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Introduction

This digital camera is a useful instrument for the measurgiwidight pollution. It can be used to simultaneously
create a photographic record of a scene and perform theidmnet a light meter. If the camera is properly
calibrated, the numerical value of a pixel in the image carelsed to luminance (brightness) in the image. Then
a digital camera becomes a low-cost measuring instrumagigceing specialized instruments of much higher cost.

The calibration is performed by photographing a sourcel{sscan incandescent lamp) whose luminance is
known. The photograph is taken at some speci ¢ shutter spaddaperture. In theory, this calibration value can
be extrapolated to other values of shutter speed and apefar example, the exposure is directly proportional
to the shutter interval. Unfortunately, there are severabiems with this approach:

The actual shutter speed is only approximately equal tefisnted value.
Depending on the camera,there may be some variation inestspiéed between exposures.

At high shutter speeds, the opening and closing of the ghigtieoorly de ned, and so it is dif cult to
delineate the shutter interval with precision.

These variations are small enough that they have no visiidet on the exposure of images, but they do affect
precision measurements of luminance. We needed to meamuera shutter speeds to determine whether it was
feasible to extrapolate luminance measurement to diffestauitter speeds.

Mechanical Shutter

It's very straightforward to measure the interval of a metbal shutter. A phototransistor is connected to a
resistor and DC power supply. Itis then placed in the bodhefdamera, behind the shutter. The camerais aimed
at a source of light. The output of the phototransistor isnemted to a digital oscilloscope, such as the Syscomp
CGR-101. The shutter is triggered and the resultant puldiglaf displayed on the oscilloscope. Compared to
the speed of a mechanical shutter, the response of the plnwd@stor and oscilloscope are instantaneous. The
oscilloscope captures the phototransistor pulse andajisplan accurate rendition of the opening and closing of
the shutter.

An example measurement is shown in gure 1. Figure 1(a) shbe@srrangement of the camera body, with
a table lamp placed to shine into the lens. The photodeteatmrit, shown in gure 1(b), is under the camera
where the Im would normally be located. The circuit is veignple: a 2N5777 phototransisfowith 1k pullup

1The 2N5777 phototransistor may be dif cult to nd. Howevitls not critical. Any darlington phototransistor will wkiin this circuit.



(a) Arrangement
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(c) Measurement

(d) Schematic

Figure 1: Measurement of Mechanical Shutter

resistor to +5 volts. The output of the transistor collegjoes to the oscilloscope channel A. When the shutter
opens, light falls on the phototransistor, causing it todrart. That causes a brief drop in the collector voltage,
which is captured by the oscilloscope. Figure 1(c) showsrikasurement result. The shutter is open for about
12.8 milliseconds, corresponding to a speed of 1/78 second.

This won't work with a digital camera. There is no way to insziphototransistor behind the shutter in the
position of the detector array. Furthermore, a digital canmeay use a combination of mechanical and electronic
shuttering.



Turntable Method

A record turntable rotates at a known
speed: 33.3 rpm, 45 rpm or 78 rpm.
If the turntable is black, place a white
line between the centre and the edge.
Photograph the turntable. In the pho-
tograph, the white line will sweep out
a sector proportional to the shutter in-
terval. Measure the angle and use the
rotational speed to determine the shut-
ter interval [2]. Figure 2 shows a typi-
cal image.

This method works after a fash-
ion, but its range is very limited be-
cause of the limited choice of speeds
of the turntable. We tested the Canon
SX120IS over the shutter speed range .
1 second to 1/6 second and measured Figure 2: Turntable Calibration
shutter speed errors between 0.41%
and 15%.

VGA Computer Display Method

Rob Crocket [1] describes a shutte
speed calibration technique using th
scanning of a computer monitor dis
play. A calibrated scale is overlaid
on the display. The screen is pho
tographed, with a result similar to g-
ure 3.

For example, gure 3 shows the
result of photographing the screen &
1/200 second.

The screen refresh rate is know
something like 75.14Hz in this case
Then the time to refresh the screen
the inverse of that, 13.3 milliseconds
The image of gure 3 starts at 2.8 divi-
sions and ends at 6.9 divisions. The td
tal screen height, allowing for retrace,

is 10.4 divisions. Then the shutter in- Figure 3: VGA Display Calibration
terval is:
6:9 28
tshutter - w 133 (1)
= 5:24milliseconds (2)

which corresponds to a speed of 1/190 second.



