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1 Introduction

There is growing awareness of the problem of light pollutiand with
that an increasing need to be able to measure the levels afribation
of light. This paper shows how such measurements may be mildew
digital camera.

Light measurements are generally of two typdlaminanceandlumi-
nance

Illuminance is a measure of the light falling on a surfaceasuged in
lux. llluminance is widely used by lighting designers tocpelight levels.
In the assessment of light pollution, horizontal and veitineasurements
of illuminance are used to assess light trespass and owinigg

Luminance is the measure of light radiating from a sourceasueed
in candela per square meter. Luminance is perceived by tmahwiewer

as thebrightnessof a light source. In the assessment of light pollution,

luminance can be used to assess glare, up-light and sgpithli

A detailed explanation of of illuminance and luminance i$lih The
units used in measurement of light are also summarized iiose®.1 on
page 11.

An illuminance meter is an inexpensive instrument, cosaibgut $60.
See for example the Mastech LX13308B [2], figure 1(a). A lumiteameter
is a much more expensive device. For example the Minolta @&ELimi-
nance Meter shown in figure 1(b) costs about $3500 [3]. Bothsuee-
ments are useful in documenting incidents of light pollntiut luminance
measurements are less common in practice — understangailyhe cost
of the instrument.

The pixel values in an image from a digital camera are praogmoat
to the luminance in the original scene. so a digital cameraazd as a
luminance meter. In effect — providing they can be calildateach of the
millions of pixels in the light sensor becomes a luminancesse

There are significant advantages using a digital camera &asore-
ment of luminance [5]:

e A digital camera captures the luminance of an entire scertés T
speeds up the measuring process and allows multiple measnte
at the same instant.
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(c) Digital Camera: Canon SX120IS

The surroundings of the luminance measurement are recorded
which puts the measurement in context.

For luminance measurement, the field of view (FOV) of the sens

must be smaller than the source. The FOV of a luminance neeteFigure 1: Light Measuring Devices
about 2. The FOV of a digital camera pixel is on the order of 150

times smaller, so it can measure small area light sourcds asiindividual light emitting diodes. These
sources are difficult or impossible to measure with a lumieaneter.

By photographing a source of known luminance, one obtaiestinversion factor that links luminance (in

candela per square meter) to the value of a pixel in an images&zjuently, the key to calibration is a light source
of known luminance. In the following section, we describe Helection of a luminance standard for camera
calibration. Then we describe the calibration of the cantbeinterpretation of the image data and an example.

The appendices elaborate on some of the topics.

1Up-light is wasted light that contributes to sky glowpill light refers to unnecessary light that is produced from a buildingther

structure, that contributes to over-lighting and birdketsi.



2 Luminance Standard

Over a period of some 18 months, we investigated a varietgafrtiques for creating a luminance standard, as
summarized in figure 2.

Technique Comments

Comparison with Standard Luminance standards are verynskme
Laboratory calibration is expensive ($1800).
Luminance meter is very expensive ($3500).

Natural sources: Sun, Moon Sun luminance is predictable.
Moon luminance is somewhat predictable but surface briggis uneven.
Atmospheric extinction is variable and difficult to predict

Surface Brightness, Frosted Lamp  Relies on known polarilligion of illumination.
Distribution of luminance is difficult to predict.
Nameplate output in lumens is often inaccurate.

Tungsten Filament Luminance is predictable, but a veryiseasunction of temperature.
Difficult to make accurate.
Effective area otoiled-coiledfilament is difficult to predict.

Illuminance-Luminance Illuminance measurement can barace.
Reflectance of surface must be known.
Requires diffuse illumination of surface, which is diffitto achieve.

Integrating Sphere Standard Reflectance of sphere intarst be known.
Port luminance is proportional to port illuminance.
Luminance of port is predictable and consistent.
Port image can be used #at field

Photographic Spotmeter Same field of view as luminance niEter
Order of magnitude lower cost than luminance meter.
Lower resolution than luminance meter (6% vs 1%).

Figure 2: Summary of Calibration Techniques

Now we discuss each of these in some detail.

Comparison with Standard

Professional caliber luminance meters and laboratorpredéd luminance sources are far too expensive for gen-
eral purpose use by those working in light pollution abateimeor example, the new cost of a Minolta LS-100 is
$3500. The National Research Council of Canada quoted $tb8@ibrate a luminance mefer

Natural Sources

Some natural sources (the sun, moon and stars) have a pigdilctminance. The problem, as detailed in section
3.7, isatmospheric extinctignthe attenuation of light in the atmosphere, which is notlgaetermined with
precision. The luminance of clear or overcast sky is vaei@er time and viewing angle [6].

2There are some bargains to be had. The author obtained a TekPBotometer with various measuring heads, including 6503
luminance probe, from eBay [8]. However, the unit requireths repair work and the age of the unit (1985) suggested tibatdlibration
was not reliable.



A standard candlélluminates white paper at 1 ft-lambert (3.44 cdjnfi7]. Unfortunately, readily available
candles have significant differences in light output ang eaibstantially over time [9].

Surface Brightness of Frosted Lamp

It is possible to relate the total output flux of a lamp (in luregspecified on the package) to the brightness of
the surface of the lamp. For this to work, one must have anrateumap of the radiation pattern. This would
be straightforward if the lamp had a spherical radiatiotigwat but that’s usually not the case. The luminance at
the top of the bulb, or at the side in line with the filament, istg noticeably less than other areas of the bulb.
Furthermore, the nameplate flux may be significantly difietikan the actual flux.

Another approach is to measure the illuminance at somengistiiom the lamp and then calculate the lumi-
nance of the source. Again, that approach requires acckmateledge of the radiation pattern.

The details and an example are in section 3.6.

Tungsten Filament

The luminance of the tungsten filament in an incandescery lara predictable function of its temperature. The
filament temperature can be determined from its resistamkigh in turn depend on the operating current and
voltage. In theory, this makes the basis a luminance stdrdat.

