New techniques for

reflector design and photometry

G. A. Baker, PE, R. V. Heinisch and I. Lewin, Ph.D.

Initiated by a project to develop floodlights for underwater applications,
this paper explores the computer-aided creation of complex reflecting
patterns by the individual design of perhaps hundreds of reflector
subelements whose composite reflected light rays form the required
distribution. The use of a continuous reflector profile was prohibited by the

complexity of the required pattern, lamp type, and size constraints.

introduction

Reflector design has always heen a fundamental part
of illuminating engineering, and with the advent of
high speed data processing, new possibilities are open
for sophisticated designs. The particular project to
be described involves the development of floodlights
for underwater applications, using optical systems
free-flooded with seawater. The methods described,
however, are applicable to a wide range of reflector
design problems and thus a general description of
principles is included. Further background infor-
mation is available through the References.!:

Design considerations

" Four underwater luminaires for oceanographic
purposes were developed, each with a different set
of design criteria. The essential differences are ba-
sically the lamp type and the required luminous in-
tensity (candlepower) distribution. The four lamp
types are: (1) short arc metal halide; (2) quartz-io-
dine; (3) low energy xenon strobe; and (4) high energy
xenon strobe.

As an example of lamp type, Fig. 1 shows the high
energy strobe lamp, which consists of four straight
3.4-inch parallel xenon filled tubes. This causes a
substantial complication in design work as not only
do the rays from multiple sources need to be taken
into account, but also the shadowing of one source by
the other must be considered. Further, shadowing of
the source by support rods and other mechanical
features must be included in the design system.
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Table I shows an example of one of the required
luminous intensity (candlepower) distributions, in
terms of a candela grid (values are relative). In gen-
eral, all four patterns have the requirement of low
values at the pattern center with a slow rise and then
a rapid rise towards the pattern edges. Moreover, a
sharp cutoff is required along the top of the pattern,
with specified limits on the intensity that can be
emitted above that line.

The complex pattern requirements result from the
need to evenly illuminate the film in a camera sit-
uated in a fixed position with regard to the floodlight,
or to produce even luminance on a television receiver,
depending upon the particular luminaire. The pat-

Figure 1. Photograph of high energy strobe lamp, liquid-
filled with four xenon flashtubes.
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Table I—Example of required light distribution—values in relative light intensity (candelas)

21.25 2.60 2.87 3.29 3.69 . 3.94 4.02 4.08
18.75 1.90 2.11 2.43 2.76 2.97 3.06 3.11
16.25 1.48 1.65 1.92 . 2.19 2.39 2.49 2.53

13.75 1.25 1.39 1.63 1.88 2.06 2.16 2.21
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11.25 1.13 1.26 1.48 1.71 1.89 1.99 2.04 2.11 2.26 2.54 2.91 3.30 .68
—_ 8.75 1.08 1.20 1.39 1l.el 1.78 1.89 1.94 2.01 2.14 2.38 2.71 3.10 .08
3 6.25 1.06 1.16 1.34 1.54 1.70 1.81 1.6;7 1.94 2.06 2.2% 2.59 2.90 .64
E 3.75 1.04 1.14 1.30 1.48 1.64 1.75 1.81 1.88 1.98 2.16 2.42 2.73 89
g 1.25 1.02 1.11 1.26 1.43 1.98 1.69 1.76 1.82 1.91 2.07 2.29 2.58 11
K .
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o -1.25 1.01 1.09 1.23 1.39 1.53 1.64 1.71 1.77 1.89 1.99 2.20 2.46 -60
E -3.75 1.00 1.08 1.21 1.37 1.51 1.62 1.69 1.74 1.82 1.95 2.14 2.39 .98
< -6.25 1.01 1.08 1.21 1.37 1.51 1.62 1.69 1.74 1.81 1.94 2.13 2.38 -68
E -8.75 1.03 1.11 1.24 1.40 1.54 1.64 1.71 1.76 ]...84 1.96 2.1‘6 2.41 .68
&' -11.25 1.08 1.15 1.29 1.44 1.58 1.69 1.76 1.81 1.88 2.02 2,22 2.48 .50
-13.75 1.14 1;22 1.35 1.50 1.65 1.75 1.82 1.87 1.95 2.08 2.29 2.59 .31
-16.25 i.22 1.30 1.43 1.58 1.73 1.83 1.90 1.99 2.03 2.16 2.36 2.61 .37
-18.75 1.33 1.40 1.54 1.70 1.84 1.95 2.02 2.07 2.13 2.24 2.43 2.67 .55
-21.25 l1.46 1.55 1.71 1.89 2.05 2,16 2.22 2.25 2.29 2.38 2.54 2.76 .17
1.25 3.75 6.25 8.75 11.25 13.75 16.25 18.75 21.25 23.75 26.25 28.75 31.25 33.75 36.25 38.75
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terns therefore take into account the sharp reduction
in illumination in a camera optical system as the edge
of the frame is approached. A further important
consideration built into the design requirements is
the scattering effect produced by suspended particles
in the water; their influence was determined by
computer. Thus their effects were built into the
distribution requirements in such a way that light
scatter problems would be minimized.

