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List of material for the TP

1x Board

1x Linear stage

1x Camera holder (3 parts)

1x Source holder

1x Ruler

1x Triangle

1x Laser

1x Lens cap
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1x Camera

2x Polarizers

2x-4x Small screws (triangular
head)

4x Large screws

4x Large screws with cap

3x Small screws with cap

3x Allen keys
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1 Objective and overview

To introduce the following subjects:

e Acquiring images with a webcam sensor (meaning of gain, integration time,
saturation)

e Adjusting the light intensity with polarizers

e Measuring the basic parameters of a camera and objective (focal length, F# - number,
numerical aperture, magnification, field of view)

To get this done, you need to read the reference documents provided and you should be able
to answer the questions of this document.

2 Background

2.1. Measuring with a pixelated detector

An array detector is a matrix of photo-sensitive pixels which samples the incident light flux.
At each pixel, the incident photons are converted into electrons and stored. After this
acquisition phase, the stored electrons are read electronically (with amplification) and
digitalized to form the image.

The dynamic range of the image is the number of encoded light levels. The camera has 256
gray levels. It is an 8-bit camera. A properly exposed image has some pixels with level close
to the maximum value. The exposure can be adjusted by varying the integration duration or
integration time (controlling the number of detected photons) and the electronic gain
(controlling the conversion). When a pixel level is at its maximum value, it is saturated. The
numeric value is then 255 and cannot be evaluated. AVOID SATURATION OF THE
DETECTOR! On the other hand, when the number of detected photons is very small, the
effect of detector and electronic noise is strongly visible, leading to unsatisfying images. The
detector has a dark noise and signals are measured even without light on the detector. The
electronics of the camera will correct this by subtracting such dark counts. This also fixes a
minimum sensitivity level. Such a correction leads to situations that no noise is found for
certain low light illumination condition because the camera electronics suppresses it.
Carefully adjust the exposure to the light level to obtain properly exposed images.

Most of the color cameras have an array of filters to modify the spectral sensitivity of the
pixels to different colors. A common arrangement is the “Bayer pattern” that is used in the
camera. The color information is obtained by reducing the spatial sampling. However, the
number of data points in the image is not reduced because it is compensated by interpolation.
The main parameters of the camera chip are the size of its active area and the pixel number.
The camera can have different shutter modes: global shutter and rolling shutter. Only the
global shutter allows to record an image at the same time over the whole sensitive surface.

2.2  Transmission of light by two polarizers

Polarization is a property of light waves. A polarizer is a device that selects out of unpolarized
(or natural) light a given state of polarization. We use linear polarizer to control transmission
and intensity.
Monomode laser sources are polarized too. When a linear polarizer is brought in front of a
linearly polarized laser beam the intensity can be modulated by rotating one of the elements
against the other. If this rotation is done by an angle ® the resulting intensity | becomes:
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The minimum intensity depends on the extinction ratio of the polarizer. In our case, the
extinction ratio reaches 1/1000. Only relative adjustments will be used.

2.3 Basic parameters of the cameras and the objective

The basic layout of a photographic camera is shown below.

Objective
lens

Camera
chip
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Object distance Image distance

Figure 1: A camera consists of an objective and a photosensitive area brought into imaging
positions to get a sharp image.

A camera objective is characterized by a focal length and an F#
number usually imprinted on the lens rim. For instance, for the
camera objective Macro-Elmar-M shown here we read 1.4/90
which means F#=1.4 and focal length = 90 mm.

The focal length of a lens is determined by how strongly the
system bends light rays. If collimated (strictly parallel
propagating) rays are sent onto an optical system the focal
length is the distance over which rays are brought to a focus as
shown below.

Camera
chip
Focallength
Figure 2: The focal length of a camera is given by the point where collimated rays are brought

to focus.

The F#-number expresses a relation between the diameter of the entrance pupil and the focal
length of the lens.
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The F#-number’s value is the focal length divided by the effective aperture Dentrance diameter
and has no dimension. For a simple lens mounted in a housing, the lens diameter given by the
lens rim represents the effective aperture. In a system of lenses, the situation is more
complicated. In such a case the effective aperture diameter Dentrance is usually not the diameter
of the first lens of an objective. The smaller the F#-number is, the brighter will be the image
because more light is transmitted for larger apertures.

The numerical aperture (NA) gives a relation between the exit pupil (in contrary to the
entrance pupil for the F# number) and the focal length.

e | P

y y Camera
chip

D-lens

diameter
Focal length -f

Figure 3: The numerical aperture is given by the ratio of the half diameter and the focal length
and a measure for the angle u.