This approach is attractive because the filament temperatur be related to the luminous output of the lamp,
which is a useful check on the calculations.

There are two complications. First, the luminance is a 9tlvggdunction of filament temperature. A 1%
error in temperature results in a 9% error in luminance. €qusntly, the accuracy requirement for temperature
is very stringent. Second, the luminance may be affectedllgharecyclingeffect resulting from the complex
coiled-coiledshape of the filament.

The tungsten filament is a small target. It does not fill thérersiperture of a luminance meter such as the
Tektronix J-16 with 6503 probe. This would require a corigtfactor, another possible source of error. On the
other hand, a digital camera could be used to record the kmom of a filament, assuming that the area of the
filament completely covers several pixels.

A tungsten filament could be useful as a luminance standatdt, treeds to be verified by other methods.

Illuminance to Luminance

Under the right circumstances, the luminaricef a surface is related to the illuminanéeand reflectanceg by
equation 1.

E
L = 2P candela/metér (1)
7T
where the quantities are
L Luminance emitted from the surface candela/nteter
E llluminance of light falling on the surface lux
p Reflectance (dimensionless)

The device used to measufe— an illuminance meter or luxmeter — is readily available arekpensive.
Determining the reflectance of a surface is a bit more coraat[11], [12], but it can be done. The grey card
popular in photography — readily available at low cost — h&ks@wn reflectance of 18% and can be used as a
standard for comparison.

The challenge in this method is properly illuminating theface. It must be illuminated uniformly and equally
from all directions. In other words, the illuminating fieldust bediffuse It turns out that this is very difficult to
achieve in a laboratory setting with conventional lightsayirces. However, a diffuse figlslachievable inside an
integrating sphere, as described below, and under thazentétances this becomes a practical technique.



Integrating Sphere

An integrating spherecan be used as a
standard. Figure 3 shows the 14 inch di- ===

ameter light integrating sphere that was
constructed for these measurements. Con-
struction and use of the sphere is described
in reference [13].

In operation, one measures the illumi-
nance of the light field exiting the port.
(Notice the illuminance meter to the left of
the sphere in figure 3.) The reflectance of
the interior surface of the sphere is known.
Then the luminance of the light field ex-
iting the port is determined by equation
1. In figure 3, the Tektronix J-16 Pho-
tometer with 6503 Luminance Probe is lo-
cated at the sphere port to measure the lu-
minance. One could then calibrate the lu- T ]
minance meter to the calculated value of Figure 3: Light Integrating Sphere
luminance.

The measurement is dependent on the sphere functioningetlgrithat is, providing a diffuse field of light.
That the field is diffuse can be easily determined from measents at the port.

e The accuracy of the method depends on the accuracy of theelgxrand the figure used for reflectance.
There are very few error sources compared to other techaique

e The port provides a large area of uniform illumination. laisuitable target for luminance meter (because
it fills the entire measurement aperture) or as the flat fielgefor a digital camera.

Photographic Spotmeter

A photographic spotmeteas a narrow field of view exposure meter used in photographg §potmeter is avail-
able from a number of manufacturers. We'll focus on the Mm@&potmeter F, which is similar in appearance to
the Minolta LS-100 luminance meter shown in figure 1(b) onepag

A photographic spotmeter displaggposure valu§l4]. The exposure value is the degree of exposure of the
camera film or sensor. Various combinations of aperture hutlex speed can be used to obtain the same exposure
value, according to equation 2.

N2

where the quantities are:

EV  Exposure Value
N Aperture number (F-Stop)
t  Exposure time, seconds

It can also be shown [15] that scene luminance and exposlue a&ee related according to equation 3.

LS
2BV = == 3)

where the quantities are:



EV  Exposure Value, as before
S IS0 setting (see section 3.8, page 17)
L, Scene Luminance, candela/méter
K,, Calibration constant for the meter, equal to 14 for Minolta

Equation 3 provides us with a route to measuring luminangpically, the spotmeter displays EV units at an
assumed ISO of 100. A written table in the meter operatinguabor software in the unit incorporates the meter
constant (14 for Minolta) and uses equation 3 to convert sipovalue to luminance.

To get some idea of the advantages and limitations of a phapbéc spotmeter, it's worthwhile to compare
the Minolta LS-100 luminance meter [16] and Minolta F phaotgghic spotmeter [17].

Minolta LS-100 Luminance Meter Minolta F Spotmeter

Field of View 1 degree 1 degree
Range 0.001 to 300,000 cd/meter  0.29 to 831,900 cd/metér
Accuracy 2% 7%
Resolution 0.1% 6%

Price $3500.00 (New) $2500 (Used) $339.00 (Used)

The resolution and accuracy of the spotmeter are more thiafessory for photographic use, but rather coarse
for for a precise measurement of luminance. That said, it beayseful to rent a photographic spotmeter for a
modest fed, in order to do a sanity check on a luminance calibrations@ur

If you have access to a spotmeter, does that eliminate treefoea calibration source such as the integrating
sphere? It depends on the required accuracy.

We purchased a used Minolta M spotmeter. When we measuredtéggating sphere port luminance, we
found that the luminance reading corresponded to an ustieally value of reflectance in the integrating sphere,
90%. A direct measurement of reflectance — and other methaadicate a reflectance in the order of 77%.
Adjusting the spot meter by 0.3 EV units made the calculagééidetance consistent with other measurements. An
adjustment of 0.3 EV units is equivalent to a 23% change infamce reading. For accuracy better than that,
some form of calibration standard such as an integratingrepls necessary.

3 Camera Calibration

Luminance to Pixel Value

The digital camera turns an image into a two dimensionalasfgixels. Ignoring the complication of colour,
each pixel has a value that represents the light intensttyaapoint.

