accurate ESI computation 

involve knowing the bidirectional reflection coefficients of various 

materials and are difficult and time consuming. In 1973 Blackwell, 

Helms and DiLaura12 published reflection data for a standard pencil 

task. The IES RQQ #5 report13,14 shows how this data can be used 

along with a model of a room and its lighting system to estimate ESI 

values in place of the more difficult and tedious measurements. This 

method was validated by comparison of computer estimates with 

computations from physical measurements in a test room. 
~ 

Computer programs, such as the "Lumen II" program developed by 

DiLaura, 15 calculates ESI for a grid of points, with up to four 

viewing orientations at each point, in the room of interest. Because 

the relationship between ESI and visibility is non-linear, the average 

value of ESI over the grid of points is generally not a good measure 

of the average visibility in the room. In 1977 the IES published an 

interim reconnnendation 16 on ESI specifications for the "speculative" 

building market which consists of specifying a target ESI value which 

must be exceeded by a target percentage of the locations in the room. 

This procedure allows the user to weight the ESI values to insure 

adequate visibility almost everywhere. It does not determine the 

average visibility and it does not claim to provide the most cost-

effective lighting. 
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In practice, most lighting designers 17 only use ESI if the 

client asks for specifications in ESI. Instead of ESI, designers 

usually specify light level (e.g., horizontal footcandles). The 

client will directly perceive the light level. It can be easily 

measured, and it is simple to calculate the number and spacing of 

lighting fixtures needed to deliver a given footcandle level rather 

than ESI levels. 

The relationship between ESI and footcandles at any point depends 

significantly upon the difference in contrast that a target has at 

that location compared to what it would have in uniform sphere 

lighting• The contrast is affected by the distribution and 

polarization of the light and of course the type of target used. 

However, differences in contrast are not normally as noticeable as 

differences in light level. Hence, if the designer has some 

qualitative feel for what makes good lighting, the resulting lighting 

designs will usually be acceptable to the client. 

The most recent IES Lighting Handbook18 was published in 1972, 

at a time slightly before there was a practical method of determining 

ESI values. Many of its lighting recommenda~ions are given in terms 

of ESI even though a quantitative procedure for its determination is 

not specified, and only the general issues of lighting quality are 

discussed. It provides guidelines as to the placement of lighting 

fixtures, and the type of fixtures used, so that the lighting designer 

can produce a design which has a relatively high ratio of ESI to 
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footcandles. There is no mention of the effects of polarization or 

polarizing panels, and it appears that few lighting designers are 

knowledgeable about polarizing panels. In the remainder of this 

section, polarization and ESI are briefly discussed in order to help 

fill this information gap. 

At a lighting level of about 50 footcandles, relative changes in 

contrast are about 10 times more important than relative changes ~n 

light level in terms of their effect on ESI. 18 In 1959 Marks 19 

pointed out that the gloss, or surface reflectivity, of an item is 

polarization dependent. When gloss is present contrast is decreased. 

For the "multilayer reflection polarizer" gloss will be reduced for 

all surfaces that lie in a horizontal plane relative to the polarizing 

panel. The theory behind this is discussed in Section III. 

What is important to our discussion now ~s that polarizing panels 

also affect the light distribution, which affects contrast. Further, 

as shown below, they do not transmit as much light as clear lenses. 

Also, as we show in Section III, incident polarized light affects the 

entire luminance distribution of the task, not just the surface gloss 

of a material. Since all these factors interact, the simplest 

procedure to determine the overall effect is to measure it. 

Blackwell's 1963 paper8 ,9 measured "visibility" for several 

lighting systems. The polarizing panels did very well in this 

comparison. However, as stated earlier, Blackwell's weighting 

procedure for the viewing angle is not the procedure currently used. 
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The 1973 reports by Blackwell, Helms and DiLaura12 list values 

for ESI obtained by comparing a diffusing panel, a high efficiency 

prismatic panel, a batwing panel, and a polarizing panel. Only one 

lighting installation was studied. Furthermore, ESI was calculated at 

only a few points and these points were not randomly distributed 

through the room. The results should therefore only be considered 

illustrative. 

The diffusing panels appeared to be uniformly poorer than the 

other three panels in this installation. Of the remaining three 

panels the high efficiency prismatic has the highest average ESI over 

the points in the grid (both calculated and measured) followed by the 

polarizing panel and then the batwing panel. The order is reversed 

for uniformity of ESI. Visual performance and ESI are related in a 

non-linear fashion with the low values of ESI affecting the average 

visual performance more than the high values of ESI. This means that 

uniformity must be considered along with the average ESI in evaluating 

average visual performance. It appears that for this installation the 

three high visibility panels are roughly comparable. 

A number of case studies of standard prismatic panels versus 

polarizing panels have been performed by Bill Jones20 at the 

Lighting Research Laboratory. In general, the polarizing panels did 

well in these studies, giving both better uniformity and a higher 

average ESI than the standard panels with which they were compared. 

The estimate in Section I of the energy savings attainable with 

(~ 
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polarizing panels was derived from one of the case studies21 which 

had a sufficient number of computed ESI values to provide reasonable 

statistics for the ESI values over the room. These results are 

discussed in more detail in Appendix B. 

It is important to note that the replacement of a standard 

prismatic panel with a polarizing panel does not increase light 

levels. 20 The key consideration is that ESI values are higher for 

polarizing panels in the case studies above because improved contrast 

more than compensated for reduced light levels. If a building is 

built or lit to a footcandle specification rather than an ESI 

specification, then polarizing panels, or for that matter any lighting 

design which sacrifices footcandles for contrast, will result in an 

increased use of power. 

To save energy without loss of visibility the lighting 

specification must either be in terms of ESI or it must provide a 

correction factor for reducing the lighting level for lighting designs 

which provide better than average contrast. From the example above, 

we estimate that this correction factor would be 0.6 to 0.7 for the 

polarizing panels as compared to standard prismatic lenses in a 

general lighting system. This factor is also consistent with the less 

detailed data for other lighting systems studied. 20 
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III. REFLECTIVITY, POLARIZATION AND CONTRAST 

The effect of polarized light on contrast 1s central to the 

argument that any polarizing system can improve visibility. A short 

review of the reflectivity of flat surfaces is given below as it 

presents the needed vocabulary and provides in addition a useful 

prelude to the discussion of the effect of polarization on contrast. 

22 The theory of specular reflection from plane surfaces predicts 

that the reflectivity is a function of the angle of incidence of the 

light, its polarization, and finally the "admittance", or for 

transparent materials, the index of refraction of the material. The 

reflection from a smooth plane is mirrorlike or "specular" with the 

angle of incidence equal to the angle of reflection. Light which has 

its polarization vector perpendicular to the plane defined by the 

incident and reflected light rays is called horizontally polarized 

light and is more strongly reflected than light which has its 

polarization vector in the plane defined by the incident and reflected 

rays (vertical polarization). 

When the angle of incidence of the light ray is perpendicular to 

the reflecting surface the incident and reflected rays are in opposite 

directions and no longer define a unique plane. For this case, 

reflectivity is independent of polarization. For horizontally 

polarized light the percentage reflectivity increases steadily as the 

angle between the incident light ray and the normal to the surface 

increases, reaching 100% at the grazing angle (90°). Conversely the 
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reflectance of vertical polarized light first drops to a minimum and 

possibly to zero at the "Brewsters Angle" (which depends upon the 

23 material) before also rising to 100% at the grazing angle. 

Flat pieces of metals, transparent plastics, or glasses, act like 

these theoretical planar surfaces in terms of their reflectivity. 