To complicate the design problem further, an ex-
tremely limited space was made available for the
reflectors. The available space was a small fraction
of the volume a designer would wish to have available
for floodlight reflectors, amounting to an average of
an eight-inch by six-inch by six-inch space for each
lamp and its reflector.

Design method

Typical methods of reflector design call for the
assigning of a continuous surface around the lamp,
the surface being a generally smooth contour shaped
to produce the required distribution of light. The
design is performed on the basis of computing re-
flected lumens from the surface as if it consisted of
a multitude of extremely small flat elements that
approximate the curved surface.3* The luminous
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intensity directed to an element must be known from
measured data, and the solid angle projected by the
element is calculated. Luminous intensity multiplied
by the solid angle gives.the incident flux upon the
element, which when multiplied by the reflectance
gives the reflected flux. The reflected flux values can
be used to determine the resultant luminous inten-
sity distribution from the reflector as a whole by
summing the contribution from the individual ele-
ments, assumed to be joined as a continuous sur-
face. ’ ’

The complexity of the required pattern, efficiency,
lamp type, and size constraints were such that in fact
it was impossible to use any form of continuous re-
flector profile. If it were required that each design
element of the reflector had to join smoothly to its
adjacent elements, then it would be necessary to ac-
cept a serious deterioration in the efficiency ot in the
pattern able to be produced. A different approach
therefore was used. ,

As desctibed above, the reflector area is considered
to be formed of discrete elements for the purpose of
the flux computation. In this reflector design, how-
ever, the elements are physically discrete, that is, one
element is not necessarily joined to its neighbor. The
reflector therefore consists of a large group of indi-
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Figure 2. Views of half a reflector system, showing x, y, z
coordinates. .

vidual miniature reflector elements surrounding the
lamp (see Fig. 2). There is no fixed relationship be-
tween any two reflector elements; each performs its
individual function by redirecting a specific group of
incident light rays into a specific direction. The
method has a great advantage over reflectors that use
a continuous profile. Each element can be designed
individually; each can have a unique configuration
in terms of curvature, vertical and lateral angle of tilt,
and may be situated at a distance from the lamp
which is not governed by the position of its neighbor.

Figure 2 illustrates this point, showing the flexibility
afforded to the designer. Only in this way can highly
complex reflecting patterns be built, by the indi-
vidual design of perhaps hundreds of individual re-
flectors, whose composite reflected light rays form
the required distribution.

The flexibility of the system is not unlimited,
however, as there are size constraints that limit the
range of positions an element may occupy. Further-
more, there are limitations on reflector element po-
sition, as an element must not be seriously shadowed
by its neighbor.

Computatlon method

It will be immediately realized that the amount of
mathematics and computations involved in laying
out a reflector system such as this is very consider-
able. This is partlcularly so in view of the number of
elements, ranging from 286 for the low energy strobe
lamp reflector to 538 for the metal halide arc lamp.
Such computations can only be handled by com-
puter

The computer recelved input data con51st1ng of the
followmg information: (a) lummmous intensity data
of the bare lamp; (b) physical description of the lamp;
(c) required luminous intensity distribution data for
the lamp and reflector; and (d) basic information of
the reflector system.