The numerical aperture is a dimensionless number and characterizes the range of angles over
which the system accepts (or emits) light. The NA depends on the refractive index. It stays
constant when the beams go from one material to another. Note that its definition might vary
slightly between different areas of optics. Here, we use the following definition and
approximation:

NA:nsinu:n% (3)
2f

Where n is the refractive index of the surrounding medium. When the medium is air, the
refractive index equals n=1 and we get:

NA=sinu=% (4)

2.4 Focal length measurement
In a situation where an image is formed by an object at a distance do, the relation between the
different distances is

1 1 1
i_ 1.1 5
fd, d ©)
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where do is the object to lens distance, d; is the image to lens distance, and f is the focal
length of the lens. If one plans to use this relation to obtain the focal length f then you need to
know the two distances do and d; with good precision. When the lens (or lens system) is thick,
it is not simple to know from where to measure these distances. A way around this problem is
to acquire two images of the object from two different distances, with proper refocusing.
Then the focal length is found from the known displacement of the lens and the measured
magnification of the two images. The magnification is related to the distances do, the object
distance and d,, the image distance through

m = a4 (6)
dO
By combing equations (5) and (6) for two different measurements, the focal length can be
extracted.

Example

Consider a first-generation cell phone camera. The dimensions of the sensitive area of the
pixelated detector are 3.2 mm x 1.92 mm. When an image is taken, this number will define
the maximum image size that can be recorded. The objective is assumed to be a single lens
with a focal length of 3 mm. The system is adjusted to focus an object at a distance of 30 cm.
Calculate the magnification m.

1 1 1 1 1

i1, .1, d, =3.0303mm
f d d, 3mm d, 30cm
m:i:0.30303cm 001
do 30cm

The magpnification is smaller than one because we create an image of a macroscopic object on
a rather small detector with a lens of short focal length. Next, we want to evaluate the field of
view of the objective and detector assembly. Calculate the width ho of an object that can be
still completely seen with the camera? (also called the field of view) First, we refer to the
definition of the magnification m, which is the ratio between the size of the image h; divided
by the size of the object ho, i.e., m=hi/ho. When m is known, it is easy to find the maximum
object size as

h, _ width of camera chip _3.2mm

h =—
m magnification 0.01

0]

=320mm

Note that you should not use the values given above. The dimensions of the camera
sensor that you are currently using are provided in the “Camera details.pdf” file on
Moodle.

2.5. Field of view

The field of view (angle of view) is defined as the maximum angle a camera sees. It is limited
by the detector size and the parameters of the objective and mainly depends on the focal
length. In a standard situation, the focal length of an objective is chosen to be the same as the
diagonal of the photosensitive area. For instance, for a full frame detector with 36 mm x
24 mm surface often a 50 mm focal length objective is set as a standard objective. For a
Nikon camera, the field of view of a 50 mm objective is about 47°.
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Figure 4. Definition of different parameters around the field angle.

The field angle can be measured by triangulation using a given object size and distance from
the camera objective. If the effective focal length of the objective is known it could also be
calculated.

If the detector size S (camera chip size, usually the longer side is taken) and the focal length f
of the objective are known, it is also possible to calculate a theoretical field angle for an
object at infinity. In this case, the image appears at the focal plane and triangulation allows
finding the field angle (angle of view) a as

h h
a= 2arctan% =2arctan—>— » -2 (7)

where f is measured at the middle of the detector or camera chip.

2.5 F-number determination for the objective

The F#-number can be approximated from the numerical aperture NA as

1
2NA

F# 8)

To measure the F#-number one can determine the NA by using a collimated laser beam (to be
assembled). Shine the beam on-axis through the optical system and measure the beam
diameter on the sensor. This divergence angle u in equation (4) is obtained by measuring the
beam diameter for different and known distances between the lens and the sensor.
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Figure 5. A collimated laser light produces a light cone that can be probed in the imaging
space by defocusing the objective. Left: the effect of defocusing on the position of the focal
point. Right: Images taken with the collimated laser at different defocusing positions.

3 Optical Setup

First, we proceed to check the camera basic adjustments. To do so, a simple setup has to be
mounted. Start with the breadboard and mount the translation stage.

Figure 9: Breadboard with translation stage.

The stage is fixed with screws arranged asymmetrically (see the right picture). Continue by
mounting the adapter plate and the intermediate piece as shown below.

dme
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Figure 10: Adapter plate and intermediate fixing have to be screw together.

The cameras PCB (printed circuit board) special holder is mounted as shown below.

Figure 11: Camera holder (left) mounted on the adapter plate with the intermediate piece.

The assembly has to be fixed on the translation stage before the camera PCB is put in place.

Figure 13: Camera PCB in the mount ready for shooting.