However, in general, the reflectivity of most materials is not 

adequately described in this fashion. Instead, most of the materials 

we commonly deal with, and hence constitute most of our important 

visual tasks (e.g., paper, cloth, and most building materials), are 

not perfectly smooth and exhibit a combination diffuse specular 

Diffuse reflectance 1s random reflection in any direction and thus 

1s proportional to the projected area of the reflector in the light 

beam direction. This is Lambert's law, the reflectance as a function 

of 8, the angle between the reflected ray and the normal to the 

surface, is a constant times cose. 

A material such as paper which exhibits diffuse specular 

reflectance will have a broad peak centered around the specular angle 

superimposed on a background reflectance that is roughly Lambertian. 

13 For example, for matte finish paper the peak is approximately 25% 

above the average reflectance when the specular angle is 25°. Thus, 

any theory which purports to predict the effect of polarization on 

contrast for a material like paper must examine both the diffuse and 

specular portions of the reflectance. An early attempt to perform this 

type of analysis was made by Marks in 1959. 19 
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Marks analyzed the reflectance of polarized lighting on these 

materials by assuming that they could be modeled as diffusely 

reflecting pigments suspended in a transparent medium with the diffuse 

reflectance assumed to be independent of polarization. The importance 

of both the specular and diffuse components in contrast is shown in 

the following example. 

Contrast is defined5 , 6 Ln terms of the reflectivities of the 

task st, (e.g., a pencil stroke)and the background, sb, 

(1) 

First consider a case where there is no specular reflection (i.e., 

viewing at Brewster's angle with incident vertical polarized light). 

If, for example, the reflectivities of the diffuse background and task 

are 0.9 and 0.6 respectively,then the contrast is 

c = (.9- .6) /.9 = .333 (2) 

Now consider the case where some of the light is specularly reflected 

from the surface of the transparent medium instead of all the light 

being reflected by the pigment layer underneath. If the illumination 

is uniform then the specular component (or veiling reflection) will be 

independent of orientation of the surface in the room and will vary Ln 

magnitude with respect to viewing angle only. Since the surface 
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reflectance 1s independent of the reflectance of the pigmented area it 

will reduce the contrast. When this is applied to the example above 

and at a viewing angle where the specular reflection is 10% it gives 

c = 
(.9 X .9) + .1 (.9 X .6) + .1 0.297 (3) 

(.9 X .9) + .1 

Thus, the larger the specular component the lower the cont~ast. Since 

incident horizontally polarized light is more strongly reflected than 

vertically polarized light at all angles (except the trivial cases 

0° and 90°) this model predicts that vertical polarized will give 

higher contrast than horizontally polarized, or unpolarized light at 

all angles and orientations. 

There are several serious objections to accepting the Marks model 

described above as an adequate description of real materials. One 

objection is that the physical model may not be appropriate for many 

materials. The most serious objection,however, is the failure of the 

model to consider the possibility that real diffuse reflectance will 

depend upon polarization. 

Some insight into this possibility is achieved by examining the 

extension of the theory of specular reflection from planar surfaces to 

some simple non-planar surfaces. In particular, randomly rough 

surfaces can be analyzed so long as there is local planarity with 

respect to the wavelength of the light. For instance, Beckmann24 

discusses reflection from a surface with a Gaussian distribution of 
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heights. The correlation between the height at one point of the 

-d2/L2 
surface to another point was assumed to decay as e , 

where L 1s a correlation length and d 1s the horizontal distance 

between the points. This model gives an increasingly diffuse 

reflection as the surface roughness increases. 

Two features of this model for diffuse reflection are particularly 

worth noting. First, since local planarity is assumed,the relative 

differences in reflectivity between vertical and horizontal 

polarization still hold. Second, the diffuse scattering is generated 

from specular reflection from randomly orientated local surfaces. 

Therefore, vertical and horizontal polarization has to be defined in 

terms of each of these local surface orientations. 

Light that is vertically polarized relative to the flat plane is 

still vertically polarized relative to any local plane which reflects 

the light either back or along the original orientation (~ 0 = 0 , or 

~ = 180°, where ~ is the azimuthal angle, see Appendix A). However, 

it is horizontally polarized relative to the local planes which 

reflect it perpendicularly from the original orientation (~ = 90°) 

and of mixed polarization for other orientations. 

This diffusely reflecting rough surface does not have the same 

behavior as Mark's composite model of perfect diffusers embedded in a 

plane reflector. Consider as an example the set of incident and 

reflected light rays associated with local planes of one orientation. 
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To distinguish the local planes from the surface plane we let + and -

refer to vertical and horizontal polarization respectively relative to 

the local plane, and let v and h refer to the surface plane. The 

contrasts are: 

c 

+ + 
1 -a ; a 

1-a ; a 

(3a) 

(3b) 

The ratio of the contrasts for the two local polarizations 1s then 

+ -(1-a .) I (1-a ) (4) 

Let 28 be the scattering angle between the incident and reflected 

rays. In general, reflectivity is more sensitive to polarization when 

s(8 = 0) is low. Since s+ declines until it reaches the Brewsters 

+ angle, a will be smaller than a for most reasonable viewing 

angles. This implies that C+ >C-. Relating the local plane to 

the surface plane gives Cv > Ch near the forward and back scattered 

directions. At ~~ 90° V ~ -; and ch > cv. Intermediate angles 

will give Cv ~ Ch. Thus, for the diffusely reflecting rough 

surface,vertical polarization should improve contrast for light along 
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the line of sight. For light which is reflected to the v~ewer from ( 

the side,vertical polarization should give less contrast than 

unpolarized or horizontally polarized light. 

It is necessary to emphasize that these results are model 

dependent. For example, consider replacement of the perfect diffusing 

pigments in Marks' composite model with rough surfaced diffusing 

pigments. The angular distribution of the contrasts would be composed 

of contributions from both models. This result is more realistic than 

Marks' original model and might describe materials such as glossy 

paper. 

Other models might be more appropriate. The statistical model can 

be modified by using different distributions of the heights or a 

different correlation function. Very rough surfaces (i.e., L less 

than the wavelength of light) can be modeled for a limited number of 

. 1 f 24 
spec~a sur aces. Finally, one could attempt to model embossing, 

color absorption and possibly other absorption and radiation effects. 

Available theoretical models such as the example here do not 

support the contention that vertically polarized light will give 

better contrast for all viewing angles and all materials. In fact, 

these models suggest that horizontal polarization might be superior ~n 

some situations. The models indicate that polarization will almost 

always affect contrast. For materials with glossy surfaces vertical 

polarization will probably be advantageous. More precise statements 

require data on the angular dependent reflectivities of the materials 

in question. 
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Reflection data as a function of angle and polarization have been 

published for the "reference" standard pencil task and its 

background. The "task" luminances include some of the immediate 

background of the pencil stroke, so contrast values are fairly 

low. 25 Table 1 lists selected values of contrastl 2 ,13,Z5 computed 

from the published luminance tables. The angle e is the altitude 

defined with respect to the normal of the task (in practice the task 

is always assumed to lie in the horizontal plane), and the angle ~ 1s 

the azimuthal angle defined so that 0° points from the task to the 

observer. The luminance tables are published to 4 digits; however, 

the data are only accuratel 2 , 26 to about 1%. The values in Table 1 

are rounded off in accordance with accuracy of the luminance data. 