For this particular project involving underwater
designs, the luminous intensity data on the bare Jamp.
can be determined either with the lamp underwater,
or in air. While readings in air are considerably sim-
pler to make, they suffer from the disadvantage of
having to be mathematically corrected for the re-
fractive effects at the glass/water interface before
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Figure 3. Lamp and reflector subelements.

they can be used in the design. This correction is.
quite complex if the lamp itself consists of other than
a central line source within a glass cylinder. Air
measurement was used for the metal halide and -
quartz-iodine lamps, while underwater measurement
was performed for the xenon strobes, both of which
consist of multiple sources within a single glass en-
velope.

The physical description of the lamp as supplied
to the computer consists of a mathematical model,
describing the length, diameter, and position of the
light producing elements, the nature of any ob-
structions and the nature of any optical interfaces.
These interfaces are the water/glass boundary and
the air/glass boundaries within the housings, or in the
case of the strobe lamps, which are further compli-
cated by being liquid-filled, the liquid/glass inter-
faces. The computer is programmed to take into ac-
count the effects of all optical interfaces, as well as
the shadowing effect of obstructions, and the shad-
owing of one discharge tube by another of the strobe
lamps.

Further information on the lamp supphed to the
computer is the variation in luminance of a given
lamp along its length and across its width. This data
was collected by scannlng the lamp with a luminance
meter.

The required luminous intensity dlstrlbutlon for
the lamp and reflector system was entered in terms
of mathematical functions. When placed in the cal-
culational procedure, these functions can be used to
compute the luminous intensity required at any
vertical and lateral angle.

The first part of the computations involves de-
termining the distribution of light obtained from the
reflector only. As mentioned, this must be performed
in terms of lumens rather than luminous intensity,
and therefore the table of required luminous inten-
sity values is transformed into required lumen values
within given angular zones.34 The same is done for
the direct light from the lamp; the difference between
the required lumens in a given zone and the direct
lumens in that zone determines the lumens which
must be reflected to that zone in order to fulfill the
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Table 1—Sample computer printout of reflected light from a group of reflecionj elements
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pattern requirements. Thus the lumens to be sup-
plied by the reflector in any angular zone is known.
The design procedure then becomes the laying out
of a reflector to produce the correct lumens in each
zone.

" Each reflector element is designed individually.
The location of the first element to be designed is
supplied to the computer, and the computer builds
the reflector from that starting point. An x, y, z
coordinate system is assigned to the optical system
(Fig. 2) and any point on the reflector can be de-
scribed in terms of x, y, and z. By assigning x, y, and
z values to the corner of the starting element, and by
supplying its lateral and vertical tilt angles, the
coordinates of the other corners are fixed, based on
the assumption that the element surface is flat. The
exact geometry of the element and its position with
regard to the lamp therefore is known.

Both the lamp and the element are imagined to be
split into many small parts. From each light source
element, a band of rays (Fig. 3) is emitted and lands
on a given portion of a reflector element. The inten-
sity of these rays is known from the measured lumi-
nous intensity data and the brightness scanning of
the lamp.

The luminous intensity from the lamp in a given
direction is known; and from the brightness scanning
of the lamp, it is known what proportion of the total
intensity comes from given portions of the lamp, and
thus the luminous intensity of the rays in the direc-
tion of the reflector subelement is known.

The solid angle subtended by the reflector sub-
element can be calculated and thus the lumens in
each band of rays are known. The specular reflec-
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tance of the material to be used is 70 percent, and
therefore the lumens reflected by the subelement are
equal to 0.7 of the incident lumens. Knowing the
orientation of the reflector element with respect to
the coordinate system, the direction of the emitted
rays is known. The reflected lumens are assigned to
this direction.

This process is repeated for every small section of
the lamp, and the range of reflected light rays from
the particular reflector subelement is determined,
along with the lumens associated with each particular
direction. The computer repeats the entire process
for the next subelement, until the whole reflector
element has been calculated and its reflected lumens
and their directional properties determined.