The aim is to take a few images and determine basic parameter of the camera like saturation
and dark count level.

e Images for different illumination conditions have to be taken and saved in folder
(‘C:\....filename”).

e Images have to be uploaded into Matlab and line plots for different illumination
conditions for the same image have to be made.

e Identify a suitable folder so that you can find your images back easily

Do the following
e Determine a scene
e Set the exposure conditions of the camera to automatic

10
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e Take a first picture and save it (use preferably the MATLAB folder to have easy
access to the data afterwards)
e Open Matlab
e Use the program “readimage.m” (provided) to read an image and get a line plot

e Adjust the Region Of Interest (ROI) at your wish (present is center points x=200,
y=100, widths w=200, height h=200, you have 1280x720 image points)

What you get is similar to the images below

|
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Figure 14: Original JPEG image and as seen in Matlab
To get line plots, we convert the images into black and white (this is done automatically with
the provided Matlab script). Choose a line of interest (the line is specified for a given vertical
position in pixel) and plot a graph using the script.

A typical line plot at line 400 is shown in the figure below.
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Figure 15: Intensity line plot at position y=400. The saturation is easily seen as the two flat
parts of the curve with the maximum pixel count of 256.

The Matlab program allows also averaging over different horizontal lines by setting the height
at a certain value.
Next action

e Set the exposure condition to values so that the camera does not saturate.

11
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e Take an image and make the line plot

In our example, we find the following image and plots:
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Figure 16: Photo and line plot without saturation. The values are always smaller that 256!

For measurements avoid saturation (Saturation exist for pixel values at 255!). It

does not give useful results.

TO BE DONE FOR THE REPORT: Take an image of the same scene at different exposure
levels: one with automatic exposure, one with no saturated pixel, one with only a few
saturated pixels. Make line plots at areas where the automatic exposure gave saturation and
compare the plots for the three exposure conditions. (three images and corresponding line
plots)

3.3 Procedure to measure the focal length

Now we are ready to start measuring the basic parameters of our camera objective. By
measuring the object and image height for two different magnifications, the focal length can
be measured. To find a formula that allows us to calculate the focal length for this situation,
we consider two measurements A and B. We use the lens equation of a thin lens that relates
object and image distance and focal length. We find:

For A:

1':i+i (9) and mA:hi

f dOA 1A hOA (10)
For B:

}:i+i (11) and mB:h

fdog g hos (12)

The values h; and ho are the image and object sizes or heights. The magnification is the ratio

between the image height h; and the object height ho. The setup does not allow to have access

to images distance di. This is unknown. Only the difference between two positions dia and dis

can be found. The secret of the measurement is the focusing. ONE NEEDS TO HAVE

PERFECT FOCUS TO GET GOOD RESULTS. Taking well focused images of a ruler
12
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allows direct calculation of ma and mg because we know the size of the detector, hence the
image size h;. The measurement is based on the knowledge that each rotation of the
objective changes the imaging distance d; by 0.5 mm.

Put the ruler close to the camera.

Focus the camera by turning the objective (Fig. 17).

Take an image and determine ma

Turn the objective by A QUARTER OF A TURN. If needed, make a mark on the
plastic rim of the objective. The objective should move out of the mount (increasing
di)

Figure 17 The objective is the small black piece carring the lenses. This part can be rotated
to change the distance between it and the detector. (Focusing). One full turn of the objective
will move the objective by 0.5 mm.

e Move the ruler to be in focus.
e Take an image and determine mg

The focal length can then be calculated by the formula

dIB — dIA

= (mB—mA)

(13)

A sample sequence of images may look like this:

B
Figure 18: Sample images to determine the magnification for two different focalization
(magnification) positions.

13
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In our situation, the image height is constant because we observe with the same detector!
For A, one finds a width of 104.5 mm and, for B, one gets 32.5 mm. Magnification can be
calculated by dividing the image width (or height) by the object width (or height). In our
situation, the image width is constant because we observe with the same detector and

look at the total width of the image on the detector! The de-focalization distance for one
turn is dis-dia=0.5 mm and one can find the focal length with the help of equation (13).

TO BE DONE FOR THE REPORT: Show your two images with different magnifications.
Determine the focal length and show the numbers used for the calculation. Make an error
estimation.

3.4 Measurement of the field of view (angle of view)

We want to measure the field of view of our camera. This is the maximum angle that can be
captured. To do so, one measures the full field (object width) that is imaged and the distance
of the object (do). If you look at Figure 18, you see that the full field is given by 10.3cm
which is the maximum object size at this specific distance do. If one measures additionally the
distance of the ruler from the objective, the angle can be easily calculated by triangulation
(compare Figure 4). Take a focused image of known dimensions and measure with the ruler
the distance of the object to the first lens of the objective.

TO BE DONE FOR THE REPORT: Calculate the angle of view (field of view) and make
an error estimation.

