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Abstract:

The new KODAK DIGITAL SCIENCE™ Color Infrared Cameras provide an affordable,
high-resolution digital imaging solution for many low-altitude remote sensing applications.
These remote sensing applications span forest management, law enforcement,
environmental monitoring and agriculture crop analysis. This paper describes the technical
aspects of the color infrared (CIR) cameras, and an analytical model of the cameras in
aerial imaging scenarios. The model is based on physical attributes of the imaging chain
and incorporates Modtran atmospheric data, measured ground target reflectance data,
predicted aircraft motion, and measured/computed camera characteristics. It is capable of
predicting both radiometric and image quality performance of a complete aerial image chain.
Output data is in terms of 8-bit digital counts for the radiometric computations and ground
resolving distance (GRD) for image quality analysis. normalized difference vegetation
index (NDVI), for agriculture analysis, is also computed. The model is flexible and robust
enough to predict over system performance in real life imaging scenarios or to be used as a
design tool for camera optimization.
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1.0

1.1

Background

CIR Camera Overview

The utilization of traditional infrared film photography for various applications has
been well documented in many publications. Key current applications include
forest management, law enforcement, environmental monitoring and agriculture
crop analysis.

The KODAK DIGITAL SCIENCE™ Color Infrared Digital Cameras provide the
benefits of infrared film along with a multitude of digital imaging benefits. Kodak
currently offers two models of the infrared cameras. The KODAK DIGITAL
SCIENCE™ 420 Color Infrared Camera and KODAK DIGITAL SCIENCE™ 460
Color Infrared Camera. The major difference between the two camera models is the
size of the CCD imager. The 420 model has a 1.5 million pixel array incorporated
into it while the 460 model utilizes a 6 million pixel imager.

The CIR digital cameras are not intended to replace the current 9 inch x 9 inch aerial
infrared mapping films. The mapping films have superior resolution and orders of
magnitude more area coverage capabilities than the current CIR cameras. For

example, if a9 inch x 9 inch piece of film was scanned at 9 um x 9 pm pixel pitch
with a dynamic range of 8 bits per color, the resulting image file size would be 1.9
GB. This is over 100 times larger than the image files from the 460 CIR camera.
The 460 model produces a final file size of 18 MB per image.

The CIR camera and the infrared film essentially have the same spectral response.
The spectral response of the CIR camera is slightly broader than the infrared film.
The camera, with its silicon CCD, is sensitive from 400 nanometers (nm) to 1000
nm. The film’s sensitivity falls between 400-900 nm. The 100 nm difference from
900 nm to 1000 nm 1is trivial for most aerial applications because of the H,O
absorption band in the atmosphere of between 900 nm and 1000 nm.

The benefits of the CIR cameras lies in their ability to produce reliable, repeatable
images in a fraction of the time it would take to get the same results from traditional
film. The output images from the digital camera are essentially instant. Some
aerial photographers use the camera in conjunction with an on-board computer and
view the imagery in-flight. The imagery from the CIR cameras are very consistent
under the same capture conditions. This fact gives rise to the possibility of using
the cameras as a radiometer for some remote sensing applications. In comparison,
film radiometry is very difficult because of its roll-to-roll sensitometric variations.

A major revolution in remote sensing imagery is taking place. Over the next few
years, electro-optical (E-O), multispectral high-resolution, commercial satellite
imagery will be readily available to everyone. Currently, there is multispectral
(MS) imagery available from satellite systems like Landsat and Spot. These
systems produce MS imagery at 30 meter and 10 meter ground sample distance
(GSD), respectively. Soon to be launched are high-resolution satellite systems like
Space Imaging and EarthWatch. Both systems will provide MS imagery at 4 meter
GSD.
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There is no question that the new imaging satellites will compete with the aerial
photography industry. The questions that still remains is how much, and how fast?
Satellites have inherent system constraints that impact their ability to capture
acceptable results. Some of the system constraints that must be considered include
resolution, cloud-covered targets, and target revisit time. The new breed of
commercial satellites will be resolution limited, by law, to 1 meter panchromatic
GSD and 4 meter MS GSD or less. With this GSD constraint, objects smaller than
2 meters will not be resolvable. The new commercial E-O satellites have two other
major limitations. First, they cannot image targets that are cloud covered. This
means land mass that is primarily cloud covered will not be imaged by satellites
very often. Secondly, satellites fly in specific elliptical orbits, which affects their
ability to revisit specific targets at a specific resolution periodically. Targets will
only be in view for a very short time, and only once a month or longer, until more
satellites are deployed.

Aerial photography is not limited by these satellite constraints. Aircraft can achieve
greater than 1 meter GSD. Depending on the urgency of the imagery, aircraft can
fly under clouds and acquire images. Aircraft can fly over a target at the same
resolution as necessary. This is a requirement for such applications as emergency
rescue operations and some crop analysis projects.
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1.2

Model Overview

The need for accurately predicting overall system performance is a must for today’s
imaging systems. No performance prediction model of the CIR camera exists.
Also, there is no CIR camera optimization tool addressing the entire image chain.
This paper presents an analytical CIR camera model that embodies the entire aerial
imaging chain.

The focus of this paper is a detailed description of the model. In section 2, the
approach of the model is presented. Section 3 is a technical description of all of the
imaging chain components of the model and their interactions. Section 4 provides
results of a modeling case study. The case study utilized three temporal states of
wheat to show the robustness of the model and the CIR camera. Also, output
imagery of the camera is presented in empirical form. In section 5, conclusions,
summaries and possible follow-on work is presented.
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2.0

Approach

A systems approach to model the physical attributes of each part of the imaging
chain has been adopted. The atmosphere, ground target, aircraft, CIR camera, and
digital image processing (Adobe Photoshop plug-in drivers) make up the major
components of the imaging chain in the model. The model consists of two separate
spreadsheets. One spreadsheet predicts the 8-bit digital count output of the
camera’s radiometric response in the imaging chain. The second spreadsheet
estimates image quality of the camera’s output in the imaging chain. In order to
make the model as accurate as possible, measured data was used when available.
Such data includes target reflectance data, filter and lens performance data, and
CCD responsivity data. The details of the measured data are presented in section 3.