The reflected light pattern as determined by
computer therefore can be analyzed. The designer
may proceed to the next element, or, if the light dis-
tribution is unsatisfactory, he may alter the orien-
tation of the element. This may be achieved in two
ways. First, new vertical and lateral tilt angles can be
supplied and recomputation performed. The second
method, however, is superior, and allows the designer
to supply the computer with the amount of light
pattern shift he requires. The element will then au-
tomatically be reoriented to the optimum position.
The design then may proceed w1th subsequent ele-
ments.

After completion of a stnp of elements, a printout
of total reflected lumens can be examined (see Table
II). The axes of the printout are vertical and lateral
angle, and the figures in the tabulation represent the
reflected lumens contained within the given angular
zone. Changes may be made to ary or a number of
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Table lll—Facet by facet printout of reflector design, showing tool settings and mandril coordinates

Screw Hole

X, Y, Z Coordinates of Element __Coordinates
Element Corner-1l Corner-2 Cornexr-3 Corner—4 Delta Y2 Delta X3 Al A2 Set 1 Set 2 X Y

1 0.3000 -0.0000 0.3000 —‘0.0000 -0.2000 0.3000 35.0 [40.5 | 2.8648 | 2.8673 0.1500 | -0.1000
-0.1000 -0.1000 -0.3000 -0.3000
1.7700 1.5140 1.6300 1.3740

2 0.3000 —0.0000 0. 3000 -0.0000 -0.2080 0.3000 34.1 152.9| 3.6926 2.8056 0.1500 | -0.3040
0.1080 0.1080 -0.1000 -0.1000
1.7690 1.3720 1.6280 1.2310

3 0.3000 -0.0000 0.3000 —-0.0000 -0.2190 0.3000 28.7 | 50.7 | 3.6575 2.4027 0.1500 { -0.5175
0.3270 0.3270 0.1080 0.1080
1.7600 1.3930 1.6400 1.2730

4 0.3000 -0.0000 0.3000 -0.0000 -0.2270 0.3000 23.8 | 47.5 | 3.5311 2.0157 0.1500 | -0.7395
0.5530 0.5530 0.3260 0.3260
1.7500 1.4230 1.6500 1.3230

5 0.3000 -0.0000 0.3000 -0.0000 -0.2350 0.3000 17.0 {43.7 | 3.3747 1.4647 0.1500 | -0.9705
0.7880 0.7880 0.5530 0.5530
1.7400 1.4530 1.6680 1.3810

6 0.3000 -0.0000 0.3000 -0.0000 -0.3350 0.3000 14.4 | 45.3 | 3.4965 1.2433 0.1500 | ~1.2555
1.1230 1.1230 0.7880 | 0.7880 .
1.8300 1.5270 1.7440 1.4410

7 0.3000 -0.0000 0.3000 -0.0000 -0.3400 0.3000 11.0 { 42.6 | 3.3513 0.9528 0.1500 | -1.5930
1.4630 1.4630 1.1230 1.1230
1.9000 1.6240 1.8340 1.5580

8 0.3000 -0.0000 0.3000 —-0.0000 -0.4910 0.3000 7.8 142.0| 3.3278 0.6760 0.1500 | -2.0085
1.9540 1.9540 1.4630 1.4630
2.0000 1.7300 1.9330 1.6630 CONTINUED

elements in the strip to achieve the desired pattern,
or further stnps can be designed.

The process is repeated until the reflector is laid
out. At any time during the design process, a printout
can be obtained for the reflected light from a given
element, a given strip, or for the entire reflector as
designed to that stage. Elements may be reoriented
or repositioned upon command for optimum reflector
performance.

During the design, data regarding the exact
alignment and position of every element is recorded
in the computer memory. Upon completion of the
design, a printout table is generated giving the x, y,
z coordinates of the corner-points of each element
and the lateral and vertical tilt of the element. In
addition, the printout provides all data required to
manufacture the reflector tool, in terms of the com-
pound angle settings of the gage blocks required by
the toolmaker s double sine plate (see Table III).

