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ABSTRACT

To enhance the visibility of remote objects under test at Air Force testing facilities in adverse weather
conditions, the Air Force Flight Test Center (AFFTC), Edwards AFB, California, contracted with
Physical Optics Corporation’s (POC) Applied Technology Division, Torrance CA, to investigate a real-
time spectrally enhanced imaging prototype system.  When installed on an optical target tracker, this
system will automatically adjust its spectral transmission in such a way that the intensity of the
background illumination will be reduced significantly while providing minimum reduction of the light
reflected from a detected target.  A laboratory prototype of this system was developed under a Small
Business Innovative Research (SBIR) Phase I contract.

The prototype consists of the optical part that will be attached to the large tracker lens and to a portable
computer. The key element of this system is an Acousto-Optic Tunable Filter (AOTF) that is capable of
quickly varying the shape of its spectral transmission curve in the entire visible range under computer
control. The developed system automatically analyzes the spectral signatures of the background and of
the selected object of interest.  It calculates a spectrally matched filter for the background suppression
and target contrast enhancement.  This filtered data then goes directly into the optical channel with the
minimal computer image processing.  The resulting image with the enhanced target contrast can be
displayed in real time on a common computer monitor and can be recorded by a VCR.  The performance
of the laboratory prototype demonstrated enhancement of the visibility of objects immersed in a
scattering medium.

Successful development of a working system will make flight testing of military equipment more
informative and less expensive.  It will reduce the dependence of the flight test program on the weather



conditions and will allow for collecting more data by providing real-time images with enhanced target
visibility.

INTRODUCTION

Aircraft and munitions tracking at the AFFTC and at other DoD ranges are becoming increasingly
challenging.  As overall pollution of the surrounding communities of DoD test ranges increase, airborne
particulate, haze, and other phenomenon that reduce visibility also increase.  In addition, aircraft and
munitions are moving at higher velocity and some targets are stealthy.  The AFFTC needs an
inexpensive, remotely operated tool to enhance real-time video images and to define targets against
backgrounds of varying contrast and varying weather conditions.

Current approach to the image enhancement involves the use of the sensitive infrared cameras and
range-gated laser camera systems.  Unfortunately, this type of equipment is expensive; infrared cameras
typically cost tens of thousands of dollars and the cost of range-gated laser camera systems is even more.
These approaches are cost prohibited for intensive use at numerous sites.

SPECTRALLY EFFICIENT TARGET IMAGING

The typical observation scenario of the flying object is depicted schematically in Figure 2-1.  The
tracker telescope collects both lights scattered in the atmosphere and reflected from an object so the
target visibility depends strongly on the atmospheric conditions.

Figure 2-1 The scheme of the object observation in scattering medium.

The propagation of light through the atmosphere depends upon several interaction phenomena and the
physical composition of the atmosphere.  For the passive observation of the airborne remote target the
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most important phenomena are molecular absorption, Rayleigh scattering, Mie or aerosol scattering, and
atmospheric turbulence [1].

The molecular absorption of optical radiation in the visible region is caused by electronic transitions.
Many computer databases are available to calculate molecular absorption for the known atmospheric
constituencies (e.g., HITRAN).

Molecular Rayleigh scattering is associated with optical scattering where the wavelength of light is
much larger than the physical size of the scatterers (e.g., atmospheric molecules).  Rayleigh scattering
makes the color of the sky blue and the setting or rising sun red. This scattering has a very strong
dependence on the light wavelength--it is proportional to λ-4.

Mie scattering is similar to Rayleigh scattering, except the size of the scattering sites is on the same
order of magnitude as the wavelength of the incident light and is due to the aerosols and fine particulate
in the atmosphere.  Both Rayleigh and Mie scattering reduce the target visibility.  These effects scatter
the light reflected from a target.  They scatter sunlight as well, and this light creates a strong background
illumination that masks the relatively weak light from a remote target (Figure 2-1).