The amount of exposure (the brightness in the final image)iggrtional to the number of electrons that are
released by the photons of light impinging on the sehsBonsequently, it's proportional to the illuminance (in
lux) times the exposure time, so the brightness is in lwosds. Invoking the parameters of the camera, we have

in formula form [15]:
Nd:Kc <;_i> Ls (4)

S

where the quantities are

N, Digital number (value) of the pixel in the image
K. Calibration constant for the camera

t  Exposure time, seconds

fs  Aperture number (f-stop)

S 1SO Sensitivity of the film (section 3.8, page 17)
L., Luminance of the scene, candela/méter

The digital number (value)N, of a pixel is determined from an analysis of the image, usipgogram like

3In Toronto, Vistek will rent a Minolta F spotmeter for $15 ukay.
4Clark [4] calculates for the Canon D10 DSLR camera at ISO #@,each digital count in a pixel value is equivalent to 28tons.



ImageJ18]. Pixel value is directly proportional to scene lumicati ;. It's also dependent on the camera settings.

For example, if the luminance is constant while the exposuare or film speed are doubled, the pixel value
should also double. If the aperture numiggiis increased one stop (a factor of 1.4), the area of the apedu
reduced by half so the pixel value will also drop by half [19].

In theory, to calibrate the camera one photographs a knomimknce, plugs values for luminance, exposure
time, film speed and aperture setting into equation 4, aralitzks the calibration constaht..

It should then be possible to use the camera at other setifregposure time, film speed and aperture setting.
One determines the pixel value in the image and then rungiequgin the other direction to calculate an unknown
luminance.

Maximum Pixel Value

The pixel values are represented inside the camera as binarhers. The range for the pixel valdg is from
zero toN,,,q.., where:

Nmaz - 2B -1 (5)

whereB is the number of bits in the binary numbers. For example, 8 hit raw image, the range of values
is from zero ta2'% — 1 = 65535. For an 8 bit JPEG image, the range of values is consideraidjler, from zero
to 2% — 1 = 255. In order not to lose information in the image the exposurstrba adjusted so that the maximum
pixel value is not exceeded.

Vignetting

The light transmission of the camera lens tends to decreagmrd the edges of the lens, an effect known as
vignetting The effect can be quantified in equation form. However it @rempractical to photograph an image
with uniform brightness (a so-calldtat field). Then use an image analysis program to check pixel valuethea
centre and near the edjEhe exit port of the integrating sphere used for these measemts [13] is a suitable flat
field. It's illumination has been measured with a narrow fielthinance meter and determined to be reasonably
uniform.

Image File Format: Raw, DNG, JPEG and TIFF

Image formats fall into two categories: raw (lossless) amdpressed (lossy).

A raw image file stores the pixel values exactly as they are gestbtat the image sensor. Each camera
manufacturer uses a different raw format and image praeggsiograms in general cannot accept proprietary
format files. Consequently, it is usual to convert raw fortoagome more universal format, such as TIFF (tagged
image file format). A TIFF formatted file can contain all théimrmation of the original so it can also be a lossless
formaf.

Raw and TIFF have the advantage that no information is lagtih® files are very large. For example, a
Canon raw format (DNG) is typically about 15 MBytes per imag€l IFF formatted file is larger, in the order of
60 MBYytes per image. These are colour images. If a TIFF fileasgssed to monochrome (which is the case for
luminance measurements), then the file size drops to abdBZ{&s per image.

It turns out that raw format images are overkill for many ations. There is redundant information in most
images and with careful processing, the numerical reptagen of each pixel value can be reduced from 16
bits to 8 bits. To a human observer, there is little or no diffece between raw and compressed versions of an
image. Compressing an imagel@ssy— the process cannot be reversed to reconstitute the drigiwamage.
However, the size is reduced tremendously which saves oage@pace and speeds up image transfer. A typical
JPEG-compressed image file is about 71 KBytes in size, arffat8D0 smaller than the comparable TIFF image.

5In the case of the Canon SX-120IS point-and-shoot cameappiéars that vignetting is absent, possibly by compemshiigche camera
computer.

6The TIFF file format has the capability of using no compresslossless compression and lossy compression. It's fretyuesed in
lossless mode.



Compressed images permit many more images in a given 5P(i)>(<)eloVa'ue

storage space and transfer more quickly between camera and
computer. 40000 -

High end digital cameras such as digital single-lens reflex ..,/ |
(DSLR) cameras can produce images in raw or compressed ;5500 L

45000

Ls: 499 candela/metre”2
F:5.0
1SO: 200

(JPEG) format. Most point-and-shoot cameras can only pro- 5009 L 0 i
duce compressed fornfat 20000 L ]
15000 + 7 F6.3
Image File Format and Luminance Measurement 10000 |- s 1
5000 F  ¥ex ¥ x 4
A JPEG formatted image has a non-linear relationship be- 0 s ! | . !
tween exposure value and pixel code. In calibrating a camera (f/looo Secz) Ex;osure Timse’ mSec 8 (1,1%)8 seq)
for luminance measurement is necessary to determine this re
lationship and account for its effect under conditions dfiedi (a) Pixel Value vs Exposure Time
ent aperture, exposure interval, and ISO number. Thislgreat Pixel Value
complicates the analysis. 50000
A raw formatted image, on the other hand, uses equation 4 Ls: 499 cd/metre~2
(page 4) directly. Image pixel value is directly or inveysel 20000 e =
proportional to the camera parameters and the scene lumi- 30000 - |
nance. For example, a plot of pixel value vs exposure interva
is a straight line that passes through the origin. 20000 - |
In theory, both raw and compressed format images can )
be used for luminance measurement. Jacobs [21], Gabele-  1gg00 L 5 |
Willer [23], [5] used JPEG formatted images. Craine [22] g
and Flanders [26] used JPEG format images, but restriceed th 00005 004 006 095 o1 o1z o4
exposure range to minimize the non-linearity of JPEG com- 1/Aperturen2
pression. Meyer [24] and Hollan [25] used raw format.
Initially we worked with JPEG formatted images and then (b) Pixel Value vs Aperture
subsequently switched to raw format. Raw format images  Pixel Value
simplified the process and generated results that were more 18000 —— N
predictable and consistent. 16000 - ti,‘;ﬁi Zizdela/me"e 2 ]
14000 F:50 :
Settings and Measurements -l 1
In the ideal case, the camera calibration relationshipagon 8000 - g
4 on page 6) would apply exactly to the camera. In that case, 6000 - R
one measurementwould be sufficient to determine the value of 4000 - 1
the calibration constant. One would photograph some source 2000 - ]
of known luminancd.,, determine the equivalent valié; of 0 ‘ | ‘ ‘ ‘ ‘ ‘ ‘
the pixels in the image, and note the camera settings for 1SO, 0 100 200 300 40?30500 600 700 800 900
exposure time and aperture. Plug these values into equation
and solve for the calibration constafst. (c) Pixel Value vs 1ISO
For that approach to work, the settings for shutter Speegigure 4 Canon SX1201S Camera Calibration