Reflector manufaclure

As described, each reflector is formed from a
multitude of individual elements. The manufacturing
technique selected must depend on the precision
required to reproduce the details of the design. The
design technique is quite general and therefore ap-
plicable to the design of practically any form of re-
flector, but for the particular application -it was
necessary to produce a reflector with a very accurate
surface configuration. Electroforming was selected
as the manufacturing technique. 7

Prior to the forming of the reflector it was neces-
sary to construct a stainless steel mandril with con-
figuration in reverse to the finished reflector. Heat
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treated 420 stainless steel was used for this mandril.
Rectangular cross section bars with the dimensions
of the required x and y"coordinates were first ground
to within tolerances of 0.0005 inch. The “stick” was
then set up on the double sine plate and the end of
the rectangular piece was ground to its compound
angle (see Fig. 4). After the grinding operation, the
end surface was hand polished with diamond com-

Figure 4. Stainless steel mandril “‘stick” used in assembly
of reflector tool. Facet angle is cut on end.

GROUND AND
POLISHED
SURFACE

420 STAINLESS
STEEL
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Figure 5. Reflector mandril.

pound as the final treatment. The SPI/SPE (Society
of Plastic Industry/Society of Plastic Engineers)
finish was less than two and the RMS (root mean
square) finish as measured by a profilometer aver-
aged approximately 0.5.

The individual sticks were then mounted vertically
in a frame consisting of a back-up plate and side rails
(see Fig. 5). Each stick was connected to the back-up
plate with an Allen head machine screw, and the side
rails tightened horizontally to force the sticks to-
gether. The final process of the finished mandril was
to inspect the z dimension of the sticks.

The next step involved forming a reflector from the
mandril. The process used was an electrolytic depo-
sition of nickel by electroforming to a thickness of
0.050-inch minimum. After the buildup of the nickel
on the mandril, the two were separated and the re-
flector as designed by the computer was formed.

The reflector was then cleaned and plated with
0.0008-inch of gold. Gold was required to stop gal-

vanic action between the nickel and seawater. The

final process was to plate 0.000015-inch of bright
rhodium to form the reflective surface. The reflectors
were then mounted in pairs around the light sources
(Fig. 6).

Figure 6. Typical reflector system mounted.
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Figure 7. Schematic of underwater photometer.

Testing and evaluation

Normal photometric techniques could not be ap-
plied to the reflector systems for two reasons. First,
two of the light sources to be used were xenon strobe
lamps, emitting light pulses of approximately one
millisecond. The intensity distribution photometer
employed for production photometry at the authors’
facility consists of selenium cells which are applicable
only to the measurement of continuous or semi-
continuous signals. It therefore was decided to con-
struct another photometer using a silicon cell as its
receptor that would allow the measurement of light
pulses in candela-seconds, as well as normal sources
in candelas. A second problem is that the photometry
must be done underwater, as the optical effects
created by the water are part of the design technique
and ultimate use. The photometer therefore was
constructed with a large water tank to facilitate such
measurements when required.

Figure 7 illustrates the photometer scheme, de-
veloped from a principle by Cox,> while Fig. 8 is a
photograph of the completed unit. The luminaire
under test is positioned inside a steel tank, which is
attached to a black velvet lined fiberglass cone with
a transparent window at the end of the cone. The
entire assembly is watertight, and thus the tank and
cone can be filled with water, submerging the optical
assembly. The silicon receptor is placed outside of the
acrylic plastic window on the end of the cone, and
therefore measures the light intensity in the direction
of the cone axis. The test distance is approximately
eight feet.

The entire tank, cone, and receptor assembly is
able to pivot about a horizontal axis, and a series of
readings in a vertical plane can be obtained by
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moving the assembly about this axis. The vertical
angular range is limited to 116 degrees when the tank
is water-filled, otherwise spillage will occur. Close to
360 degrees is possible for measurements in air.

The reflector/lamp assembly is attached to a ver-
tical bar and may be rotated 360 degrees about this
vertical axis, for a full range of horizontal angles.
Thus the complete field of interest may be mea-
sured.