The enhancement of target visibility can be achieved by rejecting the signal in those portions of light
spectrum where the signal from a target is weak but where there is a strong signal from a background.
Because of the strong Rayleigh scattering of the blue light, the blue portion of the visible spectrum will
probably be rejected in the first turn.

Although the physical nature of these effects are well understood and numerous computer algorithms
can be used to calculate how they influence the light propagation in the atmosphere, all calculations
assume some atmospheric model that can be significantly different from the atmosphere in the point of
observation.  That is why the challenge of this project was to develop an algorithm that was capable of
the automatic real-time accommodation for the particular atmospheric conditions in the point of
observation.  To make this accommodation, initial spectral information about the target and background
must be collected.  Once this information is obtained, the proposed system can track a target and provide
real time enhanced images until severe variations in target or background spectra occurred.  Then new
data must be collected and the cycle of observation can be continued.

The approach to the target contrast enhancement based on the differences in the spectra of the light
reflected from the target and of the scattered light is illustrated on Figure 2-2.  It shows a
multidimensional space (3D space is shown on Figure 2-2) where each axis represents a light intensity in
a given spectral interval.  The vector B in this space can describe the light from a homogeneous
background.  The vector T corresponds to the light reflected from a target.  Besides this light, the optical
telescope also collects the light scattered in the atmosphere between the target and telescope (see Figure
2-1).  The vector B describes this light. A light path through a spectral filter can be described as a
projection of the light vector on the direction of the filter vector F.

The target contrast enhancement can be achieved if the only light reflected from the target will
illuminate a photodetector array while a spectral filter will reject the scattered light. It is obvious from
the plot shown on Figure 2-2 that for such a situation the filter vector F should be perpendicular to the
background vector B and should be located in the plane where both vectors B and T are located.



Figure 2-2 Illustrations of optimal filtering in 3D spectral space for homogeneous background and
target.

Similar considerations are applicable for the larger number of spectral intervals used for observation.
Rigorously, the filter vector F can be calculated by the formula

2/12/1 )TT()BB(
)TB(

TF
′⋅′⋅

′⋅
−′=

 (1)

Here

∑∑
= =

λ=λ
k

1m

l

1n
imni )(I)(B

(2)

∑∑
= =

λ=λ′
p

1m

q

1n
imni )(I)(T

(3)

and k ×  l grid of pixels in the entire frame is used for calculation of the background spectral signature
(i.e. vector B) and p q grid of pixels in any spectral frame is used for calculating vector T.

Let’s notice that a light intensity can be only a positive number. Because of this, spectral vectors B and
T always lay in such sector in the multidimensional spectral space that has only positive coordinates. It
means that a vector F that is perpendicular to B must have at least one negative projection on spectral

F⋅B 0). Of course, no optical spectral filter can produce negative light intensity. To accomplish

In this case, two images must be taken. The first of them will be taken through the spectral filter with a
transmission curve that corresponds to the full set of vector components that have a positive value
( +). The second image will be taken through the spectral filter with a transmission curve that
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corresponds to the full set of vector F components that have a negative value (F -). Because the
technology of the spectrally adaptive light filtering with an AOTF allows for the very fast variations of
the filter transmission (few tens of microseconds) each next image frame can be taken through the
different spectral filter. Computer subtraction of two images is also a relatively fast operation. This
allows for almost real time (half of the CCD frame rate) imaging with the enhanced target contrast.

The description of the background spectral signature by vector B is correct only for uniform
backgrounds. In some cases, several different objects can be seen simultaneously in the field of view of
the optical tracker. For example, it may be a sky and a terrain or clear sky and a cloud, etc. In this case,
its own vector in multi-dimensional spectral space can represent each pixel in the image. The ends of
these vectors create a scatter plot in the spectral space (see Figure 2-3).
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Figure 2-3 Geometrical illustration of the spectrally matched filtering: a - projection of the scatter-plot
and target vector on the plane perpendicular to the first principal component; b- background and target

projection on the vector of the spectrally matched filter.