The radiometric model uses only reflected energy (no self-emission energy)
throughout the imaging chain. Figure 1 depicts the solar energy path, as modeled
in the radiometric model. Solar-ray “A” represents the exoatmospheric spectral
irradiance. Solar-ray “B” represents the downwelled solar radiance. Solar-ray “C”
represents the upwelled solar radiance’.

The atmosphere is modeled by incorporating Modtran data into it. The model
assumes a lambertian (no angular dependence) ground target and no spectral shift

with a change in solar zenith angle. Output of the radiometric analysis is in terms of
8-bit digital counts for a particular pixel .

SOLAR ENERGY PATH

AIRCRAFT & SENSOR

ATMOSPHERE

TARGET BACKGROUND
OBJECTS

Figure 1: Solar Energy Path in the Imaging Chain
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The image quality model is based on threshold modulation analysis (TMA)’. TMA
compares the input or available modulation (ITM) to the required or needed
modulation (TM) to predict an overall performance. The comparison between the
input and required modulations can take place at any part in the imaging chain. The
image quality model compares the two modulations at the focal plane. The image
quality model uses data computed from the radiometric model (signal electrons,
noise electrons, and the NDVI) as input for the noise modulation and target contrast
calculations. The model assumes a linear system such that individual modulation
transfer functions (MTF) can be cascaded together to predict overall input and
required ITM. Both in-track and cross-track MTFs are computed and analyzed.
The final output of the image quality portion is ground resolving distance (GRD)
for a specific colored pixel.

Page 5



3.0

3.1

% QUANTUM EFFICIENCY

Technical Description

Color Infrared Camera

The color infrared cameras are derivatives of the KODAK PROFESSIONAL DCS
Digital Cameras. Both the CIR and the Professional DCS cameras have silicon
CCDs. To achieve three-channel information, the CCDs utilizes a color filter array
(CFA), “Bayer pattern” design'*®*. The CFA protocol is 25% of the total pixels are
red, 50% are green, and 25% are blue. Like most silicon CCDs, the Kodak
cameras’ CCDs are responsive from 400 nm to 1000 nm. The qﬁuantum efficiency
(QE) curve of the 460 model’s CCD is shown below in Figure 2.

KODAK DIGITAL SCIENCE

KAF-6300 SERIES IMAGE SENSOR
SPECTRAL RESPONSE CURVE

/A

50

40

~
AVAWELRS
SO M
/ \
20 I \
-~ \
/

WAVELENGTH (NM)

Figure 2: CCD Spectral Response Plot
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TRANSMITTANCE

%

The QE for the 420 camera is essentially the same. The Bayer pattern CFA of the
CCD for the 460 camera is shown below in Figure 3.°

GBGBGB.... GBGB
RGRGRG.... RGRG R - red pixels
GBGBGB.... GBGB G - green pixels
RGRGRG.... RGRG B - blue pixels
GBGBGB.... GBGB
RGRGRG... R GRG
GBGBGB... GBGB
RGRGRG.... R GRG
GBGBGB.... GBGB
RGRGRG.... R GRG

Figure 3: Color Filter Array (CFA) made by KODAK

As shown in Figure 4, the unique dye layers of the CFA are not only transmissive
in their respective color-band, but also in the near-infrared region. It is this
transmissive fact that makes the CIR version of the cameras possible. Note these
curves are normalized to 80% peak in the model.

CFA
NORMALIZED TRANSMITTANCE DATA

100 —
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80 /{ VI A
/ /
70 a)
1
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\ \ RED PIXEL
50 \ \ GREEN PIXEL
40 \ \‘ = BLUEPIXEL
30 N V
UK
10 o '
0o4+— N
400 500 600 700 800 900 1000

WAVELENGTH (NM)

Figure 4: Color Filter Array Normalized Transmittance Plot
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Color Infrared Capture

The diagram below illustrates the entire color infrared capturing process.

INFRARED CAPTURE
BAND-PASS
INCIDENT FILTER RAW PROCESSED
RADIATION DATA DATA

red
channel

red

IR pixel - E:

LR :» _
[
- ED
,,,,,IKL;,,_1/1</,.> E:IE///’» %;ee‘]l channel
GREEN GREEN

[
blue
channel

PCMCIA PHOTOSHOP
CARD

T —
green

blue
pixel

BLUE

Figure 5: Infrared Capture

In order to use the CFA to capture near-infrared radiation, three major differences
between the CIR and the generic Professional DCS cameras are required. These
differences include the cover-glass on the charge coupled device (CCD), the lens
band-pass filters, and image-processing software used to view the images. The
CIR cameras are manufactured with a so-called clear cover glass, which allows
infrared radiation to penetrate to the collecting portion of the CCD. The
Professional DCS camera versions have IR attenuating cover glass on it.

The CIR cameras come with two distinct band-pass filters that screw on the front of
the Nikon lenses.® The 650BP300 is used for near-infrared imaging and has a
band-pass from 500 nm to 800 nm. The VIS filter is used to acquire natural color
images from the CIR camera. Figure 6 shows the measured transmittance of the
two CIR camera filters.
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MEASURED BAND-PASS FILTER
TRANSMITTANCE DATA

100
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WAVELENGTH (NM)
Figure 6: Band-pass Filter Transmittance Plot

The last major camera difference is found in the image-processing software. Both
camera versions’ software interpolates the raw color data to effectively give each
pixel in the final image full, 24-bit color. In addition to the interpolation
algorithms, the CIR driver backs-out the IR signal from the total signal captured by
the red and green pixels, performs a color balance, and applies a false color
registration. Therefore, the final infrared RGB image in file has the infrared signal
in the red channel, the red signal in the green channel, and the green signal in the
blue channel. This false color reassignment is the same assignment found in
infrared film.