For this task, vertical polarization gives higher contrast than 

horizontal polarization for light coming from in front of the observer 

and lower contrast for light coming from behind or from the side of 

the observer. Therefore, the overall effect on task contrast will 

depend upon the location of the task and the lighting distribution of 

the installation. A different task with different reflectivities 

might give a different conclusion as to the importance of vertical 

polarization.27 

Another potentially serious difficulty in using this data for ESI 

calculations lies in the present method of measuring contrast. The 

method of using the average luminance of the task and its immediate 

background versus the distant background is called the "flux" contrast 

method. It is used because it is a relatively simple measurement, is 
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Table I. Selected Contrast Values for the Standard Pencil Test 

Orientation 
of Incident 

Light Viewing Angle Contrast Values 

ei <PI ev CH 
0 0 10 .083 

10 0 10 .069 
10 60 10 .085 
10 120 10 .106 
30 0 10 .126 
30 60 10 .149 
30 120 10 .158 
60 0 10 .201 
60 60 10 .204 
60 120 10 .198 

0 0 25 .137 
25 0 25 .046 
25 60 25 .139 
25 ··120 25 .167 
60 0 25 .163 
60 60 25 .202 
60 120 25 .205 
0 0 40 .159 

30 0 40 .0209 
30 60 40 .168 
30 120 40 .186 
40 0 40 (.Ol29)I 
40 60 40 .178 
40 120 40 .195 
60 0 40 .048 
60 60 40 .208 
60 120 40 .216 

I(x) indicates contrast reversal with the task brighter than the 
background. 

cv 
.084 
.074 
.087 
.108 
.132 
.146 
.153 
.187 
.183 
.179 
.140 
.082 
.141 
.162 
.176 
.182 
.182 
.164 
.103 
.164 
.179 
.102 
.171 
.181 
.165 
.188 
.193 
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unambiguous and it correlated well with visibility in early 

experiments. Point contrast measurements are more difficult and 

somewhat ambiguous if there are high-frequency changes in 

reflectivity. However, since the eye can resolve detail in the area 

over which the flux contrast method averages the luminances, 6 ' 7 the 

correlation to visibility should be regarded as partially fortuitous. 

Blackwe11 28 recently compared flux contrast visibility 

predictions to visibility meter studies for a polarized and an 

unpolarized lighting installation. The flux contrast measurements 

underestimated the visibility of the polarized lighting. These 

results have not yet been verified by other researchers. Thus, ESI 

values for polarized lighting installations may underestimate 

visibility relative to the ESI values for unpolarized installations 

and should be viewed as tentative and perhaps conservative. 

So far, this analysis has discussed vertical and horizontal 

polarization independently of the means of preferentially producing 

one or the other type. 

The most familiar method of producing polarization is the linear 

absorption polarizer, This is the type of polarizer that is found in 

sunglasses. Absorption polarizers are fairly inefficient since they 

work by absorbing the unwanted polarization. At typical office 

light levels (50 fcor more) a percentage change in contrast is 

equivalent to a 10-15 percent change in light level in terms of its 

effect on ESI; 18 hence this inefficiency is not necessarily a 
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limiting factor. However, only tasks orientated along the 

polarization axis of the polarizer or properly tilted would receive 

vertically polarized light with an absorption polarizer. For most 

task orientations the linear polarized light from the luminaire is 

neither completely vertically or horizontally polarized and, 

therefore, will probably not improve task contrast enough to 

compensate for the reduced light level. Thus, the absorption 

polarizer appears to only be useful for situations where there is a 

fixed orientation between the fixture and the task. Thus, it 

conceivably might be useful in furniture modules with built-in task 

lighting. 

The type of polarizer actually used in present polarizing panels 

is the multilayer polarizer. A multilayer polarizing panel is 

different from the absorption polarizer in that it polarizes light by 

utilizing a laminate whose multiple surfaces produces changes in index 

of refraction which preferentially reflect the horizontally polarized 

component of the light (just like a veiling reflection) back into the 

fixture. The reflected light is not totally lost since reflection off 

the back of the fixture depolarizes it and returns it for another pass 

through the panel. Since the back panel is not a perfect reflector, 

the polarization fixture will generally give slightly less light than 

the equivalent non-polarization fixture. 

Clear polarizing panels appear to maintain a coefficient of 

utilization29 (a measure of luminaire light output efficiency) 

within 8-21% of standard clear prismatic panels, 30,31 while reaching 
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an all-angle average of approximately 25% polarization. 32 Typical 

diffusing panels or louvers may have lower coefficients of utilization 

than the polarizing panels. More important is the fact that the 

polarization is 11 radial 11 rather than 11 linear 11 in distribution so that 

with polarizing panels the degree and direction of polarization 

depends upon the direction of the light. This means for horizontal 

tasks, and all tasks viewed head on, all orientations are the same 

insofar as there is no preferred orientation axis with respect to the 

light fixtures since the axis of the polarization of the light depends 

upon which direction it came from. Note that this sentence does not 

imply that contrast values remain the same as you change the 

orientation of the task. 

The distinction between linear and radial polarized light is 

important and is considered below. Figure 1 attempts to illustrate 

this difference. 

Figure 1 shows the projection of the polarization vectors on a 

plane from cones of linear and radial polarized light. The figures 

clearly show that with linear polarization all the light is polarized 

along a single direction or axis in space. With radial polarization 

the polarization direction depends upon the direction of the light. 

Of course, what is important to visibility is whether the light 1s 

vertically or horizontally polarized with respect to the visual task. 

Linear polarized light will only be vertically polarized if the task 

is aligned properly with respect to the axis of polarization. To 

produce radially symmetric polarization the polarization component 
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Figure 1. The arrows give the projection of the polarization vector 1n 

the plane. 

a) Linear Polarization 

ax1s of polarization 

b) Radial (Vertical 

Component) 

Polarization 
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horizontal (parallel) to the polarizer is rejected (note that real 

polarizers are only partially effective). Therefore, the transmitted 

light is vertically plane polarized with respect to any surface which 

is parallel to the polarizing panel. Polarizing panels are generally 

used in the horizontal plane, hence, any horizontal task gets vertical 

p,olarization. In general, when a viewing surface is tilted, the 

vertical and horizontal polarization components defined with respect 

to the polarizing surface are mixed relative to the viewing surface. 

An exception is the case when the normal to the polarizing surface, 

the normal to the viewing surface, and the incident light ray all lie 

in the same plane. (This latter case corresponds to incident light 

that would normally be reflected toward an observer viewing the 

surface head on, i.e., viewing line normal to the reflecting surface. 

Since much viewing of tilted or vertical surfaces is head on, this is 

an important exception.) In short, for most realistic viewing 

conditions, the degree of mixing is fairly small. Appendix C derives 

these relationships algebraically so that the effects can be examined 

in more detail. 
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IV. ESI, VISIBILITY AND PRODUCTIVITY 

The previous sections have used visibility, as measured by ESI, as 

the basis for comparing different lighting systems. In this section 

we discuss the limitations of treating lighting strictly in terms of 

visibility. A case is made for the view that in many situations small 

changes in visibility are peripheral or irrelevant to good design. 

Ultimately the basis for judging any lighting system is cost 

effectiveness, that is, costs versus the benefits. The costs are 

typically labor, capital, maintenance and energy. The potential 

benefits are generally considered to be increased productivity or 

sales, and improved employee satisfaction and reduced turnover. In 

practice it is very difficult to isolate the effects of differences in 

lighting on productivity or employee turnover. Instead, a standard 

assumption is that these benefits are monotonically related to 

visibility, as measured by ESI. Thus, ESI per watt, or even better 

ESI per life-cycle dollar, is taken as a measure of the cost 

effectiveness of a lighting system. 

There are two assumptions implicit in the use of ESI per dollar. 