The enhancement of target visibility can be achieved in this case by spectrally matched filtering.
Spectral matched filtering can be viewed as an appropriate weighted combination of principal spectral
components 2. The axes of the principal spectral components coincide with the axes of the ellipse of the
data probability distribution; they are the Eigen vectors of the covariance matrix  M.  The coefficients of
this symmetrical matrix are second-order moments of the probability distribution in the background
data, for zero-mean distribution (e.g., for zero first-order moments).  In other words, the coefficient Mij
is the measure of correlation between the data in the i-th and j-th spectral bands:

M ij = 1 / N x ik x jk
k = 1 

N 
∑ 

(4)

where xpk is the value of the p-spectral component in the k- pixel's spectral data vector (after mean
removal).



The spectrally matched filter can be described as a vector in the multidimensional color space. Its
performance, (e.g., multiplication of each spectral image on the weight coefficient Fi ) is the dot vector
product operation that projects spectral vector for each pixel to the direction of the filter vector.

In the highly correlated backgrounds the scatter plot ellipsoid is strongly elongated and there is a small
probability to improve target contrast by projecting image to the direction coinciding with the direction
of the long axis of the ellipsoid. On the contrary, the significantly higher probability to find a target
occurs when filter vector lies in the plane perpendicular to this axis. Obviously, the direction of the filter
vector must be close to the direction of projection of target vector T′′ to this plane (see Figure 2-3).
When the direction of the filter vector is chosen in the system coordinate associated with principal axes,
it is easy to find this vector in the original coordinates of light intensities at various spectral intervals.

The rigorous mathematical description of the spectrally matched filtering can be found in references
[3,4].

The calculation of the filter vector F requires the knowledge of background and target spectral
signatures. This information must be collected at the initial stage of observation by grabbing and storing
in a computer memory several (16 in our experimental prototype) spectral images taken through the
same filter. The problem remains to point to the system the location of the target at any of the spectral
images taken in the initial phase of observation. This information can be provided either from another
sensor (radar) or by an operator clicking a computer mouse at the target area.

Once the target is pointed, the system will enhance its contrast automatically until the significant
changes in the background occurred. The target passing through a cloud can cause such changes for
example. To obtain the indication of the background variation, the system design includes a small
spectrometer illuminated by a portion of the light collected by the optical telescope. It continuously
compares the background spectrum with the initial data and will raise the alarm signal in the case of
significant variations in the spectrum shape. In this case, either the background spectrum from this
spectrometer can be used for calculation, a new filter vector, or the new cycle of collecting spectral
information can be initiated. It is important to notice that 16 spectral frames can be captured in about 0.5
s if a charge coupled device (CCD) camera with common 30 frames per second operational speed is
used.

The block diagram of the algorithm of the system performance is shown on Figure 2-4.  It is important
to notice that spectrally matched filtering is a linear operation. To accelerate the system performance and
achieve a real time spectrally matched filtering, we utilized the unique capability of the Acousto-Optic
Tunable Filter (AOTF) to transmit light in numerous spectral intervals simultaneously. This mode of the
AOTF operation occurs when its driving signal spectrum contains the proper combination of radio
frequencies. The amplitude of the corresponding frequency in the driving signal spectrum defines the
intensity of transmitted light at each wavelength.  By choosing the proper set of frequencies and their
amplitudes, we can approximate the AOTF's transmission of any arbitrary given shape.  This
approximation is shown in Figure 2-5.
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EXPERIMENTAL SETUP

To create a multi-frequency-driving signal for the AOTF, we used a specially developed array of high-
frequency generators. The photo of this array fabricated as a computer board is depicted on Figure 3-1
while Figure 3-2 presents the photo of optical system with an AOTF used in the laboratory experiments.

Figure 3-1 Multi-frequency AOTF driver. Figure 3-2 Experimental setup.