aperture and ISO must be reflected accurately in the oparati
of the camera hardware.

Figure 4(a) shows this is the case for camera shutter speed,
where pixel value increases linearly with exposure time (in
versely with shutter speet)

(0]

7Canon point-and-shoot cameras can be modified with the lBmc@HDK software [20], which enables them to produce rawrfat

images.

8Debevec [27] has an interesting comment on shutter spdest modern SLR cameras have electronically controlledtstawhich give
extremely accurate and reproducible exposure times. Wedesir Canon EOS Elan camera by using a Macintosh to makéatiidio
recordings of the shutter. By analyzing these recordingsvese able to verify the accuracy of the exposure times tamwitihousandth of a

second.

Conveniently, we determined that the actual exposure tirmgsd by powers of two between stops ( 1/64, 1/32, 1/16,11481/2, 1, 2, 4,



Figure 4(b) shows the relationship between pixel value grattare. At large apertures, above F 4.0, the
relationship becomes non-linear. One would either avaideraperture values or determine the specific value for
the calibration constant at each aperture.

Figure 4(c) shows the relationship between pixel value &@.1As expected, the digital number is a linear
function of the 1ISO over the range shown on the gtéph

With a large number of measurements in hand at various valugsutter speed, aperture and 1SO, excluding
values where the relationship is non-linear, we used a dpheget to solve for the corresponding value of the
camera constank’. in equation 4. For the SX120IS camera, using 55 differenthinations of settings we
measured a camera constant valgeof 815 with an RMS deviatiol of 4.7%.

Magnification

Many sources of light pollution form a small camera imageit o very useful to be able to magnify the image
using the camera lens zoom function. The Canon SX120IS ughikiexercise has a zoom range-of to x 10.
The CHDK software extends this t023. (Also helpful in the case of the Canon SX120IS is the eledtronage
stabilization feature, which allows one to take hand-hétlpes at the maximum zoom setting).

If the camera zoom lens setting is changed, does that haviéemh @n the luminance measurement? At first
thought that would seem to be the case, since luminance isureghin candela per square metre, and the area
of observation has changed. However, the luminous powearidela is measured in lumens per steradian (solid
angle). A change of magnification alters the area and soligeasuch that the two effects cancel. In an ideal
system, where there are no losses, luminance is invari@pt[9] .

We checked this by taking images of the integrating spherefpmm a distance of 6.25 meters, at zoom
settings ofx1, x10 and x23. The average digital number in the image of the illuminatpdese port was
constant for the three images, to within 2%.

This is very convenient, since the same camera calibratostant applies regardless of the camera zoom
lens setting.

4 Example Measurement: LED Array

We use the light emitting diode (LED) array of figure 5(a) tostrate the process of using a digital photograph
to measure the luminance of the individual LEDs. This catweadone easily using the Tek J-16 luminance meter
or Minolta Spotmeter M because their sensor field of view icimiarger than the light emitting source, and a
measurement will underestimate the luminance.

The array was photographed with the camera in Manual modstéblésh the shutter speed, aperture and
ISO, keeping an eye on the camera real-time histogram displansure that the image was not overexposed.
The camera CHDK software generates two images, a Canon RAWatdmage and a JPEG formatted image.
The RAW format image was processed to monochrome TIFF forasatescribed ikVork flow section 3.9, page
18.

An image of the illuminated array is shown in figure 5(b). THER version of the image was analysed in
ImageJ A profile line was drawn through three of the LEDs to detemrtime corresponding pixel values, using
the profile analysis tool. The resultant plot is shown in fegbfc).

The EXIF file from the JPEG image was used to confirm the canettiags. The camera constant was deter-
mined earlier, page 9. The image information is summarizgoléows:

8, 16, 32), rather than the rounded numbers displayed ondheeca readout ( 1/60, 1/30, 1/15, 1/8, 1/4, 1/2, 1, 2, 4, 8 305,

9SO number is referred to difm speedn film cameras. In a digital camera, it is a function of the éfigation applied to the pixel value
after capture.

10This camera provides an additional 1ISO setting of 1600, teiiticrease in digital number for that ISO setting is not prtipnal at all,
which makes the setting unsuitable for luminance measurenhe light pollution work, the intensity of sources makéesilikely that ISO
1600 would be useful. It could however be of interest to sameatpcumenting sky glow, which is relatively faint.

1IRMS: Root Mean Square. The deviation values are first squaFbdn one takes the average of these squares. Finally, ke ttae
square root of the average. The result is an indication ofyihieal value of a deviation, while ignoring the effect oéthign of the deviation.