The first assumption is that productivity is highly dependent on 

visibility in the work environment as distinct from a visual test 

laboratory environment. This means that visibility is the only 

important lighting factor with respect to the potential benefits, or 

it is positively correlated with the other important lighting factors, 

or at the very least it is completely independent of the other 

important lighting factors, such as glare. If other lighting 

,. 
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factors are important, then ESI per dollar ratios lead to a 

sub-optimization of the lighting environment which may bear little 

relationship to the overall optimum. The second assumption 1s that a 

standard ESI measurement is a reasonable measure of visibility in a 

field environment as distinct from the test laboratory environment. 

It is not hard to think of situations where within reasonable 

limits variations in visibility should have little or no effect on 

performance. Any situation where performance is not only limited by, 

but actually fixed by, external constraints fits this description. 

For example, in some Swedish auto plants productivity is determined by 

contractual agreement between labor and management.33 In general we 

should expect that within reason visibility may be of little 

importance 1n sales areas, restaurants, 34 reception areas, 

conference rooms, assembly line areas, and in many executive or 

management-level offices. 

In a sales area the major concern is that the lighting attract and 

hold the attention of the customer. The visibility is of secondary 

importance relative to this function. In many of the other areas the 

primary role of the lighting may be to maintain worker morale and 

motivation by creating a proper context for work or by aiding 1n 

providing a pleasing stimulating environment. Or instead, the 

lighting may be perceived as an amenity so that the lighting level 

designates the status of the worker or the image of the company. 

These are all examples of situations where visibility may not be the 

most important feature of the lighting. 
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Examples of visual factors which may be negatively correlated to 

visibility with respect to their effect on performance are glare, 

flicker, and color rendering ability. Although glare and flicker can 

be problems even at low lighting levels, they are progressively harder 

to avoid at high light levels. Color rendition is a problem in that 

it is negatively correlated with efficacy (e.g., lumens per watt) of 

gas discharge lamps. 

There are numerous studies on the effect of glare on 

. 'b'l't 2,3,4,35 h' . f . 1 v1s1 1 1 y, yet t 1s 1mportant actor 1s not present y 

treated by ESI. Furthermore, there don't appear to be any studies of 

the effect on performance of glare and flicker as irritants. Color 

can affect context, and can have a major effect on room (and 

personal) appearance. Again there appear to be no studies on how this 

affects performance except in the obvious situations such as in 

hospitals, museums, or other areas where the visual task involves 

color discernment. 

A further problem with attaining high visibility with high light 

levels is the increase in the waste products (heat and noise) of the 

lighting systems. In an older building with no air conditioning more 

work may be possible with the lights off during a heat spell than with 

on. Air conditioning of course deals with this problem, but often not 

well, and at an increasingly high expense. 

Most of the discussion presented above 1s either speculative or 

difficult to quantify. On the other hand, visibility and visual 

performance are easily defined and can be conveniently measured in a 
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1 b . Th b . d. 35 h a oratory env1ronment. ere have een extens1ve stu 1es on t e 

relation between visibility (as measured by ESI) and visual 

performance (as measured by speed in performing a task), and it 1s 

often assumed that these results can be used directly to estimate 

1 . d . . . 36,37 re at1ve pro uct1v1t1es. The tasks are often highly visual, 

37 and performance gains are correspondingly high; one study showed 

gains of 5-10% for an increase from 25 to 75 ESI. 

These values are unrealistic for field estimates. Work situations 

commonly include both visual and non-visual (i.e., manual or 

cognitive) tasks or components of tasks. The non-visual component 

dilutes the effects of changes in the visual component. For example, 

if at two different ESI levels the visual component of a task takes 

times t
1 

and t 2 and the non-visual component takes time tn' then 

the relative improvement in the visual part of the task is 

(t
1 

- t 2)/t
1 

while the relative improvement 1n the whole task 1s 

diluted to (t1 - t 2)/(t1 + tn). 

Thus, performance changes from visibility alone are more likely to 

be on the order of magnitude of 1% rather than the 5-10% quoted 

earlier. This is of small enough magnitude that it is unclear that 

other factors are not of comparable significance. If dilution is very 

large then extrapolating the results of visibility studies on visually 

demanding tasks to the more mundane work situation may become analo-

gous to trying to extrapolate the results of a study of factors affec-

ting marathon performance to estimate the time it takes someone to 

walk to and from the water cooler. 38 Appendix D discusses models of 

productivity in more detail. 
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In addition to our reservations about the relationship between 

visibility and performance, there appear to be ample reasons to have 

reservations about relating ESI to visibility in the work environmnet 

as distinct from the laboratory environment. For example, in Section 

II we mentioned that ESI values in a room cannot be averaged to give 

the average visibility in a room because of the non-linear 

relationship between the two. In Section III we mentioned that the 

11 flux 11 contrast method used to measure contrast may be inadequate for 

polarized light. In addition, both Sections II and III point out that 

present ESI calculations are commonly only performed for a single 

reference task. There is no guarantee that the relative ESI rankings 

of different lighting systems will be the same for different 

14 tasks. A lighting designer who wishes to optimize the lighting 

system in terms of visibility needs to know the age distribution of 
' 

h 1 35,39,40,41,42 h f d' 'b . f h t e emp oyees, t e requency ~str~ ut~on o t e 

tasks, their locations and orientations (including tilt) as well as 

the frequency distribution of viewing angles and finally the lighting 

and room parameters. At present even the average values of some of 

these variables are unknown. Finally, even if these values were 

known, ESI might still be an incorrect measure of visibility for 

people who wear glasses because of the veiling reflections off the 

back surface of the glasses. Again, there appear to be no field 

t t 43,44,45, 46 ,47 h' h h t 11 · 1 d h effects of es s w ~c ave ac ua y ~so ate t e 

visibility on performance. Nevertheless, it seems inherently 

reasonable that there must be some difficult tasks which are 
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visibility limited in the work environment. This still does not imply 

that the most cost-effective solution is the lighting system with the 

highest ESI per life-cycle dollar. That is sub-optimization. If poor 

copy equipment, for ex&mple, is the justification for higher 

visibility lighting, then the building owner should consider better 

copy equipment as an alternative to changing the lighting.48 The 

lighting and the copy equipment are competing investments and should 

be evaluated as such. This principle can be extended to other 

lighting factors. A dingy room might benefit from higher light 

levels, or just some paint or the services of an interior decorator to 

make it pleasant at a lower light level. Again, these are competing 

investments. 

The last subject we discuss in this section is ESI and 

task-ambient lighting systems. Task-ambient lighting consists 

essentially of low-level general lighting for circulation and to 

provide a pleasant background environment, and higher level local 

lighting for task areas (e.g., a desk). Task-ambient systems are 

potentially very efficient (ESI/watt or footcandles/watt) and, 

therefore, are likely to become increasingly common. 

A task-ambient system is efficient in terms of footcandles per 

watt delivered to the task area because it concentrates its light on 

that area. Consider the following example: a 1,000 ft2 room with 
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10 desks that is uniformly lit to 100 footcandles by lamp fixtures 

rated at 30 maintained lumens per watt delivered to the work plane. 

This example49 works out to 3.3 watts/ft2• Now consider lighting 

the room to 30 footcandles and providing each desk with a 40 watt 

fluorescent lamp which provides 100 footcandles on the task area of 

the desk. This room50 only requires 1.5 watts/ft2• The addition 

of more work surfaces will raise the power level; fewer work surfaces 

will make it look even better. 

Placement of the local lamp in a task-ambient system can be 

critical for visibility. Unfortunately many designs using a fixed 

lamp place it where it produces glare and low visibility on the desk 

surface. High visibility, or at least high ESI, is possible however. 