With this driver, the spectrum of the AOTF driving signal can be changed in less than 2 µs within 350
MHz Pentium II computer. Additional 20 µs takes the propagation of the acoustic wave along the light
aperture in the large size TeO2 AOTF. It means that the spectral transmission of the filter can be
changed momentarily comparing with the common TV frame period of 33 ms. Practically, the change of
the filter transmission curve can be done inside the frame synchronization pulses in the standard TV
signal. It is important to mention that with 16 spectral intervals of about 15 nm (in average) the SETI
system can simultaneously collect polarized light within 240 nm wide spectral range. The practical
limitation on the maximum width of the spectral range and on the achievable light transmission in each
spectral interval is set by heat gradients in the AOTF caused by the driving signal.

We used a commercially available black and white CCD camera--model 2122 from Cohu, Inc. It is a
one-half inch format camera with on-chip microlens sensor containing 768 horizontal (H) × 494 vertical
(V) pixels.  Each pixel is of 8.4 µm (H) × 9.8 µm (V). It operates at 30 frames per second in the interline
transfer mode. Each frame consists of two consecutive fields with odd and even lines. The fields in the
frame are separated by blanking period of about 0.2 ms. Blanking period includes vertical sync, front
porch and line synchronization. The camera works in the asynchronous mode (without external frame
synchronization).

The Meteor PCI monochrome frame grabber (Matrox Electronic Systems, Ltd.) was employed for
images acquisition and processing. This device allows for the real-time data transfer at the speed of 30



frames (640 × 480) per second (45 MB/sec).  Meteor converts ±5 V analog output signal from the CCD
camera into an 8-bit monochrome data format (unsigned gray-scale levels from 0 to 255).

Table 3-1 summarizes parameters of the key element of this system - a non-collinear TeO2 AOTF.

Tuning Range From 790 nm to 440 nm

Frequencies of the Driving Signal From 100 MHz to 185 MHz

Light Reflection < 3 %

VSWR < 3

Light Diffraction Efficiency @ λ = 630 nm 70 % / W

Spectral Resolution @ λ = 630 nm 8 nm

Angle of Beams Separation 6°

Angular Aperture 6°

Aperture 8 mm × 8 mm

Table 3-1  AOTF parameters.

In our prototype system, the slowest operation was displaying the resulting image. The speed of this
operation is defined presumably by video card parameters. The liquid crystal display (LCD) of our
portable 350 MHz Pentium II computer used in prototype needs a special video adapter for its operation.

The operation speed of 15 fps has been achieved in our computer with Matrox Meteor frame grabber
with smaller number of pixels. Each frame in this mode consisted of 320 x 420 pixels. Figure 3-3
presents the time diagram for the system operation. In this case displaying of the resulting image took
less then 33 ms.

We used small airplane models as objects for visualization. These models were immersed into a bath
with water-milk suspense. To get quantitative estimation of enhancement target contrast in light
scattering medium, we measured light attenuation by this suspense.
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Figure 3-3 Time diagram of Spectrally Efficient Target Imaging (SETI) prototype performance with
Meteor frame grabber and 8 bit files.

The scheme of the measurements is shown on Figure 3-4.

Figure 3-4 The scheme for estimation optical density of light scattering suspense.
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A He-Ne laser beam was sent through the cuvette containing suspense.  The diaphragm was installed at
the distance of 1 m from the cuvette. Its diameter was equal to the laser beam diameter.  The optical
density, D, was estimated as

SI
I

t
dD log10

2
= , (5)

where d is the depth of suspense in the bath, t is cuvette thickness, I is the beam power, and IS is the laser
power that reached the photodetector through the medium. The coefficient 2 is introduced in this
formula because light is passing twice through the medium; it is coming from a light source (quartz-
halogen lamp) to the object and back to the imager after reflection from an object.

The following expression was used in these experiments to estimate target contrast K

BT
BTK

+
−

= , (6)

where T the target pixels intensity (averaged over the area selected initially for calculating a filter) and B
is average background intensity.  This criterion is usually used for estimation image quality by the
modulation transfer function (MTF) - it is assumed that the object is visible if 2.0≥K .  Similar criteria
are used usually in diffractometers for estimation of visibility of interference patterns or in astronomical
observations for separation double stars or in investigations of light spectra to separate double lines [6].