This technique was used to test the shutter calibrationefhinon SX120IS over the speed range 1/125 to
1/640 sec. The errors ranged from 0.83% to 6.47%. Shuttedsggeater than 1/640 gave extremely large errors,
so the VGA technique is not useful above that speed.

Television Screen Method

The North American standard televi-
sion screen originally used the NTSC
scanning system. An electron beam
scans the screen horizontally at a rate
of 15750 lines per second [2]. Conse-
guently, a photograph of such a screen
will show a number of lines that is pro-
portional to the shutter interval of the
camera. Figure 4 shows part of an im-
age taken at a shutter speedlef 000
second. A careful count of the visi-
ble lines in the image reveals 15 visi-
ble scan lines. Then the exposure time
is

15 3) _ . -
17570 Figure 4: Television Screen

0:853millisecondg4)
1=1171seconds (5)

tshutter

The images are somewhat dif cult
to interpret. When there are many scan lines in the imagetoayis tedious and error prone. The opening and
closing times of the shutter also make the beginning and étiteshutter interval somewhat ambiguous.

LED Array Method

Gabele [3] shows a 10x10 matrix of LEDs that was used in catiibg camera shutter speed. A more sophisticated
version is available from Image Engineering [4]. The listpris currentlye 699.

Realizing that the Syscomp CircuitGear CGR-101 and WawefGenerator WGM-201 could serve as the
basis for such a device, we decide to construct our own ver¥i@ need a digital counter that drives an array of
LEDs such that one LED is illuminated at a time, and every LEEhe display illuminates in sequence.

The array is scanned starting in the upper right corner,dinéne, nishing in the lower left corner. Figure
5(a) shows a typical display for the 8x16 LED array used in\arsion. In this image, the shutter opened in
row 3. The shutter remained open until the 4th LED in row 1. Wimg the clock interval (the time each LED is
illuminated) we can calculate the total shutter interval.

The LED method has the advantage that it can be operatedeattiedly any clock speed, so it can cover
the entire range of camera shutter speeds. Furthermorgjrtiren and turn-off times of an LED are essentially
instantaneous in this application, so the action of thetehatin be known quite precisély

2At high clock rates (fast shutter speeds), the LED displayite dim. However, histogram equalization of the imagempte brightening
of the image brings the display up to a level where the LEDsheacounted easily.



(a) Typical Display (b) Arrangement

Figure 5: LED Array Calibration

Figure 5(b) shows the measuring setup. In this image, the-CERCircuitGear digital outputs were used
to exercise the digital logic for debugging purposes. Onéhefl28 LEDs is selected from a combination of the
switches on the CircuitGear graphical user interface (gi¢c) ). In gure 5(b), you can see that one LED is
illuminated on the LED matrix display (bottom right corndrtioe gure).
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Figure 6: LED Calibrator Circuit

The circuit on the protoboard is shown in gure 6. The 8x8 LERtnx displays are of unknown type,
obtained locally at Creatron [5]. The patch leads conngdtire LED displays to the protoboard and the digital



output of the CircuitGear to the protoboard, are also fromafor. Digital inputs DO through D7 connect to
the digital outputs of the CGR-101 CircuitGear for debuggend the pattern generator outputs of the Waveform
Generator WGM-201 for normal operatfon

The circuit of gure 6 could be
con gured to be driven from a USB
port, with a graphical user interface to
control the settings. If there is interest
in this, contact us.

The WGM-201 waveform genera-
tor hardware is a pod that plugs into
the USB port of a host PC. The soft-
ware is a program that runs on the host
PC and creates a graphical user inter-
face (GUI) for the hardware. The GUI
of the waveform generat8ris shown
in gure 7.

The generator was loaded with a
128 byte, 7 bit counter sequence. That
pattern was created in a spreadsheet,
saved as acsv  le, and then loaded Figure 7: Waveform Generator User Interface
into the generator. If for some reason
we wished the scanning to proceed in
a different order, we could have created another patteranieé loaded that into the generator.