A recent study51 of task-ambient systems claimed 50 to 100 ESI per 

watt/ft2 depending upon the density of the desks in the room 

(50 ft 2 - 200 ft 2 per desk, 30 footcandles ambient lighting). In 

comparison general lighting systems usually give less than 30 ESI per 

watt per ft2. 

Unfortunately, it is not obvious how comparable ESI values for 

task systems are to ESI values for general systems. The computer 

programs are not easily used for this situation and there is a 

question of how accurate they are. Basically, the small size of the 

desk-local lighting area means that small variations in the 

surroundings or small deviations from the smoothed candlepower 

distribution of the fixture become non-negligible sources of error. 
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The DiLaura ESI meter is also of questionable accuracy because of its 

large size and the imprecision of the photographic mask relative to 

the small size of the desk-local lighting area. Furthermore, the 

DiLaura ESI meter cannot be used with polarized light. 

The most serious objection to comparing the ESI values of task and 

general systems is that task lighting presents conditions even further 

from those used in the visual performance studies than does general 

lighting. In particular the luminance of the desk and its surround 1s 

often highly non-uniform in a task-lighting situation, whereas the 

visual performance studies used highly uniform lighting.52 

Evaluation of task-lighting systems in ESI should of course also take 

into account the rest of the material presented in this section. 
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V. CONCLUSION: QUALITATIVE EVALUATION OF POLARIZING PANELS 

Evaluating polarized panels is simplified when ESI per dollar is 

used as the decision criterion. Where visibility is the concern but 

footcandles are used in place of ESI for the lighting specifications a 

correction factor applied to the footcandle level may be reasonable. 

From Section II we estimate the allowable reduction in intensity 

factor to be probably about 0.7 for polarizing panels and 1.0 for the 

standard prismatic panels. Other systems would have different 

correction factors. This approach is less precise than the direct 

calculation of ESI but is justified if the factor is found to be 

reasonably stable for different lighting arrangements and where 

precision in ESI 1s not critical. 

The material in Section IV suggests that in most cases precision 

in ESI is not justified and that in many work situations visibility 1s 

important only when it is noticeably bad.S3 From Section III we 

know that polarizing panels can reduce veiling reflections and glare 

resulting from light com1ng from in front of the worker. This can 

make the difference between poor visibility with an unpleasant and 

distracting lighting environment, and acceptable visibility with a 

relatively benign environment. 

The polarizing panel may be particularly useful in this fashion 

for retrofit situations where the lightin~ from the existing fixtures 

has been found to be unpleasant or glaring but the expense of 

relocating or replacing the fixtures is prohibitive or disruption of 

the existing working arrangement is unfeasible or undesirable. This 
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problem of surface glare and veiling reflections is apt to be 

especially noticeable in rooms with data terminals where the operator 

may have to contend with reflected lamp images in his screen. It may 

also be an annoying problem wherever accurate color appraisal is 

important (e.g., museums, many retail stores, or paint or yardage 

stores)- since the veiling reflection from surface gloss has the color 

of the light source rather than the underlying object. This factor 

may even account for some of the appeal of north-facing daylighting 

which is strongly polarized.54 

In many cases it may be possible to combine some delamping with 

the retrofit of polarizing panels and still get improved lighting. In 

this case, the system may also benefit from reduced noise, flicker and 

heat. The direct glare from the fixture may also be reduced, but it 

depends as much upon location and distribution as it does upon 

intensity. Although the multilayer polarization produces a roll off 

of the light intensity at high angles from the vertical, the actual 

candlepower distribution of a polarizing panel may be modified by the 

~rismatic elements of the panel. Therefore, direct glare should be 

evaluated from the candlepower distribution data for the panel in 

question. 

The same general considerations for veiling reflections and 

surface glare apply to task-ambient lighting, but the details are 

somewhat different. For instance, visibility consideratio~s may be 

more important for some task lighting since it is more efficient (less 

expensive}· to use highly localized lighting for the tasks which are 

substantially more demanding than the normal office task. Another 
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difference is that there is less flexibility.,in l.oc::at,it1g,bu~1t'7~nn 1 ,j 1_~l,; ·t: 

lamps (as distinct from movable desk lamps) ·with respElCJ::,t<? .. _.~h: :'VIP.I~!Jqr;·;, 

than with general lighting. Furthermore, once a location for-~ ·v 11 

built-in lamp is chosen the physical relationship between the worker 

and the fixture is fairly rigidly defined, whereas with general 

lighting moving a desk changes the distribution of the light on it. 

A convenient and commonly used location for built-in lamps is 

under a shelf facing the worker. Vertical polarized light should be 

very beneficial for visibility and for reducing veiling reflections 

and surface glare for lamps located in this manner. Since the 

relationship between lamp and worker is very constrained it may not be 

necessary to use a multilayer polarizing panel to get vertical 

polarization; a properly orientated linear absorption polarizer may be 

as adequate. At the moment neither of these possibilities appears to 

be widely known. 

In summary, essentially the unique feature of polarization is its 

beneficial effect, with respect to visibility and surface glare, on 

light incident from in front of the observer. If this feature is 

useful for a particular problem then polarizing panels will improve 

the overall quality of the lighting environment as compared to 

standard prismatic panels. ,, 
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APPENDIX A: VIEWING ANGLES 

One effect of viewing angles on visibility is that changes in 

viewing angle change the intensity of reflected light as a function of 

its angle of incidence and its polarization. Qualitatively, an 

increase in viewing angle (as measured between the view line and the 

normal to the viewing surface) increases the amount of the mirrorlike 

or "specular" reflection from the surface (see Section III). This 

decreases the contrast obtainable from light that is incident on the 

surface from near the specular angle, and increases the contrast from 

light incident from other directions. Furthermore, polarization has a 

bigger effect on contrast at high viewing angles than it does at low 

viewing angles. Since contrast is a dominant factor affecting 

visibility at normal office lighting levels, viewing angle values can 

have a decisive effect on judgments on the relative merits of 

different lighting systems. 

13 The present procedure of the Illuminating Engineering Society 

~s to calculate ESI values at a 25° viewing angle. However, 

visibility has been measured at other angles. Blackwell's 1963 

9 
paper on reflected glare reports calculated values of "adjusted 

Visual Effectiveness Factor" or "VEF" at 25°, 40°, and 60°. The 

adjusted VEF is proportional to ESI and is in a sense its precursor. 

In a later attempt to analyze this visibility data Blackwell 

essentially weighted the VEF values at each viewing angle by both a 

relative difficulty (contrast) of the task and an estimated relative 

frequency of viewing, and then averaged. The resultant "average" 
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visibility when used in comparisons of different lighting systems 

takes into account the changes in visibility at different viewing 

angles. 

Another 1963 paper by Crouch and KaufmanlO presents the case for 

using just the 25° viewing angle. They noted that the Illuminating 

Engineering Society design procedure is based on the "commonly used 

most difficult" task.l0,55 Crouch and Kaufman analyzed data on 

viewing angles from photographs in the files of the Illuminating 

Engineering Research Institute plus data from a study by Allphin.56 

The most common viewing angle in these studies was 25°. In 

addition, 25° was the average of the viewing angles that were 40° 

or less. Crouch and Kaufman felt that this "1as significant because 

viewing angles above 40° were infrequent and lead to sub-optimal 

visibility. In particular, the high viewing angles give a geometric 

foreshortening effect which reduces visibility. In addition, 

examination of photographs of school children using viewing angles 

above 40° showed that a) .the school desk was too large, 

b):· interpretation of the viewing angle from the photograph was 

ambiguous and lower values were possible or c) the child was not in a 

posture conducive to serious study. They felt that these findings 

confirmed the essential validity of the IES design procedure of 

designing for the "commonly used most difficult" task. 

