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ABSTRACT
The defense, intelligence, and homeland security communities are driving a need for software dominant, real-time or
near-real time atmospheric turbulence compensated imagery. The development of parallel processing capabilities
are finding application in diverse areas including image processing, target tracking, pattern recognition, and image
fusion to name a few. A novel approach to the computationally intensive case of software dominant optical and near
infrared imaging through atmospheric turbulence is addressed in this paper. Previously, the somewhat conventional
wavelength diversity method has been used to compensate for atmospheric turbulence with great success. We apply
a new correlation based approach to the wavelength diversity methodology using a parallel processing architecture
enabling high speed atmospheric turbulence compensation. Methods for optical imaging through distributed
turbulence are discussed, simulation results are presented, and computational and performance assessments are
provided.
Keywords: horizontal path imaging, adaptive optics, image reconstruction, deconvolution, autocorrelation,
turbulence compensation, image processing.

1. INTRODUCTION
Atmospheric turbulence is usually the most significant contributor to the loss of resolution in optical imaging
systems with apertures significantly larger than the atmospheric coherence length, r0 [1]. The research presented
investigates a means to compensate for atmospheric turbulence in imagery with optical path lengths of up to 5 km.
Implementation of a novel real time (faster than 30 Hz) turbulence compensation algorithm on commercial-off-theshelf (COTS) general purpose parallel processing (GPPP) hardware will be discussed. The proposed system could
easily be retrofitted to existing imaging systems and the size and weight would be no more than a standard lap-top
computer excluding camera and telescope or camera lenses. The system would include: a lap-top with GPPP on a
Personal Computer Memory Card International Association Express Card, (PCMCIA), and our proprietary software
algorithm. The turbulence compensation method will be capable of increasing the resolution of the imaging system
by a factor of up to 22 for an 8 inch diameter telescopic imaging system operating in the visible wavelengths.

Sensors, and Command, Control, Communications, and Intelligence (C3I) Technologies for
Homeland Security and Homeland Defense IX, edited by Edward M. Carapezza, Proc. of SPIE
Vol. 7666, 76661R · © 2010 SPIE · CCC code: 0277-786X/10/$18 · doi: 10.1117/12.850519
Proc. of SPIE Vol. 7666 76661R-1
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/17/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx

2.0 TECHNICAL BACKGROUND
2.1 Atmospheric turbulence
Given a circular aperture, the upper bound on achievable resolution is the so-called diffraction limit,

Δxdiff = 1.22

λ
D

z ,

(1)

where λ is the center wavelength of the illuminating light, D is the diameter of the entrance pupil of the imaging
system (e.g. diameter of the telescope, or camera lens), and z is the distance between the imaging system’s entrance
pupil and the object to be imaged. A variety of factors contribute to the quality of imaging resolution including:
angular instantaneous field of view (IFOV) compare to the isoplanatic angle (θ0), sampling effects, signal to noise
and optical imperfections, operating wavelengths, and atmospheric turbulence. Unfortunately, atmospheric
turbulence can so severely degrade the image that the turbulence in many cases becomes the limiting factor in the
resolution of the image and equation (1) must be modified.
One way to characterize atmospheric behavior is its coherence length or Fried parameter, r0. Instead, the
conventionally attainable maximum resolution of an imaging system that is looking through atmospheric turbulence
is given by,

Δxatm = 1.22

λ
r0

z ,

(2)

As an example, an object located 2 km from a camera with a 4 ½ inch lens would have a diffraction limited
resolution of 1.059 cm at a center wavelength of 500 nm. For imaging over horizontal paths, recent experimental
values for ro have ranged from 1 to 4 cm leading to a “loss” of resolution of 11.52 (for an ro of 1 cm) or 2.88 (for an
ro of 4 cm) with respect to the diffraction limited resolution given in equation (1). Stated another way, by
compensating for the effects of atmospheric turbulence, a maximum increase in resolution between 2.88 and 11.52
can be expected for the center wavelength and entrance pupil diameter specified above with a suitable turbulence
compensation approach. These effects are even more dramatic when a telescopic imaging system is used. For
instance, if an eight inch telescope is attached to the camera or video-camera at optical wavelengths, the maximum
increase in spatial resolution for the same values of ro above jumps to 20.32 (for an ro of 1 cm) or 5.08 (for an ro of 4
cm).
By dividing equation (2) by equation (1), an anticipated increase in resolution in a linear direction of an imaging
system can be achieved for an entrance pupil of diameter D from the ratio in (3),