CIR Camera Specifications’
The following is a summary of the key CIR camera specifications:

Camera Body: Nikon N90
Pixel Size: 9umx 9 um
Resolution( in pixel): 1012 x 1525 (420 model); 2056 x 3060 (460 model)
Spectral sensitivity: 400 nm - 1000 nm (no Filter)
400 nm - 700 nm (with VIS Filter)
500 nm - 800 nm (with IR Filter)
Dynamic Range: 36-bit color capture; 24-bit color stored
File Size: 4.5 MB (420 model); 18 MB (460 model)
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3.2

3.2.1

Model Description

Atmospheric Section

Currently, the model has three different atmospheric options incorporated into it.
All of the atmospheres have been generated using the USAF Modtran atmospheric
model.  Currently, the radiometric model’s atmospheric options, are all
Northeastern United States summer day models. The difference between the
atmospheres is the amount of overcast and humidity in them. The three
atmospheres are:

1) Clear summer day with 23 km visibility (Roch-23)

2) Summer day with 7 km visibility (Roch-7) '

3) Summer day with only 5 km visibility and an additional 50% humidity

added (Roch-5+).

The following five figures are plots of the Modtran out data from the three different
atmospheres runs. Figure 7 is a plot of the three atmospheres exoatmospheric
spectral irradiance. Figure 8 shows the downwelled solar radiance for the
atmospheres. Figure 9 shows the upwelled solar radiance. Figures 10 and 11 are
the atmospheric transmittance plots for the three atmospheres. Figure 10 displays
the sun to target atmospheric transmittance and Figure 11 displays the target to
sensor atmospheric transmittance.

EXOATMOSPHERIC IRRADIANCE (E's)
MODTRAN OUTPUT DATA

2500

2000

g 1500

XN e RoCh23
E e Roch7
2 1000 oo RochG+
/]

w

500

400 500 600 700 800 900 1000

WAVELENGTH (NM)

Figure 7: Exoatmospheric Spectral Irradiance Plot

Page 10



(W/m”*2*um*sr)

Ld

(W/m*2*um*sr)

Lu

DOWNWELLED SOLAR RADIANCE (Ld)
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Figure 8: Downwelled Solar Radiance Plot

UPWELLED SOLAR RADIANCE (Lu)
MODTRAN OUTPUT DATA
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Figure 9: Upwelled Solar Radiance Plot
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SUN TO TARGET ATMOS. TRANS. (T1)
MODTRAN OUTPUT DATA
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Figure 10: Sun to Target Atmospheric Transmittance Plot

TARGET TO SENSOR ATMOS TRANS. (T2)
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Figure 11: Target to Sensor Atmospheric Transmittance Plot
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% REFLECTANCE

3.2.2 Ground Target Section

The model currently incorporates two main target source options, one man-made
target and one natural target. The two targets are the Macbeth Colorchecker chart
and Wheat reflectance data. The spectral reflectances of the targets were accurately
measured between 400 nm and 1000 nm at 5 nm increments.

The Macbeth color checker is a well-known color standard used in the graphic arts
and publishing industry. The Colorchecker consists of twenty-four different color
patches. The patches consist of both a variety of colors and neutral gray levels.
The Colorchecker typically comes in an oversize of 9 by 13 inches with individual
patches of 1.75 by 1.75 inches. In 1996, Kodak contracted Macbeth a create a
Colorchecker that has 1 meter by 1 meter size color patches and 2 meter by 2 meter
gray patches. This mammoth version of the Colorchecker is for ground-truth
analysis for aerial imaging. Figures 12 through 15 show the measured reflectances
of the various patches.

MACBETH COLORCHECKER CHART - ROW#1
MEASURED REFLECTANCE DATA

100.0%

80.0% /

70.0%

60.0% LN / I id

Dark Skin
Light Skin
Blue Sky
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50.0%

(v
\
\

40.0%
Bluish Green

=
30.0% JZ ]

\Y /"l*““‘*\«

20.0%

10.0%

0.0%
400 500 600 700 800 900 1000

WAVELENGTH (NM)

Figure 12: Macbeth Colorchecker Chart Row #1 Reflectance Plot
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Figure 13: Macbeth Colorchecker Chart Row #2 Reflectance Plot
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Figure 14: Macbeth Colorchecker Chart Row #3 Reflectance Plot
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MACBETH COLORCHECKER CHART - ROW #4
MEASURED REFLECTANCE DATA
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Figure 15: Macbeth Colorchecker Chart Row #4 Reflectance Plot

The second target spectra, measured wheat reflectance data, is composed of three
stages of annual wheat growth. The reflectance curves of the three stages of
growth are shown below in Figure 16.

MEASURED WHEAT REFLECTANCE DATA

50

—— COEFN
mmmme—— NP\

NORMAL

400 6§00 600 700 800 900 1000
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Figure 16: Wheat Reflectance Plot
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Camera Section

The major technical characteristics of the CIR cameras have already been discussed.
For completeness, a few remaining radiometric modeling considerations of the
camera must still be addressed. The transmittance of the camera’s lens must be
incorporated into the radiometric model. The spectral transmittance of a 28 mm
Nikon Nikkor lens was measured, and the data is shown in Figure 17 below.
(Note, the anomaly around 875 nm is due to the spectrometer.)

MEASURED NIKON 28 mm LENS
TRANSMITTANCE DATA

100

90 ’J \
7T N

N N

70

. S

50
400 500 600 700 800 900 1000

WAVELENGTH (NM)

Figure 17: 28 mm Nikon Lens Transmittance Plot

The lens fall-off (fall-off of intensity as a function of field angle) was also measured
and incorporated into the model by using a average COS”3 and COS”4 function
(see Figure 18). This roll-off factor is important in comparing on-axis data to off-
axis data. Since the 460 camera has a significantly larger field than the 420 version,
the lens roll-off will have a much larger impact in final performance. As shown
below in Figure 18, the 460 camera’s energy falls off substantially out in the field.
The model uses a LUT for lens roll-off prediction. Currently, the model assumes a
lens focal length of 28 mm and is capable of predicting on-axis, half-field, and full-
field point radiometric performance.
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PREDICTED LENS FALL-OFF