Problems were encountered with leakage, loss of
dye from the velvet lining, and the accumulation of
particles and organisms in the water. The leakage was
solved by the use of cork gaskets, while the dye and
water particles were removed by the use of a swim-
ming pool filter. Eventually the velvet loses its ef-
fectiveness as it turns brown due to the action of
chlorine in the water, and replacement is therefore
required after about three months of continuous use
of the photometer when water-filled.

A further problem was experienced with the metal
halide lamp due to the formation of air bubbles above
the lamp. A “spider” of copper tubes was built to
surround the source and force jets of water onto the
lamp and reflectors, which lessened the problem
substantially.

Great care was taken to exclude stray light, using
velvet screens. This is particularly critical when the
silicon receptor is used in the integrate mode, as it
then records footcandle-seconds. A small amount of
stray light therefore will cause the meter to count,
giving a gradually rising reading even when the strobe
tubes are not flashed.

The optical assembly under test is attached to a
gantry (see Fig. 8), the gantry being on wheels and a
track. This allows the gantry and lamp to be moved
across the laboratory to be positioned over a second
and larger water tank. This tank has a coordinate
system painted on the bottom, and can be used for
photographing intensity patterns.

Results and conclusions

In general, very good agreement was obtained be-
tween computer predicted results and the actual
patterns obtained. In, three out of the four optical
systems, contractural guarantees of luminous in-
tensity distribution and efficiency were met with the
first reflectors produced, while the fourth was ob-
tained with some realignments and modifications.

The final test of the optical systems will be the
quality of the photographs that they produce, which
involves the lenses of the cameras, the film response,
and the scattering effect of the water, as well as the
reflector performance. The work so far has indicated
the value of the design techniques by showing the
correlation of anticipated and actual results. Such
methods show great possibility for the application to
all forms of reflector design, including roadway, area,
and floodlighting luminaires as well as those de-
scribed above.
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Figure 8. Underwater photometer.
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DISCUSSION

J. B. ARENS:* Congratulations to the authors for illustrating how
the basically straightforward, but enormously tedious job of de-
signing a complex reflector can be handled in a sophisticated
manner by what seems to be getting quite an old and reliable friend
of ours, the computer.

There are several items I would like the authors to comment
on:
(1) If the scatter effects produced by suspended particles in the
water can be minimized by applying a mathematical treatment
to the reflector design, the particle size and particle density should
be known. Since one could expect these two parameters to vary
considerably with location—for example the Atlantic coast off
New Jersey versus the waters near Antarctica—was any particular
size and density of particles selected for the mathematical treat-
ment? If the reflector would have been designed without this
consideration, how much of an error would have possibly been
introduced, and would this error have been greater than the dif-
ference found between computer predicted results and actual
results obtained during the photometric testing? Could a similar

* Federal Highway Administration, Washington, I.C.

JOURNAL OF IES / JULY 1977



rationale be applied to outdoor lighting equipment designed to
better perform under severe weather conditions, such as rain, fog,
or snow, by allowing an alternate set of, say, driving lights on a car,
or a secondary optical system in a street-lighting fixture, to take
the place of the standard equipment and provide better visibili-
ty? .
(2) The authors stated that the floodlight design used an optical
system free-flooded with seawater. I interpret this to mean the
lamps, as well as the reflectors, were in contact with seawater. How
did the authors compensate for the cooling effect of the water
around the metal halide and the quartz-iodine lamps? Are not
these sources extremely temperature sensitive? Also, what effect
did orientation of the floodlight, which I assume is handheld and
portable, have on the performance with the metal halide lamp?

(3) The effective reflector surface is composed of small reflector
eléements oriented principally in the x-y plane. Since theré exist
surfaces also in the x-z and y-z planes, which are made up of the
sides of the rectangular cross section bars, how have the authors
treated the reflection produced by these small sections? Also,
would the authors care to comment on the possible use of this
design concept for larger size reflectors—say a reflector used with
a 400-watt high-pressure sodium (HPS) lamp for roadway
lighting—keeping in mind that a less costly method of manufac-
turing, such as hydroforming, would have to be used?