Since 1963 comment on viewing angles seems to have been mainly 

centered on whether high viewing angles are in fact reasonable and 

common. The Lighting Research Lab57 computed the percentage of the 

,, 
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surface area of a desk visible at a given viewing angle or below, with 

respect to a fixed viewing position. In this work, it is claimed that 

the results, 6% of the area at 25° and 15% of the area at 40°, are a 

vindication of Blackwell's claim that higher viewing angles are both 

reasonable and probably not uncommon. Actually Blackwell no longer 

averages his data, 12 but he does continue to perform experiments and 

calculations over a range of angles. 

On the other side of the question Crouch and Buttolph58 examined 

viewing angles and distances for a small sample of stenographers for 

both reading and writing tasks. The viewing angle data were 

consistent with the earlier data of Crouch, Kaufman and Allphin. 

The problem of attempting to evaluate lighting systems in terms of 

visibility (ESI or VEF) was discussed in detail in Section IV. One of 

the major problems mentioned was that performance cannot be estimated 

from average visibility because of the non-linear relationship between 

them. Thus, the very high average visibility rankings that Blackwell 

assigned to polarizing panels in 1963 do not imply a correspondingly 

very high visual performance. The use of a single viewing angle gives 

a similarly vague estimate of visual performance. It does, however, 

have the advantage of being simpler to use than the average visibility. 

At present, the viewing angle problem is actually fairly 

intractable. Lack of data is a major problem. Viewing angle, age, 

and the type of task interact in their effects on performance. In 

addition, there may be feedback between visibility and v1ew1ng angle. 

Thus, these parameters should be measured as functions of each other. 
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This type of cross tabulation is simply not available. Simply 

averaging each of the factors independently yields an average value 

with an unknown bias. Furthermore, without more information on 

different conditions it is not obvious how suitable this single 

average is for different work situations. 

The data on viewing angles have internal problems as well. Crouch 

and Buttalph only looked at 5 subjects, a statistically insignificant 

sample. The data of Allphin and that of Crouch and Kaufman appear 

flawed in that the subjects were aware of the photographer. All of 

the samples appear flawed in that they seem to be samples of 

"convenience" rather than randomly chosen. The use of a sample of 

convenience59 introduces an uncertainty of unknown magnitude into 

the results. 

The lack of good data on viewing angles may also be affecting 

evaluations of lighting systems indirectly through its effect on 

experimental accuracy. Here the major problem is that the viewing 

angle is generally not measured so there is no way of knowing whether 

test situations have different viewing conditions than would be 

present in a normal work situation. 

The sum of the above considerations is that the lack of 

information on viewing angles introduces substantial uncertainty in 

evaluations of the merits of different lighting systems. A comparison 

of any two systems gives unambiguous results only when one system is 

uniformly better over all viewing angles than the other system. In 
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general, if a polarizing system provides better contrast than a 

standard prismatic or diffusing panel system at 25° then it will be 

better at higher angles as well. However, this type of comparison 

cannot be generalized to high efficiency prismatic or batwing panel 

systems, as these systems also appear 12 to get relatively better 

than standard prismatic systems at higher angles. 
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APPENDIX B: SAMPLE COMPARATIVE ESI AND FOOTCANDLE DATA FOR PRISMATIC 

VERSUS POLARIZING PANELS 

The Lighting Research Laboratory cost-benefit summary for the 

World Trade Center project21 provides extensive ESI and footcandle 

calculations for a standard prismatic lighting system and a high 

efficiency polarizing system. Although each room and lighting system 

studied produces a different comparison, a review of an example is 

useful in showing trends and in developing a qualitative intuition of 

the effects of polarizing systems. Note that this comparison uses the 

present IES method based on flux contrasts of computing ESI. The 

point contrast method28 may give the polarizing panel a substantial 

advantage over the prismatic panel used for comparison 1n this study. 

There are two sets of calculations in the Lighting Research 

Laboratory cost-benefit summary. An analysis of the calculations for 

the private office area is presented here, as it was eas1er to perform 

than the analysis for· the general area. Raw footcandle and ESI foot 

candle comparisons60 are presented in Tables B.1 and B.2, respec

tively. It is essential to note that this comparison is for a fixture 

with a standard prismatic panel and l lamps versus the same fixture 

with a polarizing panel and~ lamps. Thus, as expected, column 1 of 

Table B.l shows that the light levels 1n the polarized system are 

lower than those in the standard system. Column 2 of Table B.1 shows 

that the variability in light levels (as measured by the percentage 

variation, 100 times the standard deviation over the mean x) remains 

very low in the delamped system. 
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Table B.1 Fixture footcandle comparison: Two lamps and polarizing 

panel versus three lamps and prismatic panel. 

System 

Prismatic lens 

Polarizing panel 

Ratio: Pol./non-pol. 

Mean footcandle (x) 

110 fc 

72 fc 

66% 

%Variation (100 o/x-) 

16% 

13% 

80% 

Table B.2 Eixture ESI footcandle comparison: Two lamps and 

polarizing panel versus three lamps and prismatic panel. 

System Mean ESI level (y) % Variation 

Prismatic lens 

Polarizing panel 

Ratio: Pol/non-pol 

45 ESI 

38 ESI 

84% 

45% 

30% 

67% 

y - 0 

25 ESI 

26.5 ESI 

106% 

y + 0 

66 ESI 

49 ESI 

75% 
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Column 1 of Table B.2 shows that the mean ESI footcandle level 

also drops, but not as much as the raw footcandle level. Column 2 

shows that the variability of ESI levels for both systems is 

substantially greater than their footcandle variability. The 
" 

polarizing panel has a more uniform distribution than the standard 

panel. The implications of this difference in variablity are 

displayed in Columns 3 and 4, which list the footcandle level one 

standard deviation below and above the mean, respectively. Only about 

1/6 of the locations in the room will have an ESI level about or below 

one standard deviation from the mean. 

If average ESI levels are fairly high, it may be more important to 

maintain a minimum ESI level over a major fraction of the area than it 

is to maintain a high average. This is essentially the logic used 1n 

the interim recommendations for buildings whose task location 1s 

unknown. 16 As can be seen from Column 3 of Table B.2, the two-lamp 

polarizing panel system suffers no loss of performance under this 
! 

criterion relative to the more energy-intensive three-lamp prismatic 

panel system. Conversely, if work locations are known beforehand, it 

may be possible to design the system to utilize the high ESI locations 

in the room. 

The comparison g1ven 1n Tables B.l and B.2 is between a fixture 

delamped to two lamps and utilizing a high efficiency polarizing panel 

versus the same fixture with three lamps and a standard (not high 
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efficiency) prismatic panel. High efficiency panels are not strictly 

comparable to standard panels because the lamp image is more visible 

through the panel. This may be an aesthetic consideration in some 

designs. Furthermore, a two-lamp fixture is generally more efficient 

than a three-lamp fixture because of added optical losses due to the 

third lamp and added heat build-up. To examine just the effect of the 

polarization, an estimate has to be made of the s1ze of these two 

effects. Tables B.3 and B.4 give the estimated comparison between a 

standard prismatic panel and a standard polarizing panel in the same 

three-lamp fixture in the small office. 

The mean footcandle levels in Table B.3 are consistent with the 

earlier statement that polarizing panels are generally less efficient 

than prismatic panels in terms of raw footcandles. In terms of ESI 

footcandles, Column 1 of Table B.4 shows the polarizing panel to be 

more efficient that the prismatic panel. Column 2 again shows that 

the ESI levels for this lighting system are more uniform with the 

polarizing panels. Column 3 shows that the polarizing panels are 

substantially more efficient at maintaining a minimum footcandle level 

over a major fraction of the room area than are the prismatic panels. 