1.0 -mw§

[ —
” N TN

5 N
S

o 0.8 \
=z
w Ry 420 MODEL
w
> \ mmemsmmen 460 MODEL
> 0.7
-
w
o«

0.6

0.5

0.0 0.2 0.4 0.6 0.8 1.0

RELATIVE FIELD POSITION

Figure 18: 28 mm Lens Fall-Off Plot

Figure 19 shows the Lens MTF of the Nikon 28 mm lens. The Nikon lens was
measured with the 650BP300 band-pass filter screwed onto it. This data was taken
at half-field in the radial direction. The focus position was kept at the on-axis best
focus point. The top curve is the F/5.6 diffraction limited lens'. Notice that the
Nikon lens is far from being diffraction limited. This lens is typical for off-the-
shelf consumer lenses.
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Figure 19: Lens MTF Plot
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MODULATION

Figure 20 shows the driver interpolation MTF for the three color pixels. The
interpolation MTF is a result of the Bayer pattern architecture’. The interpolation
MTF is scene dependent and is therefore modeled as a weighted average MTF. The
red pixel and blue pixel MTFs are identical. Note, the red and blue pixels are
intrinsically influenced by the green pixel. The resulting MTF curves are clearly
color distinct. Because of this MTF color distinction, some images will suffer
from color aliasing of some objects. The presence of color aliasing can be seen in
Table 4 of the Results section of this paper .

COLORED PIXEL INTERPOLATION MTF

- ARER AREA
1.3 r/ N A Ay

1.2 /
/ i
11 /

1.07

0.9
y. sm=======_ RED or BLUE

N
0.8 \
0.7 N\ /

0.6 4

0.5 ‘f/

0.4

00 0.2 04 06 08 10 12 14 16 1.8 2.0

V/Vn

Figure 20: Color Interpolation MTF Plot
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3.2.4 Radiometric Model Equations

The following two sub-sections (3.2.4 and 3.2.5) rigorously define and detail the

equations used in the model. Sub-sections 3.2.4 concentrates on the equations

used in the radlometnc portion of the model. The main reference sources for these

equations are: Schott", Dereniak and Crowe', Boyd®, and Ekiert’. These equations

analytically describe the radiometric attributes of the entire imaging chain (from the
~ sun’s radiation to the target’s reflectance to the camera’s digital count output).

Total spectral solar radiance reaching the front of the sensor™: L
[watts / (meter® * micron * steradian)]

sensor-frt

Loore A = E* (W) * T,(Q) * cos(0) * (tM)/m) * T,(A) + T,(M) * 1(A) * L(A) + L,(A) (R1)

where:

E’ (M) is the exoatmospheric irradiance [watts / (meter” * micron)]

T,(A) is the atmospheric spectral transmittance along the sun to target path [%]

o is the solar zenith angle [degrees]

r(A) is the target spectral reflectance [%]

T,(A) is the atmospheric spectral transmittance along the target to sensor path [%]
L (M) is the downwelled solar radiance [watts / (meter” * micron * steradian)]

L (A) is the path solar radiance [watts / (meter” * micron * steradian)]

-or - the total spectral solar radiance reaching the front of the sensor can be expressed in
terms of its signal and haze components:

Lsensor—frt (}\‘) = Lsensor-frt,signal (}\‘) + Lsensor—frt,haze (}\’) (RZ)
where:

Lsensor»frt,signal (7\‘) = E,s(k) * ‘cl(}\‘) * COS(G) * (I‘()\.)/TE) * Tz(}\-) + 12(}\') * r(?\-) * Ld(?h)
L (M) =L,

sensor-frt,haze

Total irradiance at the detector (or pixe)**"; E_, (A)
[watts / (meter’ * micron)]

Ec,det(}\’) = TE sensor frt (7\‘) prf()‘) * Tlens()\‘) / ((4 * F/#2)+1) (R3)
where:

L cusortx (M) is the total spectral radiance reaching the front of the sensor

T, is the spectral transmittance of the band-pass filter in front of the lens [%]
Tlens is the spectral transmittance of the lens [%]

F/# is F number of the lens = focal length / entrance pupil diameter
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- or - the total irradiance at the detector (or pixel); can be expressed in terms of its signal
and haze components:

Ee,det(}\‘) = Ee,det,signal(x‘) + Ee,det,haze(}\‘) (R4)

where:

lens(y\‘) / ((4 * F/#2 )+1)
N) /(4 * FA +1)

Ee,det,signal(k) =T * L
Ee,det,haze(x‘) =T * L

'sensor-frt,signal (}\‘) * prf(}") * T
M) * Ty * T

sensor-frt,haze lens

Total irradiance at the detector (or pixel)’; E_, (A)
[photons / (meter’ * micron * second)]

E, (M) = E, (V) * M(h * ¢) (R5)

where:

A = emitted photon wavelength [microns]
h = Planck’s constant (6.6262 x 10> Wsec?)
¢ = speed of light (2.999 x 10° m/sec)

_OI‘_

Ep,del()") = Ep,det,signal + E (R6)

p.det,haze

where:

Ep,det,sigual(x’) = Ee,det,signal(}\‘) * ?"/(h * C)
Ep,det,haze(}\’) = Ee,det,haze(}\‘) * 7\‘/ (h * C)

Total electrons due to solar radiation for a given wavelength; e_
[electrons]

enum(7\’) = Ep,det()\’) * n(}\‘) * Adet (R7)

where:

E, (M) [photons / (meter” * micron * second)]

N(A) is the quantum efficiency of the detector [%]
A, is the area of the detector or pixel [meter’]

-0Or-
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enum(}\‘) = enum,signe11(7\‘) + enum,haze(}\’) (RS)

where:

enum,signal(}\‘) = Ep,det,signal(}’) * nO“) * Adet
enum,haze(x) = Ep,det,haze(}\‘) * n(k) * Adet

Total electrons due to solar radiation for a given wavelength band; e, .,
[electrons]

enum,wb(}\‘) = enum(}\‘) * A}. . (R9)
where:

e (A) is the number of electrons for a given wavelength

num

A, is the wavelength bandwidth [microns]