Quantity Symbol Value

Maximum Pixel Value Ny 64197
Shutter Speed t 1/2500 sec
Aperture (F-Stop) fs 8.0
ISO Setting S 80
Camera Constant K. 815

Rearranging equation 4 (page 6) to solve for luminance, we
have:

Ny f2

K.tS
64197 x 8.02

L, =

i
815 x —— x 80
2500 ©

= 157,538 candela/metre

According to the table of luminances in section 3.2 (page
11), 50,000 candela/metris Maximum Visual Toleranc& his
makes the unshielded LED array a potential source of glare.

Extending Luminance Range

The pixel value in the previous example is very close to the
allowable maximum, 6553&{%). The camera settings are at
their limit (fastest shutter speed, minimum aperture, mum
ISO) for the camera to minimize exposure. Is it possible to
photograph images of greater luminance?

There are two possible solutions.

e The CHDK software on a Canon point-and-shoot camera sup-
ports custom exposure settings up to 1/100k seconds [30],

[31], so you could increase the shutter speed (ie, decrease

the shutter interval). CHDK also supports custom I1SO values
starting at 1, so you could reduce the I1SO setting.

In general, these options are not available to unmodified®SL
(digital single-lens reflex) cameras.

e A neutral density filter can reduce the luminance of the image
For example, an ND4 filter reduces the luminance by a factor
of 4. Neutral density filters are readily available for DSLR
cameras.

Both methods should be calibrated. With an inexpensive
set of neutral density filters we found that the actual atienu
tion was as much as 30% different from the labeled value.

10

&
g
.
§
H
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(b) Image
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Figure 5: Light Emitting Diode Array



5 Appendices

3.1 Light Measurement Symbols and Units

Luminous Flux ®, Lumen Luminous power, weighted by the visual response
function.

Luminous Intensity I,  Candela, Lumen/steradian Luminous power in a particulaction.

llluminance E, Lux, Lumen/metré Density of the luminous flux incident on a plane sur-
face

Luminance L, Candela/metre Luminous intensity per unit area, ie, perceived bright-
ness of a source.

Luminous Exposure H, Lux-seconds Time integral of illuminance

Luminous Energy @, Lumen-seconds Luminous energy, time integral of lumincuwsgy

Steradian Q Radians Solid angle subtending an aréat radiusr.

3.2 Typical Values of Luminance

Light Source Luminance, candela per square metre
Sun 1.6 x 10°

Arc lamp 1.5 x 108

Metal halide lamp 5.3 x 106

Clear incandescent lamp, filament 2 x 10° to 2 x 107
Frosted incandescent lamp 50000 to 400000
Low pressure sodium lamp 75000
Maximum visual tolerance 50000

Cloud (sunny day) 35000
Fluorescent lamp 12000 to 14000
White illuminated cloud 10000

60 watt soft-white bulb 10000

Surface of moon 1000
Metal-halide flood lamp 500
Convenience store sign 150

White paper under lamp 30to 50
Television screen (CRT) 9

Neon lamp 8

Candle 7.5

Clear sky 3to5

Moon 2.5

White paper lit by candle at one foot 0.29

Dark sky reserve (proposed) 0.1

Night sky 0.001

Threshold of vision 0.000003

Sources: [32], [7]

3.3 Accuracy of Photometric Measurements

It's common in measurements of electrical quantities agdt resistance) to obtain an accuracy in excess of 1%.
This level of accuracy ismuchmore difficult to achieve in photometric measurements.

e Where there are horizontal and vertical components to g Bource, the angle of measurement of the
light meter is critical.

e Certain measurements (card reflectance) depend on a laifmn, diffuse light source [11]. In practice,
this can be difficult to create.
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e Precision light measurements require a controlled enwiiemt. This is not readily available to the non-
specialist.

e A photometric light meter (one that responds in a similahi@s to the human eye) contains a spectrum
response filter. The spectrum of the source interacts withdirve in such a way that a small error in
the filter response may lead to large errors in light levelsneament. This is particularly true for sources
where the light energy is concentrated at a few discrete agéhs [33].

The specified and measured accuracies of four illuminandersis shown in section 3.5 on page 13. With
specified accuracies in the order of 5% and measured dawsdtiom the average value in the order of 7%, an
overall measurement accuracy of 10% is reasonably achH@&vab

Fortunately, the variability of light level measuremerstsiitigated to some extent by the non-linear response
of the human eye to different light levels, as we documengatisn 3.4. For example, a 25% change in brightness
is just detectabldy the human vision system.

3.4 Perception of Brightness by the Human Vision System

According to Steven’s Law [35], brightness increases a8a power of the luminandé In formula form:

S=KL" (6)
whereS is the perceived brightness (teensatio, K is a constant and is the luminance.
Since the exponent s less than unity, the equation hasfénet ef reducing errors in luminance measurement.
We illustrate this with an example.

Example

Suppose that a luminance measurement s in errex %6. What is the brightness perception of that error?

Solution

Call the correct sensation and luminarttand L. Call the measured sensation and luminafigeandL,,,.
Define the ratiaR: L,,, = R L.
Then from equation 6 we have:

S = KL"%® @)
S = KL 0.33
= K (RL)"%
= KR 0.33L 0.33

Now find the ratio of the measured and true sensation:

Sm KR 0.33L 0.33
S T KL ®
R 0.33

The measured luminance is 10% larger than the actual luméaor = 1.10.

121t may be possible to check the calibration of an illuminaneter by measuring the horizontal illuminance from the dutoan. A table
of solar illuminance for various elevations of the sun abihvehorizon is in reference [34].

13This greatly simplifies a complex situation. The perceptibhrightness is strongly determined by the size of the svanal its surround-
ings. However, it illustrates the concept and is roughly fiar a small source against a dark background.
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Then:

S
Pm.o_ p033
S
= 110%%
1.03

That is, the perception of the brightness is only 3% high wiheractual luminance is 10% high.