Column 4 shows that polarizing panels offers little advantage if work 

locations are to be placed in the optimum locations (and orientation) 

in the room. (They do offer a larger margin of safety in case of 

error.) 
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As stated earlier, a different lighting installation would produce 

a different comparison. The private office area considered is 

moderately small (room cavity ratio approximately 5); a larger space 

generally produces a comparison more favorable to the polarizing 

panels. The walls and ceiling area of the office considered were very 

lightly colored; a darker area would have produced a less favorable 

comparison for the polarizing panel examined. A different layout of 

the fixtures would also affect the comparison. These tables are 

presented as qualitative guides only. 
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Table B.3 Footc.andle comparison: Standard prismatic versus 

polarizing panels in a three-lamp fixutre in a private 

office. 

System Mean footcandle level (x) %Variation (100/x) 

Prismatic lens 110 fc 16% 

Polarizing panel 97 fc 13% 

Ratio: Pol/prismatic 89% 80% 
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Table B.4. ESI footcandle c.omparison.: Standard prismatic versus 

polarizing panel in a three~lamp fixture in a private 

office. 

System Mean ESI Leve 1 ( lOOcr/y) y-a -y+a 

Prismatic Lens 45 ESI 45% 25 66 

1 . . 11 Po ar~z~ng Pane 50 ESI 32% 34 66 

Ratio: Pol/Prismatic 111% 70% 137% 101% 

1 Estimated values. The footcandle estimates were calculated from 

Jones' values by applying a -7% correction factor for the addition 

of a third lamp and a -4% correction factor for the use of a 

standard polarizing panel (type "P") in place of the high 

efficiency panel (type "E"). ESI values were calculated from the 

new footcandle levels by assuming a fixed contrast rendition 

factor. 
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APPENDIX C. QUANTITATIVE RELATIONSHIPS BETWEEN VERTICAL POLARIZATION 

AND THE ORIENTATION OF THE VIEWING SURFACE FOR TWO TYPES 

OF POLARIZERS 

Consider a coordinate system (e,~) where e is the angle from 

vertical (altitude) and is the azimuthal angle. For a linear 

polarizing panel the azimuthal angle of the polarization vector is 

fixed by the axis of the polarizing panel which we can arbitrarily set 

at ~ = o0
• An arbitrarily chosen light ray has an orientation p 

(e 0 ,~ 0 ). The polarization vector is alway13 normal to the 

direction of the light ray. It is also normal to the vector in the 

plane of the linear polarizing panel that is orthogonal to the 

polarizing axis (e=90°, ~=90°). Therefore, we can use the cross 

product of this vector and the vector along the light ray to determine 

the orientation of the polarization vector. In cartesian coordinates 

(i,j,k) the cross product is: 

(0,0,1) x (cose, sine cos~ ,sine sincp) 
0 0 0 0 0 

(C.l) 

(C.2) 

N1 is a function of e
0

, and cp
0 

which normalizes p-1 to the 

unit length vector p1 . We now need to determine under what 

conditions p1 is vertically or horizontally polarized with respect 

to a task. The plane containing the incident and reflected light rays 
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also contains the normal to the reflecting surface (e ,~ ). The 
s s 

light ray is horizontally polarized with respect to the surface if its 

polarization vector is orthogonal to the normal. Since the horizontal 

polarization vector ph is orthogonal to both (e ,~ ) and 
0 0 

(e ,~ ) we can use their cross product to determine its 
s s 

orientation. Again, in cartesian coordinates: 

(cose ,sine cos~ sine sin~ ) X (cose ,sin~ cose ,sine sin~ ) 
0 0 0 0 0 s s s s s 

sine sine sin(~ - ~ ), 
0 s s 0 

sine cose sin~ - cose sine sin~ , 
0 s 0 0 s s 

(C.4) 

cose sine cos~ - sine cose cos~ 
0 s s 0 s 0 

The extent to which linear polarized light is horizontally .. 
polarized relative to a given surface now can be determined by taking 

the inner or dot product of the two polarization vectors: 

Fraction horizontally polarized = Fhl = ~l · ~h (C.5) 

sine sin
2
e cos2~ sin(~ - ~ ) 

s 0 0 0 s 

+ cose cose sine sin~ 
s 0 0 0 

(C.6) 

. 2e - s~ne cos cos~ s 0 0 

(C.3) 
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For the special (but important) case of a horizontal surface, 

e = 0°, which leaves only the second term in the expansion for 
s 

= 0°) = N1Nh cose sine sin¢ 
0 0 0 

(C. 7) 

This expression goes to zero (vertical polarized light only) for 

¢
0 

= 0° and 180°. It goes to 1 (including the evaluation of 

N1 and Nh) indicating that the polarization is completely 

horizontal with respect to the surface for¢ = 90° and 270°. 
0 

This confirms the statement in the text that a linear polarizer only 

gives vertical polarized light along a preferred axis. 

The situation is substantially different, and better, for a 

multilayer polarizer. The normal to the polarizing panel is at 

e = 0°. Light striking the polarizing panel is split into vertical 

and horizontally polarized components with respect to the panel. The 

horizontal component is weaker because more of it is reflected back 

into the fixture where it is depolarized and reflected back to the 

panel. The horizontal polarization component is orthogonal to both 

the incident ray (e ,¢)and the normal to the panel so 
0 0 

8 = 90° and <PH = ¢ + 90°or ¢ + 270°. The vertical or H o o 

"radial" component is normal to the incident ray and the horizontal 

0 0 
component so eR = e

0 
+ 90 or e

0 
+ 270 and eR = ¢ + 0° or ¢ + 180°. 

0 0 
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We will continue to call this the radial component 1n order to 

avoid confusion when evaluating the extent to which it is horizontally 

or vertically polarized with respect to an arbitrary surface. 

The radial polarization vector pR in cartesian coordinates is: 

A 

PR = (cos(e +90°), sin(e +90°) cos¢ , s1n (e +90°)sincp ) (C.8) 
0 0 0 0 0 

(-sine ,cose cos¢ ,cose sincp) 
0 0 0 0 0 

(C.9) 

NR is equal to 1 and 1s therefore suppressed in these equations. We 
A A 

can now evaluate the inner product FhR of PR and Ph to 

determine the extent to which the radial polarized light is 

horizontally polarized with respect to an arbitrary surface. 

sin2 e sine sin( cp - cp ) 
0 s 0 s 

+ cos e sine cos cp sin cp cos e 
0 0 0 0 s 

- cos e sine cos cp sin cp 
0 0 0 s 

2 e . . + cos s1n8 s1n¢. cos¢ 
0 s 0 s 

- cos e sine cos¢ sin¢ cos e 
0 0 0 0 s 

(C.lO) 

(C.ll) 
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Lines 2 and 5 cancel and the rest simplifies to: 

= Nhsin8 sin(¢ - ¢ ) s 0 s 
(C.l2) 

Equation (C.l2) shows that there are surface orientations where 

the radially polarized light is horizontally polarized. However, note 

that for es = 0°, all horizontal surfaces, and for ¢0 = ¢s' 

the specular angle for head-on viewing of a tilted surface, the radial 

polarization is vertically polarized with respect to the surface. 