K. E. FAIRBANKS:' The authors’ presentation describes a unique
lighting application that required a unique computer analysis and
design with the resultant solution being a unique approach to a
reflector configuration. Based on the success of the design program
it would be difficult to criticize the concepts and procedures in-
dicated in this paper. However, in the same vein, it is difficult to
imagine a commercial or practical application where a similar
reflector configuration could be employed. Maintenance consid-
erations alone would preclude such a multifaceted reflector from
being used in a street-lighting luminaire.

With the above in mind, would the authors comment on the
following. Did the multifaceted reflector prove to be excellent in
overall efficiency or was performance rated in terms of meeting
the original design criteria for an intensity distribution pattern
regardless of luminaire efficiency? Would the placing of a design
constraint that all reflector segments join smoothly with adjacent
segments have resulted in a more efficient reflector that would
have met the design criteria but perhaps with less precision?
Would this design constraint have made the overall computer
analysis and design more difficult and time consuming? I assume
that the ground and polished reflector surfaces are flat planes in
this design. Would an attempt to apply distinctive curvatures to
each segment again complicate the design procedures? Is it pos-
sible to provide any insight into the length of time it would take
the computer to analyze each element, each strip, and the complete
reflector? Obviously the number and size of reflector elements
would materially affect both the precision and performance of the
reflector and the costs of the computer design.

M. E. KECK:{ The authors have presented an interesting and
readable paper concerning the design, manufacture, and testing
of a particular very specialized reflector for use in a very specialized
application. They state in at least two places that the methods used
show a great possibility for application to all forms of reflector
design such as roadway, area and floodlighting luminaires. There
is no question that the techniques can be applied to such reflectors.
There is a question, however, as to whether or not the techniques
described would produce a superior reflector to a well designed
reflector using a continuous curved surface or a few continuous-
curved surfaces with steps or risers between them.

I am concerned that the authors may leave the impression that
a reflector designed with many flat facets is always superior to one
designed with a few continuously curved sections. It is my opinion
that the reflector described could be improved if two things could
have been done: (1) the facets could have been curved rather than
flat; and (2) the number of facets, if curved, could be reduced, thus
reducing the uncontrolled light from the corners of the junctions
between facets and of course reducing the shadowing effect of the
steps between facets as stated by the authors.

1 do not wish to imply that the practical state of the art in design
and manufacturing techniques to accomplish these objectives is
practical today and that the solution achieved by the authors could
easily be improved upon. It is my opinion, however, that in a few
years the state of the art of both the design techniques and man-
ufacturing techniques will make such an improvement practi-
cal.

The ultimate reflector for roadway, area, and floodlighting lu-

minaires will therefore consist of a minimum of large continuously
curved facets and will not consist of a large number of small flat
faced facets. Many of today’s reflectors look as if they have already
achieved this ultimate result; however, the large curved facets of
today’s reflectors may often be simple paraboloids, ellipsoids or
other simple surfaces of the second degree which may or may not
be the best surface to direct the light as desired. The application
of techniques described by the author may well improve such re-
flectors but we must not reach the conclusion that the ultimate
reflector will consist of a multitude of flat faced facets.
J.S. SCHRUBEN:! This paper is a lucid description of engineering
techniques used to design reflectors to meet very difficult speci-
fications. I, however, would be interested in further amplification
on the method used to minimize light scattering by the water
particles.

The authors have demonstrated that their method of adjusting
reflecting facets by computer simulation is effective for asym-
metric designs. But is it the only way as they claim? Unfortunately,
the authors’ Reference 3 does not provide an alternative unfaceted
approach. Although Jolley, Waldram, and Wilson! claim to show
how to obtain smooth asymmetric reflectors, their method is really
only suited for faceted reflectors such as the authors designed, or
at best fluted reflectors. Not only are their equations for the
normals to the reflecting elements incorrect, but they basically
overdetermine the problem. They look only for reflecting surfaces
which reflect rays emitted in a meridional plane into another
meridional plane. It would be an unusual asymmetric surface that
would have this property.