DEMONSTRATION OF TARGET CONTRAST ENHANCEMENT

Photos on Figure 4-1 show the bath with water-milk suspensions of various optical densities.  The
photos were taken from a close distance (~30 cm) by a common photo camera and under a common
room illumination. For system performance demonstration we used a spot light illumination from a 50
W halogen lamp. Even under this illumination, the object was almost invisible in the dense suspense
from the height of about 1.7m where the imager was located, as shown in figure 4-2.

The photo of the computer screen with the enhanced image is depicted in Figure 4-3.  There are two
images in this photo. The small picture is the result of averaging sixteen spectral images taken initially
for calculating background spectrum. No spectral filtering was performed in this image. The larger
image is the result of spectral filtering. The airplane is clearly distinguishable over the dark background
in this image.



(a) (b)

(c) (d)

Figure 4-1 Airplane model in water-milk suspenses of various densities: a - 5 dB, b - 10 dB, c - 15 dB, d
- 20 dB.

Blue bars in the bottom of the screen represent the target spectrum while the red bars above them
represent weight coefficients in the spectral filter that was calculated automatically by the develop
prototype for this particular combination of the target and of the background.



Figure 4-2  Photo of the object in dense
suspense taken from 1.7 m under spot light

illumination

Figure 4-3  Photo of the computer display
after object contrast enhancement

The results of numerical estimations of target contrast enhancement are presented in Figure 4-4.
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Figure 4-4 Result of numerical estimations of target contrast enhancement.



Two solid curves in this plot shows object contrast K before (in average image) and after contrast
enhancement. The third curve corresponds to the ratio of target contrasts in two images (e.g., the curve
shows contrast gain obtained by spectral filtering). The largest gain is achieved for the medium optical
densities. In low scattering suspense the target can be seen clearly without filtering (see Figure 4-1a)
while in the very dense suspense almost no light reached the imager after reflection from the target. In
this case the gain is small.

Let us notice that in all experiments the filtered image has better target contrast than the averaged image.

In several experiments we also checked if any particular spectral image had a better target contrast than
filtered image. We always had contrast enhancement with spectral filtering compare with any particular
spectral image. The typical distribution of target contrast in spectral intervals and in resulting image is
shown on Figure 4-5.

Figure 4-5 Target contrast in various spectral images.

The conducted experiments proved the capability of the developed experimental prototype to enhance
target visibility in scattering medium.

The conducted experiments proved the capability of the developed SETI prototype to enhance target
visibility in scattering medium.
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DEMONSTRATION OF SYSTEM REACTION TO THE BACKGROUND CHANGE

To demonstrate the system prototype performance with the moving target and variable background, we
prepared a rotating model with several backgrounds that can be moved manually. This setup is shown in
Figure 5-1.

The software was changed to grab 16 new spectral frames after each 80 consequent images with
enhanced contrast. These 16 images were taken in 0.53 sec.

Figure 5-1 Airplane model moving over various backgrounds

After taking a new set of spectral images, the system recalculated a new spectral filter utilizing stored
initially target spectral vector and a new background vector.  The developed prototype generated 'life'
images with enhanced contrast (at about 7.5 frames per second and full spatial resolution) and
successfully changed the spectral filter if a new background characteristic was found. Photos presented
on Figure 5-2 shows the results of spectral filtering with this setup.

(a) (b)

Figure 5-2 Spectrally enhanced images of a moving object over the blue background (a) and yellow
background (b).



The dark green airplane has a negative contrast over the blue background (airplane is darker than
background) while it has positive contrast over a yellow background.

CONCLUSION

Physical Optics Corporation's Applied Technology Division developed a working prototype of a
Spectrally Efficient Target Imaging system. This development included both innovative hardware and
software. The developed prototype generated 'live' images with the maximum frame rate of 15 frames
per second.

The capabilities of the developed system to enhance target visibility in the light scattering medium and
to react on the background variations were proved experimentally.

The project accomplishments during Phase I have demonstrated a preview of the technology that will
enable a successful full-scale development and field test for Phase II of Spectrally Enhanced Target
Imaging system.
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