These are the most common viewing conditions for office tasks. In 

addition, for most other reasonable viewing conditions in an office or 

commercial environment, the degree of horizontal polarization from the 

radial component should remain very small. 
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APPENDIX D: ESI AND PRODUCTIVITY 

Define the general productivity function as P(X0 , x1 , ••• Xn)' 

where the Xi includes such things as the nature of the task, the 

method used to do it, the. motivation to do it, and the ability to do 

it. Since we expect that the visibility (V) of the task will affect 

the ability of the worker to do it, we can explicitly list it as one 

of the variables. In fact we can to one step further by noting that 

visibility is a function of task equivalent contrast (TC) and. ESI 

(E). 

The simplest model that we can make is to assume that 

Pl (E, xl ••• xn) = F1(E)F2(x2, ••• Xn)' that 1S, the dependence 

P(E, xl' ••• xn) on E is totally separable from the dependence of 
I 

P( ) upon the other variables. The derivative dP1/dE = (P 1) 

now becomes: 

I 

If Plab is the value of dP1/dE measured in a laboratory then it 
I 

differs from Preal by a factor F2(x1 ••• Xn)real/F2(x1 , ••• Xn)lab• 

However, fractional changes in performance can be measured exactly 

since for two levels of ESI, E1 and E2, 
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(D. 2) 

with the factor for the non-visual component cancelling out. 

In fact this model is too simple. Laboratory studies and analysis 

by Smith and by Blackwell 35 , 61 , 62 have shown that fractional changes 

Ln visual performance don't translate into fractional changes in total 

performance. A functional form which does not have this problem and 

which has the proper asymptotic form for dilution effects 63 is: 

(D.3) 

If G1 .::_ 0 and G2 > 0 then P 2 > 0 as it must be to make sense. 

Laboratory studies of performance have been designed to minimize 

the non-visual portion of the task so that the visual portion can be 

examined accurately. From Eq. (D.l) we see that P2 ( ) is maximized 

as G2Cx1 , ..... xn)+O. Since the derivative of P2 LS 

(D.4) 

mimimizing G2 maxLmLzes dP 2/dE. When dealing with P
1

, we found 

that the non-visual aspects of the work cancelled out when we 

considered relative changes Ln production dP/P. This is not true for 
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I 

P2/P2 (D.S) 

(The primes indicate differentiation with respect to E.) To 

determine how P
2 

changes in the real world it is necessary to have a 

value of P
2

(E,(X
1, ... X) 1) in addition to the laboratory n rea 

measurements of P
2

. 

One way to examine this model 1s to consider that the non-visual 

portions of the task G2(x1, ... Xn) "dilute" the visual portion of 

the task. Since the laboratory measurement is for G2(x1 , ... Xn)+O, r~a~ 

world tasks will have lower performances and will be less sensitive 
I I I 

to changes in E(Plab/Plab>Preal/Preal) since Preal<Plab' and G1 < 0. 

When productivity over cost, C, is optimized, where C is dependent on 

ESI, E, the optimal point will depend upon the non-visual portion of 

the task. 

I I 2 
= [-G1(E)C(E)-C (E)(G1(E)+G2(X1 ... Xn))]P2(E,X1 ... Xn) (D.6) 

(C(E)) 2 

Thus, in this model "dilution" for real tasks decreases the importanc~ 
I I 

of visibility (P 
1

/P 
1

<P
1 

b/P1 b) and lowers the rea rea a a 

optimal value of E (assumingthatC'(E)>O). The basic idea of 

maximizing P2/C with respect to E is, however, unmodified. 

Laboratory data appear to fit this second model quite well. 

However, laboratory studies cover a different domain of the 

(X
1

, ... Xn) than common work situations. Two assumptions are made 

when extending Plab to Preal" One is that P has the same 
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functional form over the domain (x1 , ••• Xn)real as it does over 

are 

The second is that the E and the X. 
1. 

independent, that is, dX1/dE = 0 for all Xi. 

64 The "Humanistic" school of George Mayo proposed that 

productivity is strongly affected by motivation (M) and social factors 

(S). For a restricted domain of E and X, not including M and s, the 

productivity function may reduce to P3(M,S). Thus, small changes in 

E may have no effect on P unless E affects M or s, ( M/ E 0). An 

example of this type of productivity function is where there is a 

contractual agreement between management and labor as to what 

constitutes a fair day's work. 33 Changing the number of ESI 

footcandles will not affect the output in this situation unless a new 

contract is agreed upon. A major change in the production technique 

or lighting or management practice will call for a new contract and 

will lead to a new productivity function (possibily P
4

(M,S)). 

Another factor which can affect the productivity function is the 

availability of work. Before a theoretical improvement in the 

productivity function can be translated into a real improvement there 

has to be extra work available, or the potential of laying off 

employees. If, instead, the available work (AW) is well within the 

capacity of the employee, then the real productivity function 

simplifies· to P = AW. Office, clerical, reception, and sales clerk 

type jobs may fit this pattern. These types of jobs have variable 

load patterns·. Enough employees have to be hired to handle the normal 

peak lo'ad. In this situation an increase in Plab is important if it 

translates into an improvement in the ability to handle peak loads, or 
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if it reduces the number of required employees. If some of the load 

can be shifted to non-peak periods, i.e., postponement of non-critical 

work, the improvement in Plab are less likely to be important. 

During the non-peak periods, improvements in Plab affect only the 

load factor P(actual)/P(potential). This will cause no change in 

total productivity unless it affects the ability to handle peak loads 

(e.g., through morale), or causes excessive employee dissatisfaction 

with resultant increased turnover rate and reduced general productivity. 

The effect of polarizing panels upon both ESI and footcandles is a 

practical example of how ESI may be correlated with other variables. 

When a variable which affects productivity 1s also related to ESI, the 

change in productivity with respect to ESI 1s given by: 

dP/dE (D. 7) 

In laboratory studies, footcandles have been replaced by ESI as a 

guide to visual performance. However, "raw" footcandles do seem 

related to people's feelings of satisfaction and perceptions of 

65 64 spaces. If Mayo is at all right about motivation being a 

major factor in productivity, raw footcandles may well be correlated 

to productivity in real situations. Experiments such as the GE 

keypunch experiment44 which show startlingly large changes in 

productivity as light levels are changed (a s'ample calculation based 

on estimated visibility levels with pencil tasks predicts a 6 perc~nt 

66 change in productivity for this experiment as compared to the 12 

percent change measured) may be explained by this effect. 
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Some of this effect may be transitory. Furthermore, the sign and 

magnitute of (3M/3L)X probably varies widely (where Lis the 
n 

footcandle level), and may even be a learned response. Certainly many 

people know that 11 poor 11 (low level) lighting is bad. High light 

levels in offices may then be considered an amenity, and reduction of 

light levels resisted. Residential light levels, however, tend to be 

much lower than office light levels. A population that is convinced 

that fluorescent lighting is "unhealthy" or unpleasant will want as 

little of it as possible. 

Lighting level, wall luminances (vertical footcandles), and 

perhaps lighting in daylighting applications are the most likely 

factors which may be correlated with both ESI and motivation. Without 

quantitative data on the effects of these variableD the easiest 

approach is probably optimization of ESI subject to the constraint 

that these factors fit "good lighting practice." 

Those models in which P1 b*P 1 cover situations where the a rea 

theoretical estimate of performance (plab) is greater than the level 

actually achieved (P 
1

). In situations where real performance rea 

approaches theoretical values, i.e., for self-motivated or highly 

motivated individuals, the function P 1 should be approximated by rea 

Plab and the value of the lighting can be estimated. The more 

diluted the visual performance, the more likely that Plab deviates 

for P 1 . The existence of a myriad of different situations simply rea 

means that ESI should not be used as a standard blindly. Each 

situation should be evaluated on its own merits. 
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