_.Or._
enum,wh(x‘) = enum,wb,signal(x) + enum,wb,haze(k’) (RIO)
where:
enum,wb,sig11al(7\‘) = enum,signal(y\‘) * Ak
- enum,wb,ha\ze(}\‘) = enum,haze(}\‘) * A),
Total number of electrons at the detector or pixel due to solar radiation; e,
[electrons]
€ = 2 Coumwp(M) ; summed over the defined wavelength band (R11)
..O['_
edel = z ( enum,wb,signal(}\’) + enum,wb,haze(}\‘) ) (Rlz)
Total number of electrons for a monochrome pixel; e, .
[electrons]
Cietm = Cuer -0r- (R13)

(R14)

edet,m = edet,m,signal + edet,m,haze
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Total number of electrons for a red pixel due to solar radiation; e,,,
[electrons]

ey = 2 ( Toe (V) * € (M) ) ; summed over the defined wavelength band (R15)

where:

T, (M) is the color filter array red pixel spectral transmittance [%]

-0r-

(R16)

edet,r = ed<¢t,r,si,.gnal + edet,r,haze
where:

edet,r,signal = Z ( cha,r(x) * enum,wb,signa](k) )
edet,r,haze = Z ( cha,r(}‘) * enum,wb,haze(}\‘) )

likewise, the total number of electrons for the green and blue pixels due to solar radiation is
computed in a similar manner.

Total RMS number of electrons due to sensor and electronic noise”"’; e
[electrons]

s&enoise

_ 2 2 2
es&cnoise - \/ (esensornoise) + (eshotnoise) + (equannoise) (R17)
where:
esensornoise = sensor nOise
eshomoise = ShOt noise = Vedct
— ot fen — #bit s
€ uannoise = qUANtIZatION noise = e, / (2 V12)
where:
#bit = the number of bits (8 or 12)
Grand total number of electrons; e,
[electrons]
esum = edet + es&enoise (R18)
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Camera Digital Counts:

8-bit counts for SIGNAL e's = ROUND (€, gopa/ I) (R19)

8-bit counts for HAZE e's = ROUND (€4 e / 1) (R20)

8-bit counts for total (sig + haze) e's = ROUND (e, /T") (R21)

8-bit counts for total sensor and electronics noise e's

=ROUND (e, e/ T) (R22)

8bit counts for grand total e's = ROUND (e, / T") | (R23)
where:

I" = quantization interval = (9 / 2*")
where: d = detector saturation level in electrons

The 12-bit digital count equations are identical to the 8-bit equations, except the
#bits = 12 instead of 8.

Page 23



3.2.5 Image Quality Model Equations

Sub-section 3.2.5 outlines the equations for the image quality portion of the model.
The main reference sources for these equations are: Ekiert’, Schott", and Tantalo".
These equations analytically define all of the imaging chain component’s
contributions to the final image quality of the output image. By using a linear
system approach (i.e. TMA), the model cascades all of the appropriate contributions
to predict a final camera resolution.

Ground sample distance: GSD,>"*; GSD,,

GSD, = (P, * A)/FL (IQ1A)
GSD_ = (P, *A)/FL (IQ1B)
where; .

P, = in-track pixel size

P, = cross-track pixel size

A = aircraft altitude above the ground
FL = focal length of the lens

Nyquist limited ground resolving distance”’: GRD,,,,

GRD, ., = 2 : GSD,, (IQ2A)
GRD, .« = 2 *GSD,, (IQ2B)
MTFs

v denotes the frequency for the in-track spatial direction
7 denotes the frequency for the cross-track spatial direction

Atmospheric MTF: MTF, (v); MTF, (1)

MTF,  .(v) = MTF, (M) = constant for all frequencies (IQ3)

Aircraft linear motion MTF: MTF .. (V)*"; MTF,,__..(1)

MTFaircraft(V) = Sinc(v*veqamt*Pi) (IQ4A)
where:
V um = €quivalent pixel factor = / Py
Q. = in-track smear amount = aircraft speed, * integration time *( f1/ ALT)
P, = pixel size in the in-track direction

MTF,;,(M) = SINCM*V o *P) (I1Q4B)
where:
V. am = €quivalent pixel factor = C/ P,
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Q_, = cross-track smear amount = aircraft speed,, * integration time *( fl/ ALT)
P, = Pixel size in the cross-track direction

The following three figures, show the effects of integration time, aircraft speed,
and altittude on the MTF,

aircraft”

AIRCRAFT MOTION MTF (LINEAR SMEAR)
FL= 28 MM; PIXEL = 9 MIC; ALT. = 3000 FT; SPEED = 100 MPH

1.0+ p—
e
T~
N \
\
\ \ =
A \\‘ - e
0.5 =
3 AN — 1/1000 sec
g N 1/500 sec
| \ N
=} \ N : 5 1/250 sec
e | ———— 1/125 sec
= 0.0 \ ~ 7 1/60 sec
‘ﬂ:
-0.5

00 02 04 06 08 10 12 1.4 16 1.8 2.0

V/Vn

Figure 21: Aircraft Motion MTF for Various Integration Times Plot
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AIRCRAFT MOTION MTF (LINEAR SMEAR)

FL = 28 MM; PIXEL = 9 MIC; ALT = 3000 FT; SHUTTER = 1/250 SEC
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Figure 22: Aircraft Motion MTF for Various Aircraft Speeds Plot

AIRCRAFT MOTION MTF (LINEAR SMEAR)

FL = 28 MM; PIXEL = 9 MIC; SPEED = 100 MPH ; SHUTTER = 1/250 SEC
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Figure 23: Aircraft Motion MTF for Various Aircraft Altitudes Plot
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Optics MTF: Diffraction limited circular aperture lens MTF": MTF(V) ;.0

MTF(V) 1.0, = (2/T)% (6 - cos(§) * sin(@)) * cos(®)F = MTF(M) e

where:
¢ =cos ' (V/v,)
v, = 1/(\ * F/#)

0 = is the half angle
k =1 for radial lines and 3 for tangential lines

Detector MTF: MTF,,(v)*'>"°; MTF, (M)
MTF  (v) = sinc(v * P,)

where P, = pixel size in the in-track direction
MTEF,, (1) = sinc(n * P,)

where: P = pixel size in the cross-track direction

Charge transfer MTF: MTF
MTF,

chg

chg(v)g; MTFchg(n)
(v) = EXP[-y, (1-g)(1-cos(o,,)]

where: ¥, = # of charge transfers in the in-track direction
€ = charge transfer efficiency
o, =2* T *P, *v