Thejust noticeable differenci®r brightness is 7.9%, [36] so the 3% difference would beatactable.

Using equation 6, one can show thguat noticeablechange in brightness requires a luminance increase of
25%. A perceived doubling of brightness requires a lumieancrease of approximately 8 times (800%).

3.5 Comparing llluminance Meters

To determine the relative consistency of illuminance regslj the readings of four illuminance meters. The meter
sensor was placed in exactly the same position each timegaaedaken not to shadow the sensor.

Meter Range Accuracy Reference
Tek J10 with J6511 Probe 0.01 to 19,990 lux +5% [37]
Amprobe LM-80 0.01 to 20,000 lux +3% [38]
Mastech LX1330B 1to 200,000 lux +3% 410 digits [39]
Extech 401025 1 to 50,000 lux +5% [40]

The measurement results are shown in figure 6.

1000 |- Tek J16 with J6511 Proe —+— ~~~~ =~ - ¥
r Amprobe LM-80 --X-- 70
i Mastech LX1330B - -*-- ]
L Extech 401025 - & - 1
= i i
o
5 Z - Z
@ 100 | A R EEEEEEEEEEEE R, F
Q - g L
= I ]
L ﬁ/' i
10 1 1 1 1 1 1 1 1 i 1 1 1 1 1 1 [ i
10 100 1000

Average

Figure 6: Four llluminance Meters: Tek J10 with J6511 Prdkmprobe LM-80, Mastech LX1330B, Extech
401025

The measured RMS deviations from the average were:
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Meter RMS Deviation from Average

Tek J10 with J6511 Probe 6.9%
Amprobe LM-80 6.4%
Mastech LX1330B 8.1%
Extech 401025 12.4%

On the basis of the specified accuracy and measured deviadioraverage, an overall measurement accuracy
of +£10% is a reasonable goal.

3.6 Frosted Incandescent Lamp Calibration
Luminance from Total Output Flux

Knowing the total light output in lumens of a frosted incascknt lamp on can in theory determine the surface
brightness of the lamp. Referring to the definition of lighita (section 3.1 on page 11) we can predict surface
luminance as follows:

1. Total luminous flux® in lumens is known from the label on the box.
2. The bulb radiates through some solid arfglsteradians.

3. Then the luminous intensityis given by

I= % Candela 9

4. The luminance of the bulb is equal to the luminous intgnsi€andela divided by the surface area of the
bulb 4; meters.

L= Ai Candela/metefs (10)
b

Example: Surface Luminance from Nameplate Output
The Sylvania DoubleLife 60 watt lamp has a total output of Wiffiens. The bulb diameter is 6cm. What is the
luminance of the bulb surface?
Solution
1. & =770 lumens.

2. Assume that the radiating pattern is a sphere, with 13%verhto account for the base. Then the radiating
angleQ is:

Q = 4xmx(1-0.13)
10.92 steradians

3. The luminous intensity is given by equation 9 above:

>
I = —
Q

770

10.92
= 70.51 candela
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4. The surface area of the buly is approximately a sphere of radius= 3 centimeters:

Ab = 47T7°2

2
= 4x7mX i
100

= 0.0113 meterg

The luminance is the luminous intensitydivided by the bulb surface areh, (equation 10 above).

I
Ay
70.51

0.0113
= 6240 candela/metefs

L =

Measurement Results

Using the Tektronix J16 photometer with J6503 lumi-
nance probe, the measured luminance for this bulb varies
from 6100 candela/metérsat the top of the bulb to
16100 candela/metérsn the side.

This variation in luminance means that our assump-
tion of a spherical radiation pattern (equal radiation in
all directions) is incorrect. An example of a radiation
curve for an incandescent lamp (figure 7) confirms that
the radiation pattern is not spherical.

Consequently, this technique does not give reliable
enough results to be used as a predictable luminance cal-

ibration standard. Figure 7 | _
nitude is in Candela. Adapted from [41], magnitude

scaled to approximate measured data.

Luminance from llluminance

It is also possible to measure the illuminance at some
distance from the bulb and extrapolate that to determine
the luminous intensity. For completeness we provide thénatehere. However, it suffers from the same problem
as using the nameplate output: the radiation pattern is motvk and the assumption of a spherical radiation
pattern is incorrect. Consequently, the predicted lunmieas not accurate.

The light meter reads light intensity lax, where

1 lux = 1 lumen/metré
The light energy emitted by the source giandela is given by
1 candela= 1 lumen/steradian

Solid angle insteradianis given by
A

4=
where() is the solid angle in steradiansjs the distance from the source to the surface of an imagisaingre,
andA is an area on the surface of that imaginary sphere.

If we choose the area to be 1 métand the distancé from the source as 1 metre, then the solid angle is 1
steradian. Consequently, the numeric value of the ligletisity in lux is equal to the light energy emitted by the
source in candela.

If we take the light intensity measurement at some otheadcs#t, we can adjust it to 1 metre spacing using
the inverse square law.

Once the total light energy output in candela is known, thiéase luminance iandela/m can be calculated,
based on the surface area of the lamp.
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Example: Luminance from llluminance Measurement

A SylvaniaDoubleLife60 watt soft white incandescentlamp produces is measupgdtiuce 273 lux at a distance
of 50cm. The bulb can be characterised as a sphere, 6cm ietdiardetermine the luminance of the bulb surface.

Solution

1. Adjust the reading in lux to a distance of 1 metre:

B (1)
B,  \h

)
0.5\
= 273 x (-2
X<1.0>

= 68.25 lux, or lumens/m

|
5
5
7N
S5
N——
[ V)

2. This is at a distance of 1 metre, so the source is emittita émergy of the same amouii§.25 candela
(lumen/steradian).

3. The surface area of a sphere is giversby: 472, wherer is the physical radius of the lamp, 3 centimeters.

S = dmr?