The generator frequency such as 432.1 Hz can be speci edtljithrough a text entry widget. For small
variations around some particular frequency, the minimachraaximum frequencies (located at the bottom and
top of the frequency control slider) can be speci ed by ditext entry. Then the slider control can be used to
vary the frequency over that range. The frequency is basedaystal-controlled timebase with a resolution of
0.1Hz, so the frequency can be speci ed with precision amdiczy.

Results: Canon SX120IS

The Canon SX120IS Point-and-Shoot camera is shown
in gure 8. The SX120 has the option of fully manual
control of aperture and shutter speed, and can produce
monochrome images.

Figure 9 shows an example of an image pho-
tographed at high speedz1600second shutter speed.
The original jpeg image is underexposed, completely
black. Histogram equalization using tke image pro-

cessing program results in the image of gure 9. This Figure 8: Canon SX120IS Camera

3If you duplicate this circuit, check the polarity of the LEDsthe array. Some versions of this part are reversed, withctithodes
connected to the column lines.

41t would be possible to drive these digital output with a 7digital counter, something like 2, 74HC161 four-bit coustecon gured to
reset at a count of 128. Then an oscillator signal, like th@llagr output of the CircuitGear, could be used to drivis ttircuit. | used the
WGM-201 to save construction time.

5Several of the controls of the generator such as those fahthpulse width modulators, are hidden in this image bectheseare not
used in this application. The bottom area of the GUI is alsssing because this image was captured from a netbook, witted screen
resolution. For the complete GUI, see the data sheet on theo8yp web site, [6].




image was counted as 99 illuminated LEDs, which i80a84% error in shutter speed. The shutter begins to
close about half-way through the scan of the bottom line r@laee an additional line (16 LEDs) that are partially
illuminated as the scan returns to the rst line of the digpleVe added half of those (8) add to the total of the
fully illuminated LEDs.

Another image shot at the same
speed yeilds a count of 101 LEDs, for
an error of 1:16%

In some cases, such as the result
shown in gure 5(a) on page 5, the
beginning and end of the shutter in-
terval are quite clear. There are 103
fully illuminated LEDs. There are also
two LEDs, exposed during the open-
ing and closing of the shutter, that are
partially illuminated. We might assign
half a unit to them, giving the nal il-
luminated LED count as 103.5.

At higher shutter speeds, the open-
ing and closing intervals affect more
of the total, and there are more par-
tially illuminated LEDs. How should
this count toward the shutter interval? If we assume thabfhening and closing transitions are approximately
linear (and gure 1(c) on page 2 seems to suggest that is the)cthen the effective beginning and end times
occur at the half-way point through the transition. Thdts A&ssumption we've made in these measurements.

Clearly there is signi cant judgement required to detereniwhich LEDs are partially illuminated, and there
is still signi cant variation in the measurements.

The results of shutter speed measurements on the Canon EX&@Mera are shown on page 10. Each
measurement was taken twice. The count of illuminated LERssgsome idea of the consistency of results. As
mentioned earlier, at high shutter speeds there is a cemagunt of guesswork in deciding where the fadeout of
LEDs begins, signalling the end of the shutter interval. Arogerall result, the typical error is in the order of a
few percent. The 6% error in for 1/30 second shutter speedits golid, so that may be taken as a worst-case
benchmark for this range of speeds.

Figure 9: Histogram-Equalized Image, 1/1600 second

Results: Nikon D80

The Nikon D80 is a semi-professional digital SLR cam-
era, with features like interchangeble lenses and through-
the-lens viewing. The shutter calibration images were
quite interesting — and somewhat unexpected, gure 11.
The shutter mechanism on the D80 Edectroni-
cally controlled vertical-travel focal plane shutferThe
mechanism is described it [7]. As Russ Macdonald ex-
plained, the shutter mechanism in the Nikon is effec- Figure 10: Nikon D80 Camera
tively a rectangular opening (a slit) that moves from bot-
tom to top. (Physically, the shutter moves from top to bott@ime optics invert the movement.)