MTF,,,(n) = EXP[-y, (1-&)(1-cos(a,)]

where: v, = # of charge transfers in the in-track direction
€ = charge transfer efficiency
aCtZZ*R*PCt*n

Detector clocking MTF: MTF . (v)’; MTF, (1)
MTFclock(V) = SinC(V* Pit/(Dclock)

MTFclock(n) = Sinc(n * Pct/ (I)clock)

where: @ =# of phase clocks

clock
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Interpolation MTF (weighted average MTF)':

Green interpolation: MTF (V);s MTF, ;.. oen(M)

interp,grn

MTF V) =075+025*COSQ*m*Vv/(2*Vv,)))

interp,grn

MTE, () = 0.75 + (025 * COS(2 * = * /(2 * 1,))

where:

v, = Nyquist frequency = 1/(2 * P,)

N, = Nyquist frequency = 1/(2 * P_)
Red interpolation: MTF, . ..(v); MTF, . .(M)
MTFinlerp,red(V) = MTF

interp,grn

MTF,___ (1) = MTF

interp,re interp,grn

Blue interpolation: MTF, ... (V); MTF,, .,..(M)

MTFinterp,blue(v) = MTFinterp,red(V)
MTFintexp,blue(n) = MTFinterp,red(n)
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Threshold Modulation Analysis’

Input modulation: ITM

ITM = MTFatmos * MTFaircmft * MTFoptics * MODtarget (IQIZ)
where:
MOD,,,,, = target modulation = (C-1) / (C+1) (IQ13)

C = target to background contrast = NDVI, ../ NDVL, . (IQ14)

Required modulation: TM

TM = (V(SNR,,, * MOD

i)+ TM,) / (MTF,, * MTF, * MTF_ * MTF, * MTF, )
(Q15)
where:
SNR,,, = required minimum SNR for the eye
MOD,_,.. = noise modulatién = €.genoise | Caetsi (I1Q16)

where:
€ penoise = total RMS number of electrons due to sensor & electronic noise
€45 — total number of electrons due to signal

TM,,, = required minimum modulation for the eye
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4.0

4.1

DIGITAL COUNT

Results

Flight Test Data

Figure 21 shows the results of flight test raw image going through two different
Photoshop drivers. The flight test image (see Appendix 1) is the large Macbeth

target @ =1300 feet AGL with the 28 mm lens. The X-axis is the average
reflectance of the neutral gray patches. The CIR v3.0.1 with gamma = 1.0 driver
and a linear driver. The CIR driver is a standard CIR driver that comes with the
camera. The linear driver is a driver that can be obtained by special request. Note
the linear driver does not backout the infrared signal from the red and green pixels
channels. :

FLIGHT IMAGE
(CIR VS LINEAR DRIVER COMPARISON)

300

250
/1
L1 L1
— 1
200 P ]
M |
” 7 w===@=== CIR_redchannel(IR data)
e
,/:/ L] | —2A—  CIR_gmchannel(RED data)
150 V' Y - [ =———  CIR_bluechannel(GREEN data)
/ | P —@— Lin_redchannel(RED+IR)
L/ = & A —2&—  Lin_gmchannel(GRN+IR)
100 /] / -l 2 ol —— Lin_bluechannel(IR only)
V.
)1/ L1
— -
L~ e
-~
50 18- = T
,J/’
—

10 20 30 40 50 60 70 80 90 100

AVG REFLECT (500 - 800 nm)

Figure 24: Driver Comparison Plot
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4.2  Modeling Case Study - Three Wheat Curves

A modeling case study of wheat changes throughout the growing season was
performed. The case study was used to show the utility of a CIR camera and the
analytical model. The study compared the three temporal wheat curves shown
previously in Figure 16. The study had the following input parameters:

Camera: 460 CIR

Filter: 650BP300

Lens: 28 mm

Fr#: F/5.6

Integration Time: 0.002, 0.004, 0.0067, 0.008, 0.01667 sec.
Altitude: 3000 feet .

Aircraft Speed: 50, 100, 150, 200, 250, 300, 350 mph
Target: Wheat data (Figure 16)

Atmosphere: Roch-23, Roch-7, Roch-5+

Field of View: On-axis; Half-Field, Full-Field

Solar Angle: 30 degree

The results of the study are shown in the following four tables. The first three
tables are radiometric summaries while the fourth table is an image quality summary
for the study. Table 1 summarizes the camera response differences from the
different wheat inputs.

wikdkik WHEAT DIFFERENTIATION ot

CAMERA -> 460

ATMOS -> ROCH-23 MATRIX RED MATRIX GRN MATRIX BLUE NDVI

FILTER -> 650BP REL. (RED) (GREEN) (IR)

F/# -> F/5.6 FLD expos. tot't  sigh  totl  sighl  totl  sig'l tot'l sig'l

TARGET -> WHEAT-GRN 0.0 0.002 22 8 23 4 74 64 0.542  0.778

SUN ZEN -> 30 0.0 0.004 44 16 46 8 148 128 0.542  0.778
0.0 0.0067 73 27 77 13 246 213 0.542 0.775
0.0 0.008 88 32 92 16 296 256 0.542  0.778
0.0 0.01667 183 66 191 34 615 533 0.541  0.780

CAMERA -> 460

ATMOS -> ROCH-23 MATRIX RED MATRIX GRN MATRIX BLUE NDVI

FILTER ->  650BP REL. (RED) (GREEN) (IR)

Fi# -> F/5.6 FLD expos. tot'l  sig1  totl sigl totl  sigl tot'l sig'l

TARGET -> WHEAT-NEW 0.0 0.0067 108 62 89 25 180 147 0.250 0.407

SUN ZEN -> 30 0.0 0.008 130 74 106 31 216 177 0.249 0410

0.0 0.01667 271 154 221 64 450 369 0.248 0411
CAMERA -> 460

ATMOS -> ROCH-23 MATRIX RED MATRIX GRE MATRIX BLUE NDVI

FILTER -> 650BP REL. (RED) (GREEN) (IR)

F/i# -> F/5.6 FLD expos. totl  sigl  totl  sigh  totl  sig'l tot'l sig'l

TARGET -> WHEAT-NORM 0.0 0.0067 66 20 88 24 201 168 0.506 0.787

SUN ZEN -> 30 0.0 0.008 79 24 105 29 241 202 0.506  0.788
0.0 0.01667 165 49 219 61 503 421 0.506 __0.791

Table 1: Wheat Differentiation
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Table 2 below shows that the impact on NDVI due to lens fall-off is insignificant.
While the lens fall-off does not impact the NDVI prediction, it will have a large

impact on mosaicing images together.

resultant mosaic will have dark sections butted to light sections.