3 \2
= 4x314x | —
<100)

= 0.0113 meterg

4. Now we can calculate the luminance in candela/metre

C
L = —
S

68.25
0.0113
= 6039 candela/m

Light level measurements of the incandescent lamp shouldkaa under the following conditions:

e Other light sources should be turned off or it should be distadd that they are dim enough that they do
not materially affect the measurement.

e The light source and meter should be arranged so that thet ¢ight from the lamp predominates. That
requires reflecting surfaces to be as far away as possibléf aetessary cloaked with light absorbing
material.

e Ryer [42] suggests setting up an optical bench with a sefibaffles. Each baffle is a black opaque sheet
mounted at right angles to the optical path. A hole in eacfidiafcentred on the optical path. This prevents
stray light, from a similar direction as the source, fronctéag the detector.

e There is a 20% decrease in light output from the side of amidescent lamp to the top. Consequently,
whatever orientation is used for the measurement of lighetl Ishould also be used for luminance.
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3.7 Luminance Calibration using Moon, Sun or Daylight

The brightness (luminance) of the sun is a known quantityradikar gives the valdé as 193,000 + 4000
candles/c[43]. The brightness of the moon is also known, albeit coogiéid by changing phase [44], [45].

These and other astronomical sources are attractive toacsibe they have relatively constant luminance.
The problem isastmospheric extinctigrihe attenuation of light as it passes through the atmospher

The attenuation of light from an astronomical source by #réhés atmosphere is a function two effects. First,
the angle of the source above the horizon determines thendisthe light travels through the atmosphere. This
is predictable. Second, the atmosphere contains more ®atesospheric haze, which affects the attenuation
regardless of sun angle. This is known only approximately.

The attenuation of a light source between outer space anohdievel is given by Courter [46] as

I
F _ 1070.4keXm (11)

where

I Intensity at the base of the atmosphere
I* Intensity at the top of the atmosphere
k.  Extinction coefficient, depending on clarity of the atmosg#) typically 0.20 to 0.27, ex-
treme values 0.11to 0.7
X,, Air Mass, equal tal/ cos(), wheref is the angle between the zenith and the sun angle,
67° in this case.
Unfortunately, there is no straightforward way to deterertime extinction coefficierit,. A variation of 0.11 to
0.7 would a variation from 0.88 to 0.46 in the ratio of extregstrial to terrestial luminance, which is unacceptably
large.

3.8 1SO Speed Rating

In a film camera, the sensitivity of the filrfilin speedlis specified by a so-called ISO number. A faster film (one
with a higher ISO number) is more sensitive to light [47]. Heenmonly used ISO scale for film speed increases
in a multiplicative fashion, where the factor is approxigigtl.2 between steps

In a digital camera, the ISO number refers to the sensitvitthe image sensor, specifically referred to as
the ISO Speed Rating. To change the sensitivity of a film canmre needs to purchase and install a different
film. In a digital camera, the operator (or the automatic expe mechanism) can set the ISO Speed Rating to a
different valué®.

14This is an older reference, so the luminance units are gigaraadles (ie, candela) per square centimeter. Today, wilwead candela
per square metre.

15This arrangement is technically known as the 1SO-arithengtiale, which is similar to its predecessor, so-called ASA $ipeed scale.
There is also an ISO-logarithmic scale, which does not sedme tn common use.

16Changing the ISO setting does not alter the behavior of theasétself. However, the signal from the sensor is amplifed! changing
the amplification factor effectively changes the sensitiaf the camera system. There is a limit to this: at very higingthe sensor noise
becomes prominent.
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3.9 Work Flow Summary

The image work flow for the Canon SX120IS with CHDK softwarsli®wn below. This is completely specific
to that camera and configuration. However, a similar work fioay apply to other cameras.

Configured to generate RAWTfiles in DNG fornmat

I
| file.dng, 12 bit col our

I
dcraw -w -4 -T crw_0569. dng

I
| file.tiff, 16 bit col our, white bal anced
I

convert file.tiff -colorspace Gray output.tiff

I
| output.tiff, 16 bit black-white

I
i magej
Hi stogram profile, average or pseudocol our

3.10 Processing Scripts

When there are a number of images to be processed in the waxktfllecomes tedious to convert them by hand.
The following shell scripts (for the Bash shell under Linaxjtomate processing the raw images from a Canon
SX120IS camera, from the raw colour data to the monochroragém

Converting the originatr w_xxxx. dng image to colour TIFF format namezt w_xxxx. ti f f uses the
DCRAWprogram [52]:

for i in x.dng
do

echo $i
dcraw -w -4 -T $i
done

Converting the colour TIFF format to black and white as fronw_xxxx. ti f f toout put _xxxx. tiff.

for i incrw=.tiff

do

echo $i

convert $i -col orspace Gray output ${i#crw }
done

3.11 Using ImageJ To Determine Pixel Value
1. Start ImagelJ.
2. Open the raw image file (egut put _0569.ti ff).

3. If the image needs to be scaled, place the cursor in theeiraad hit either the- or — key to scale the
image. This has no effect on the maximum, minimum or averadjgevof the pixels, it just spreads out the
image, which may make it easier to work with.

4. Select the area of interest for example with the ellipsé to
5. UnderAnal yse -> Set Measur enent s select the measurements required (eg, average grey scale).

6. SelectAnal yse -> Measure. A measurement window pops up or, if the measurements wiridow
already open, adds a line with the measurement of the avpragjevalue.
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Alternatively, you can run a profile line B Potofoutpt 093(75%) - o x
through some area of the image to generate
a graph of the pixel values along that line.

W"WMM"“HWM
1. Select theLi ne tool from the tool- ﬁ
bar.