The asymmetric reflector-design problem may be described
mathematically by a partial differential equation.2 Solutions to
this equation can be expected to exist for “highly complex re-
flecting patterns.” Consequently so would smooth reflectors exist
in principle provided the reflectors are allowed to be sufficiently
large relative to the source. To find a solution is admittedly not
an easy problem. For comparatively large sources there may in-
deed be no exact solution to the problem. Compromises must be
made. Faceted reflectors are analogous to Fresnel lenses which are
commonly used to make more compact optical systems. However,
lenses may be placed as close to the source as heating requirements
allow, whereas the source itself will tend to interfere with light
reflected from a close-by reflector. The edges of both refracting
and reflecting facets block and scatter emitted light and thereby
lower the efficient utilization of light and cause glare. An optimum
reflector would consequently be as smooth as possible.

If perhaps the authors have not obtained the optimum answer,
they certainly have solved the problem presented to them. In view
of the magnitude of this task, they deserve much praise.
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D. A. TOENJES:! Would it be possible to reduce the depths of the
individual vertical sides of adjoining reflector facets, by changing
the square elements to hexagonal shapes? They could then be
lined up in a staggered arrangement, still using the same x, y
coordinates for computer calculation. (This might also offer a
physical advantage, in that the reflector corners would become
obtuse 120-degree angles, so the facet corners would not be so
sharp.)
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AUTHORS: The authors wish to thank the discussers for their in-
teresting presentations.

The comments by Messrs. Fairbanks, Keck and Arens relating
to the design of reflectors for commercial applications are accurate.
The authors do not believe that a direct application of the reflec-
tors as presented would offer a step forward in such applications.
It must be kept in mind, however, that a design principle has been
evolved, which has been shown to be capable of producing re-
flectors for meeting highly complicated specifications. It does not
seem unreasonable that such principles could be applied to com-
mercial products, although the end result would be considerably
different. In particular, as pointed out by the discussers, any ap-
proach for an area or roadway luminaire would require a much
lesser number of facets, or preferably with the facets blended to
form a smooth surface for practicality of manufacture.

The authors do not feel that an approach using smooth reflec-
tors in this project would have allowed the same performance to
be obtained, primarily due to size limitations. An extremely small
volume was allowed for each optical system, and as pointed out
by Dr. Schruben, a faceted reflector system is equivalent to a
Fresnel lens system, in offering a more compact design while re-
taining desirable contours.

It is possible that the performance of the systems could have
been improved by using curved facet surfaces instead of flat. A
considerable increase in manufacturing cost would accompany
such an approach, however, and flat facets, therefore, were used.
As stated by Mr. Keck, however, such an approach may be possible
in the future with improved design and manufacturing meth-
ods.

In answer to Mr. Fairbank’s question regarding performance,
this was rated in terms of both distribution and efficiency. The

distribution limitations imposed, however, were more serious than
those of efficiency, and output was sacrificed in many instances
where the two were in conflict.

Regarding the length of time taken by the computer to analyze
one reflector system, this varied in accordance with reflector size
and lamp size. Typical runs were in the order of 120 seconds of
central processor time on the CDC6600 computer. Computation
time could have been either increased or decreased by using
smooth reflector contours, depending upon the mathematical
approach used.

Concerning Mr. Arens’ question on suspended particles in
the seawater, this was taken into account by the agency issuing the
design criteria to the authors, and the authors were not directly
involved in the effort. It is our understanding that a seawater of
particular interest or median characteristics was used in deter-
mining the water scattering effects, and that the required iso-
candela patterns are such as to minimize the effects. The point
regarding distribution patterns for inclement weather in roadway
situations could open some interesting possibilities.

The cooling effect of the water is taken into account by deter-
mining the light distributions underwater, in such a way that this
cooling is present during photometry.

All equations used in the mathematical analysis of the problems
were generated from first principles by the authors, and those
stated in Reference 3 of the paper as being incorrect by Dr.
Schruben were not employed.

The suggestion of Mr. Toenjes is interesting. The authors have
some experience of molding with hexagonal section bars and have
found this approach useful. It is a possibility to be kept in mind
for future designs.
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