If the fall-off is not corrected for, the

wkkkxkk | ENS FALL-OFF EFFECT %% # %% %% 55k

CAMERA -> 460

ATMOS > ROCH-23

FILTER -> 650BP
Fr# > F/5.6

REL.
FLD

TARGET -> WHEAT-GRN 0.0

SUN ZEN -> 30

CAMERA -> 460

1.0

ATMOS > ROCH-23

FILTER ->  650BP
Fi# > F/5.6

REL.
FLD

TARGET -> WHEAT-NEW 0.0

SUN ZEN -> 30

CAMERA -> 460

0.5
1.0

ATMOS -> ROCH-23

FILTER ->  650BP
FAt > F/5.6

REL.
FLD

TARGET -> WHEAT-NORM 0.0

SUN ZEN -> 30

0.5
1.0

MATRIX RED MATRIX GRN MATRIX BLUE NDVI
(RED) (GREEN) (IR)
expos. totl sigl totl  sigl tot'l  sig'l tot'l
0.0067 73 27 77 13 246 213 0.542
0.00667 63 23 66 12 213 184 0.543
0.00667 44 16 46 8 146 127 0.537

MATRIX RED MATRIX GRN MATRIX BLUE NDVI
(RED) (GREEN) (IR)
expos.  tot'l sigl tot'l  sigl  tot'l  sig'l tot'l
0.0067 108 62 89 25 180 147 0.250
0.00667 94 53 77 22 156 127 0.248
0.00667 65 37 53 15 107 88 0.244

MATRIX RED MATRIX GRN MATRIX BLUE NDVI
(RED) (GREEN) (IR)
expos. tot'l sigl totl  sigl tot'l  sig'l tot'l
0.0067 66 20 88 24 201 168 0.506
0.00667 57 17 76 21 174 145 0.506
0.00667 39 12 52 14 120 100 0.509

sig'l
0.775
0.778
0.776

sig'l
0.407
0.411
0.408

sig'l
0.787
0.790,
0.786

Table 2: Lens Fall-off Affect on NDVI Predictions
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Table 3 shows the effects of different atmospheres on the imaging process.
Atmospheres Roch-7 and Roch-5+ give some spurious results. This indicates that
the two atmospheres are too water saturated for good imaging results.

###w* ATMOSPHERIC EFFECT *##5 7%

CAMERA -> 460

FLD PT -> 0.0 MATRIX RED MATRIX GRN MATRIX BLUE NDVI

FILTER ->  650BP (RED) (GREEN) (IR)

F/# -> F/5.6 ATMOS expos. totlT  sigl  totl  sigh  totl  sigl tot'l sig'l

TARGET -> WHEAT-GRN  roch-23  0.01667 183 66 191 34 615 533 0.541  0.780

SUN ZEN -> 30 roch-7  0.01667 136 1 160 0 109 10 -0.110  0.810
roch-5+ 0.01667 265 2 320 0 252 66 -0.025  0.941

CAMERA -> 460

FLD PT -> 0.0 “MATRIX RED MATRIX GRN MATRIX BLUE NDVI

FILTER ->  650BP (RED) (GREEN) (IR)

F/# -> F/5.6 ATMOS expos. tot'l  sigh  tot'l  sigh  totl  sig'l tot'l sig'l

TARGET -> WHEAT-NEW  roch-23 0.01667 271 154 221 64 450 369 0.248 0411

SUN ZEN -> 30 roch-7  0.01667 137 2 160 1 106 6 -0.128 0.5
roch-5+ 0.01667 276 13 323 3 231 44 -0.089  0.544

CAMERA -> 460

FLD PT -> 0.0 MATRIX RED MATRIX GRN MATRIX BLUE NDVI

FILTER ->  650BP (RED) (GREEN) (IR)

F/# -> F/5.6 ATMOS expos. tot'l  sigl  totl sigl  totl  sigl tot'l sig'l

TARGET -> WHEAT-NORM roch-23  0.01667 165 49 219 61 503 421 0.506  0.791

SUN ZEN -> 30 roch-7  0.01667 135 1 160 1 107 8 -0.116 ~ 0.778
roch-5+ 0.01667 264 1 323 2239 52 -0.05 0.962

Table 3: Atmospheric Impact on NDVI Predictions
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Table 4 shows results of the image quality analysis. Note, the NDVI calculated in
the radiometric analysis was used to compute the target contrast. The table clearly
shows the WHEAT-GRN can easily be distinguished from the WHEAT-NEW.
The WHEAT-GRN and the WHEAT-NORM are too similar to easily detect the
difference. Note that for various aircraft speed, various components of the imaging
change dominate the results. Also, note the presence of color aliasing as seen from
the differences in GRD between the green and blue channels.