2. Draw the line on the image, for ex- 1ecee
ample, through the light source.
L M e

et bt g
. 0.0 0.0 L L5 2.0
3. Selectnal yse -> Plot Profile. Dot e (i

e

4. Agraph of the pixel value profile ap- st | save..| Copy.|
pears. You can save the values to a
text file for further analysis. Figure 8: Example Plot Profile

An example plot profile (the port of the in-
tegrating sphere) is shown in figure 8.

3.12 Using ImageJ To Generate a Luminance-Encoded Image

It is possible to use ImageJ to create a pseudo-colouredeimagvhich colours represent different levels of
luminance. This is particularly useful in assessing theniihation for architectural applications. To create a
pseudocolour image:

1. Open animage, which can be uncompressed TIFF format.

2. Choos¢ mage -> Col our -> Show LUT.Theimage isthen pseudo-coloured using the defaultlookup
table (LUT), which is 0 to 255 grey levels. Notice that eveoubh the image may ha@é6 (65536) levels
or whatever, the pseudocolour has o2fy(256). But that should be lots for the human observer.

3. Selectl mage -> Lookup Tabl es to select the 8 bit pseudocolour scheme. For exampleléhe
col our s lookup table shows sixteen different colours correspogtbrequal parts of the 8 bit pixel range
0 to 255.

4. Select mage -> Col or -> Show LUT to see a graphical representation of the lookup table, which
may then be extrapolated to 16 bit pixel value and then torhamie value.

5. Selectl rage -> Colour -> Edit LUT to see a widget containing 256 colour boxes, each corre-
sponding to a level in the image, that one can edit to modiyttT.

3.13 EXIF Data

EXIF data (also known ametadatais information that is attached to an image. It containgplparameters such
as exposure interval, aperture and 1SO speed rating theqisred in automating the conversion of image data to
luminance. This is enormously convenient in practice. #@as one to collect a series of images without having
to manually record the camera settings. One can return tgemafter the fact and determine settings from the
EXIF data.

From [48]:

Exchangeable image file format (EXIF) is a specification f@ image file format used by digital
cameras. The specification uses the existing JPEG, TIFF&R&vand RIFF WAV file formats, with
the addition of specific metadata tags. It is not supportedPiEG 2000, PNG, or GIF.

On a Linux system, the main EXIF data is obtained in the GnoraeatiNis file viewer by clicking on

Properti es -> | nage. Theinformation may be copied and pasted into another deatiosing the standard
copy and paste function.
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On a Windows system, the EXIF data is obtained by right atigian a photograph and selecting 'properties’.
The information cannot be copied and pasted.

A more complete listing of EXIF data is found using the comrhdine programexi ft ool [49]. For
example, the commareki f t ool nyfil e. | pg lists the EXIF data for myfile.jpg.

EXIF data for the Canon SX120IS is shown below. The EXIF datdHis camera iseryextensive. For other
point-and-shoot cameras the data file is greatly abbrealiate

For legibility the EXIF data has been formatted slightlyoiulifferent sections.

I mmge Description

Manufacturer Canon

Model Canon PowerShot SX120 IS
Orientation top - left

x-Resolution 180.00

y-Resolution 180.00

Resolution Unit Inch

Date and Time 2009:12:15 20:48:28

YCbCr Positioning  co-sited

Thunbnail Directory
Compression JPEG compression
x-Resolution 180.00
y-Resolution 180.00
Resolution Unit  Inch

Exif Directory

Exposure Time 1/15 sec. Maker Note 2266 bytes unknown data

FNumber /2.8 User Comment

ISO Speed Ratings 640 FlashPixVersion FlashPix Version 1.0

Exif Version Exif Version 2.21 Color Space sRGB

Date and Time (original) 2009:12:15 20:48:28 PixelXDimension 3648

Date and Time (digitized) = 2009:12:15 20:48:28 PixelYDimension 2736

Components Configuration Y Cb Cr - Focal Plane x-Resolution 16141.59

Compressed Bits per Pixel  3.00 Focal Plane y-Resolution 16094.12

Shutter speed 3.91 EV (APEX: 3, 1/14 sec.}ocal Plane Resolution Unit Inch

Aperture 2.97 EV (f/2.8) Sensing Method One-chip color area sensor

Exposure Bias 0.00 EV File Source DSC

MaxApertureValue 2.97 EV (f/2.8) Custom Rendered Normal process

Metering Mode Pattern Exposure Mode Auto exposure

Flash Flash fired, auto mode, White Balance Auto white balance
red-eye reduction mode. Digital Zoom Ratio 1.00

Focal Length 6.0 mm Scene Capture Type Standard

InterOperability Directory
InteroperabilityIndex R98
InteroperabilityVersion 0100
RelatedimageWidth 3648
RelatedimagelLength 2736

Ext ended Met adata Description
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Make Canon

Model Canon PowerShot SX120 IS
Orientation TopLeft

Resolution Unit Inch

ModifyDate 2009-12-15T08:48:28
YCbCrPositioning 2

ExposureTime 1/15

FNumber 28/10

ISOSpeedRatings 640

ExifVersion 0221

DateTimeOriginal ~ 2009-12-15T08:48:28
DateTimeDigitized 2009-12-15T08:48:28
Components Configuration 1

2

3

0
CompressedBitsPerPixel 3
ShutterSpeedValue 125/32
ApertureValue 95/32
ExposureBiasValue 0/3
MaxApertureValue 95/32
Metering Mode Pattern
FocalLength 6
UserComment
FlashPixVersion 0100
Color Space StandardRGB
PixelXDimension 3648
PixelYDimension 2736
FocalPlaneXResolution 3648000/226
FocalPlaneYResolution 2736000/170
Focal Plane Resolution Unit  Inch
Sensing Method OneChipColorAreaSensor
File Source Type DCF
Custom Rendered Normal
Exposure Mode Auto
White Balance Auto
DigitalZoomRatio 1
Scene Capture Type Standard

Exported Locations
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