Shttp://www.dpreview.com/reviews/nikond80/



(a) 1/200 sec, landscape (b) 1/200 sec, portrait

(c) 1/2000 sec, landscape (d) 1/2000 sec, portrait

Figure 11: Nikon D80 Calibration Images (best viewed in cojo

Figure 11 shows typical results for the Nikon. The patterillominated LEDs is very different, depending
on the orientation of the camera. Clearly, there is an istéra between the moving shutter and the movement of
the illuminated LED on the display.

Images obtained with the camera in its normal orientatiagufes 11(a) and (c)) are not easy to interpret.
Figures 11(b) and (d), taken with the camera on its side, are nseful.

Consider rst gure 11(d), because it's the easiest to iptet. The shutter slit is moving from left to right at
a relatively low speed. The LEDs are scanning from right fodea much higher rate. The speed of the LED
scanning is such that the shutter slit is scanned slightty 8wxcomplete times. (Put another way, the slit moved
from the left edge of the image to the mid-point of the imagarduone complete scan of the LEDs.)

Consider the leftmost diagonal group of LEDs, which repnesene complete scan of the LED display. The
LEDs we see illuminated were the ones under the shutterRstik any one vertical line, which in this case is 4
illuminated LEDs. The exposure time for these LEDs shouldhizesame as any other area of the image. If we
know the scan rate, then we can determine the exposure tinleefimage. Here's the calculation:

The clock rate (the time each LED is illuminated) is 7S&c. Then timd, to expose 4 adjacent vertical lines
of 16 LEDs each is

Te=4 16 7:8 10 °=500 Sec

The exposure speet} is the inverse of this:

1

1
Te=z — = — =
*  T. 500 10 6

= 2000



So the exposure speed wbs2000second, as expected.

Repeating this for gure 11(b), using an LED clock rate of&ihSec and a vertical LED count of 6, results in
1=208second for the shutter speed.

Images 11(b) and (d) contain additional information abbattiehaviour of the shutter. If the shutter speed is
changing, then the diagonals will be curved. If the shutiemsdth changes during the exposure, the number of
horizontal LEDs in each group will change over the exposure.

Conclusions

For a Im camera, a phototransistor detector with digitatidescope works well. For a digital camera, the
LED scanner approach is most suitable.

The technique works on a both the leaf shutter mechanismmaadmoving blind shutter. The moving blind
shutter must be oriented correctly relative to the LED seanifthe LED scan image shows shutter speed
and veri es that the shutter is operating consistently ssithe image eld.

The Syscomp CGR-101 digital oscilloscope and WGM-201 wawvefgenerator were useful instruments
in this investigation.

Further Explorations

The image analysis prograimageJ can plot a pro le of brightness in a de ned area of the imagdis.gossible
that this technique could be used to measure more prectselyrightness of the LEDs when they are partially
illuminated during the shutter transition.

Mainly, the object of this exercise was to characterize taedd SX120IS camera for shutter speed. The
results of section are suggestive of the kind of accuracycaneexpect.
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Canon SX120IS Shutter Speed Measurements

Shutter Shutter LEDs LEDs Shutter Shutter Error,% Error, %
Speed Interval Runl Run2 Interval Interval

mSec mSec mSec
30 33.33 93 93.50 31.05 31.22 6.85 6.35
40 25.00 101 101 25.29 25.29 -1.16 -1.16
50 20.00 98 99 19.63 19.83 1.84 0.84
60 16.67 95 94 15.86 15.69 4.85 5.85
80 12.50 102 102 12.77 12.77 -2.16 -2.16
100 10.00 100 100 10.02 10.02 -0.16 -0.16
125 8.00 99 98 7.93 7.85 0.84 1.84
160 6.25 102 101 6.39 6.32 -2.16 -1.16
200 5.00 100 99 5.01 4.96 -0.16 0.84
250 4.00 99 97 3.97 3.89 0.84 2.84
320 3.12 99 94 3.10 2.94 0.84 5.85
400 2.50 98 96 2.45 2.40 1.84 3.85
500 2.00 102 96 2.04 1.92 -2.16 3.85
640 1.56 105 95 1.64 1.49 -5.17 4.85
800 1.25 104 102 1.30 1.28 -4.17 -2.16
1000 1.00 105 101 1.05 1.01 -5.17 -1.16
1250 0.80 104 100 0.83 0.80 -4.17 -0.16
1600 0.62 101 99 0.63 0.62 -1.16 0.84

10