*kk 5% FROM RADIOMETRIC MODEL # % s s s se e sk sk s oo sk
ALT= 3000FT NDVI CONTRAST MOD
Fi = F/5.6 (IR-RED)/(IR+RED) INDVII/NDVI2(C-D/(C+1)
FL= 28mm TARGET
PIXEL= 9MICRON WHEAT-GRN -0.775}na
ATMOS= ROCH-23 WHEAT-NEW 0.407 1.904 0.311
SHUTTER = 1/150 WHEAT-NORM 0.787 1.015 0.008
TARGET e- = 48,100
HAZE e- = 26,500

GSD(in)= 11.57
NYQUIST GRD(in)= 23.14

WHEAT-NEW TO WHEAT-GREEN COMPARISON
Bk kkkkkkitt: PREDICTED  GRD(in)##5 stttk s ik

AIRCRAFT SPEED-> 50.0 100.0 150.0 200.0 250.0 300.0 350.0}
PIXEL SMEAR-> 0.51 1.010 1.52 2.03 2.53 3.04 3.55
LENS PIXEL
[FF LIMITED GREEN 23.14 23.14 2439 25.71 27.27 29.16 31.49
BLUE 23.14 23.14 23.14 24.39 27.27 29.16 3149
AVG. MEASURED LENS
GREEN 23.26 24.39 25.71 27.27 29.16 31.49 31.49
BLUE 23.14 23.14 23.26 25.71 27.27 29.16 31.49

WHEAT-NORM TO WHEAT-GREEN COMPARISON

sk kR kkkk s PREDICTED  GRID(in)#sssssssssssasssdss s
GRD =257.14in

-> NOT ENOUGH CONTRAST TO DETECT A DIFFERENCE

Q: WHAT IS THE MINIMUM ALLOABLE TARGET CONTRAST WHICH CAN BE DETECTED?
ALT= 3000FT

Fl#= F/5.6
FL= 28mm
PIXEL= IMICRON

ATMOS= ROCH-23
SHUTTER= 1/150

SPEED= 100mph

LENS= AVG. MEASURED

A: THE MINIMUM ALLOWABLE CONTRAST TO DETECT CHANGE IS 1.0661
->NDVI = 0.8262 ( ASSUMING WHEAT-GRN AS THE REF)
PIXEL GRD(in)
GREEN 257.14
BLUE 181.83

Table 4: Wheat Case-Study Image Quality Summary
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5.0

Conclusion / Summary

The project has been very helpful on understanding the technical aspects of the CIR
camera and its usefulness for remote sensing. The project’s main focus of creating
an analytical model of the CIR camera has been successfully accomplished.
Clearly, the model can be useful to predict both radiometric and image quality
camera performance in airborne applications. From the results presented, it is clear
that the camera has excellent image capture capabilities for remote sensing
applications. Because of the camera’s unique filtering flexibility, one can only
imagine the imaging possibilities. With the use of the model, one can easily predict
and optimize performance before costly aerial flights occur. As presented
throughout this paper, the measured data will be very useful for future analysis on
other imaging research projects.

Suggestion for Future Follow-on Work

Lab and Field Radiometric Camera Calibration Testing

A better understanding of the actual camera output relative to the model’s results
needs to be explored. One approach, to baseline the camera’s actual performance,
involves the use of an integrating sphere and a calibrated blackbody light source.
The light source could be easily filtered and therefore, camera output to known
spectral radiance input data could be collect. The results of this valuable lab data
could be incorporated into the model to incorporate the offsets and gain parameters

-1in the color balance section of the model. Once the lab work was completed, a

similar experiment could be performed outside using multiple cameras at multiple
altitudes to better understand the atmospheric impacts on the camera performance.

Modeling the Current Driver V3.0.3 Interpolation

The model currently does not perform the color interpolation function that the
camera software driver does. Currently, the color interpolation technique used in
the driver is a Kodak proprietary algorithm. If the proprietary algorithm was
incorporated into the model, it would enhance its accuracy and predictability. One
could also compare the results of the data with results from using another
interpolation to see if there is a better choice for interpolations when radiometric
integrity of the data is essential.
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Filter Study

The model could be used to design and optimize new band-pass filters based on
unique detection applications. The current band-pass filter was designed for pest
detection in forests. While this filter works well for other applications, it probably
is not the optimal filter for every remote sensing application. Broader band passes
and/or narrower band passes may yield better results for certain applications.

Measured Temporal Spectral Reflectance Data of Various Plants

Currently, the model only has wheat incorporated for temporal studies. One could
easily incorporate other types of crop data into the model once the data is measured
or is located. Note the model used spectral reflectance data from 400 nm to 1000
nm at 5 nm increments.

8-bit vs 12-bit vs 14-bit

The model predicts both 8-bit and 12-bit radiometric results. One could perform a
study to predict the enhanced detection capabilities of the camera if 12-bit or even
14-bit data was accessible to the end user. Currently, the CIR camera does not let
the end user have access to the original 12-bit. If the results of a larger dynamic
range study show significant improvements for remote sensing, there may be ways
to incorporate this into the camera. The modifications needed to the camera must be
compared to the cost of implementing these changes to see if it is financially
beneficial.

Visual Simulations

Incorporation of the CIR camera parameters into DIRSIG. This would help further
validate the camera model. Also, once the camera parameters are in DIRSIG, visual
simulations of the CIR camera ‘s output image can easily be generated. One
interesting visual simulation that could be produced, is the color aliasing artifacts
caused by under sampling a busy scene and the color interpolation processing'’.
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6.0 Appendix
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Appendix 1 - Flight Test Image
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Appendix 2 - NDVI Image of the Flight Test Image
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Appendix 3 - Radiometric Model Sample Run
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Appendix 5 - Image Processing Diagram
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CIR Camera Image Processing

CIR Camera The 12-bit to 8-bit LOG-Like LUT is used to increase the
12-bit to 8-bit LUT resolution in the shadows. The point and line defects in
Defect Correction the sensor are eliminated by nearest neightbor interpolation.

8bit image data

(SCSI Bus) | »C amera

Driver Software

Driver Phase 1

White Balance The 1nver'se of the12-bit to 8-b1F LUT 1.s pf:rformed.
Inverse (Grayscale) LUT The data is corrected for nonuniformities in sensor

Nonuniformity Correction sensitivity via the calibration file (.cal file).

8-bit data linearized and
corrected for sensor nonuniformities.

Driver Phase 2 The% standard interpolation algorithm is applied to the
8-bit output of Driver Phase 1 to produce fully

RGB Plane Interpolation ;
interpolated RGB color planes.

Fully interpolated RGB color planes without any
color correction.

Driver Phase 3 The CIR color correction matrices are applied along with

Color Balance light source color balance, toe and shoulder correction,
Toe Shoulder Correction and the gamma LUT.

Color Correction, Gamma LUT

RGB image for display

Figure 25: The CIR Camera Image Processing Diagram
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