3.5 Measurement of the F# number.
Collimated beam setup

The parameters of the objective can be measured by using a collimated laser beam. This can
be produced by using the laser and a lens. We use the camera that is already mounted and
send a collimated beam on it.

e Mount the source holder at the other side of the breadboard so that the source is in
front of the camera

e Put the laser in place

e Switch on the laser (just connect to USB of the PC)

e Apply the lens cap

You should have a setup as shown below.

Figure 19: Collimated beam setup. The laser with the lens cap on the left illuminates the
camera to the right.

14
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The red tube that needs to be fixed over the source carries a plano-convex lens with f=12 mm
and a diameter of 9 mm made from BK7 (Thorlabs L1576). In addition, a polarizer is fixed
inside the tube (Edmund Scientific part number ES45668). Moving the tube longitudinally
(along the optical axis) focuses the light. Turning the tube adjusts the intensity (because there
is a polarizer in the tube and the source is polarized t0o).

Figure 20: Source mounted with the lens cap (on the right) to achieve focusing and
collimation

A collimated beam is a beam that has parallel wavefronts and does not shows any change
diameter when seen at different distance. Of course, this is an approximation. This can be
probed with a sheet of paper as shown in the image sequence below.

Figure 21: Light spot at different distances from the collimated source. There is nearly no
change.
To make it happen, the lens cap has to be moved along the optical axis to adjust the focus and
the sheet of paper has to be used regularly to probe the collimation quality.

Adjustment of exposure conditions with the polarizer

If a laser is sent directly on the camera, the intensity is too high to be measured without
getting into saturation. To adjust the intensity, polarizers are used. The laser is already linearly
polarized (mono-mode laser). An additional polarizer foil is provided to adjust the intensity
further. Before using the external sheet polarizer, please assure that there is no protection foil
on the polarizer anymore, which would make the polarizer slightly diffusing. Sources are
polarized in a certain direction and rotation of the source with respect to the sheet polarizer
allows intensity adjustment (cosine square law). The polarizer can be put in front of the
camera or in front of the source.

15
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Figure 22: A polarizer is put in front of the camera. Rotating the source or/and the lens cab
allows adjusting the intensity.

To measure the focalization properties, follow the procedure below using collimated beam:

Focus by turning the objective of the camera

Find the smallest focus

Adjust intensity (insert the sheet polarizer, rotate the source!)

Adjust exposure conditions (low gain, play with exposure time)

Make a picture at smallest focus point size with appropriate intensity adjustment.

It is very important to avoid saturation because this falsifies the size measurement.
The series of images below gives you an idea how the intensity can be adjusted and what you
should be looking for.

| (- 1get [

Figure 23: Left: Overexposed image by using automated exposure. Middle: Image with lowest
gain and shortest exposure time. Right: Image of the focal spot without saturation at highest
attenuation.

Note: The intensity can be adjusted by two means. First by adjusting the lens cap on the
source and secondly by adjusting the assembly lens-source and the supplementary
polarizer.

F#-number of the objective

The F#-number can be approximated from the numerical aperture NA as F# = 1/(2 NA), with
NA = n sin u and n the refractive index of the medium (Fig. 3). The angle u is half the angle
that the system creates. To measure the F#-number, we use a collimated laser beam (as
assembled). Shine the beam on-axis through the optical system and measure the divergence

16
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angle on the sensor side by looking at different distances behind the lens (Fig. 5). Then, using
the measured angle u you can find the F#-number.

e Mount the camera - laser arrangement as shown above

e Collimate the laser with the lens (red cap on laser, parallel beam)

e Adjust the intensity of the laser by rotating the lens (polarizer inside)

e Adjust the intensity by introducing the sheet polarizer and rotate the lens and laser
together

e Adjust exposure conditions

e Focus with the camera objective

e Defocus by turning the objective (quarter turn as shown below) and measure the light
cone evolvement as a function of the defocus (Thread M12 - 0.5 on the camera
objective)

Figure 24 Defocussing (by turning the objective) will change the distance between the
objective and the sensor and allows to probe the light in the image space.
A typical sequence of images for quarter turns is shown below.

IEED A [ I
0 quarter round rotation half round rotation

Figure 25: Typical defocus images at different camera lens positions starting from the focus.

It is easily seen that the illumination disc diameter changes. You can evaluate the disc
diameter in Matlab or directly in the image because you know the absolute image size
(because the size of detector is known in mm). The resulting angle u as a function of the
relative position is given by the rotation angle of the objective and should be tabulated.
Calculate the numerical aperture and F#-number.

TO BE DONE FOR THE REPORT: A picture of the smallest spot size. A table of

luminous disc size versa relative focusing position (min 5 positions). Calculation of u, NA
and F#. Give the value used for the calculations.
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