R=

Δxatm D
= .
Δxdiff
r0

(3)

With knowledge of the diameter of the imaging system’s entrance pupil and the value of ro for an illuminating
wavelength, equation (3) can be used to determine the maximum achievable increase in resolution neglecting system
effects and assuming full compensation of atmospheric turbulence. Values of r0 can be determined from (4), where
the term in the denominator is the integral of the atmospheric structure constant along the optical path [0, z].
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If the value of ro is known at a given wavelength, then it can be scaled to another wavelength by,
6

λ2

r0
where

⎛ λ ⎞5
= r0 ⋅ ⎜⎜ 2 ⎟⎟ ,
⎝ λ1 ⎠
λ1

(5)

r0λ1 is the value of ro at λ1 and r0λ2 is the value of ro at the wavelength of interest λ2. For example, if the value

of ro at the illuminating wavelength of 500 nm is 1 cm, then the value of ro at 1.06 um is about 2.46 cm. Once the
new value of ro is known, then equation (3) can be used to determine the upper bound on the resolution increase of
the optical system under consideration.
In order to attain an increase in resolution approaching the limits given by equation (3), the effects of atmospheric
turbulence must be deconvolved from the aberrated image. Figure 3 shows actual imagery taken by Dr. C. J.
Carrano from Lawrence Livermore National Labs (LLNL) using a very promising speckle imaging-based
methodology [2]. Similar to our approach, Dr. Carrano is implementing her turbulence compensation method on a
Field Programmable Gated Array (FPGA) technology and the image processing time of her method is expected to
perform near real-time[3,4]. The process of removing atmospheric turbulence from images is called deconvolution.

Figure 1: Real data of atmospheric turbulence compensated image using an 8 inch telescopic imaging system
at a stand-off range of 1.3 km. The center wavelength was 550 nm and ro was 2 cm. Data is taken from
adapted speckle imaging method by Dr. C. J. Carrano from LLNL [2].

There are three basic ways to estimate and remove the effects of atmospheric turbulence,
1) Adaptive Optics Systems,
2) Post-processing Atmospheric Turbulence Compensation Systems, and
3) Hybrid Systems.
Adaptive Optics Systems are hardware-based systems that can correct atmospheric turbulence effects in real-time
(faster than 30 Hz). Adaptive optics systems are generally cumbersome, require extensive hardware, alignment,
expertise, and are expensive. They are also predominantly designed for fixed sites and aren't generally man-portable.
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Post-processing atmospheric turbulence compensation systems are largely implemented in software (software
dominant) but traditionally are very slow (not real-time). Hybrid methods are a cross between the two and generally
relax some of the hardware processing requirements and then correct for the loss in performance using postprocessing methods.
Many of the existing software dominant deconvolution approaches such as wavelength diversity, phase diversity,
multi-frame blind deconvolution and other post processing approaches have been predominantly focused on phase
only corrections (near-field turbulence approximation) and have been iterative and slow[5,6,7]. Some notable
exceptions are Paxman’s use of phase diversity for reconstructing the unaberrated object brightness through
distributed turbulence, Aubailly and Vorontsov’s methods for fusing segments of “lucky” image frames to de-blur
images obtained over horizontal optical paths, and more recently the work of Carrano which generalized the
traditional speckle imaging technique that is and has been used to great effect in astronomy and other near-field
turbulence application areas [3,4,8,9]. Ortiz, Carrano's, et all approach improves the speed of the traditional speckle
imaging-based post-processing methods and so Ortiz and Carrano's method is the most directly relevant method to
our approach. For this reason we focus on Ortiz and Carrano’s work and provide a quick overview of her method
along with some relevant comparisons and observations.
Carrano’s approach parameterized the Korff transfer function in terms of the atmospheric coherence length, ro to
estimate the object magnitude and used the bispectrum technique to estimate the object phase without requiring the
presence of a reference source such as a star or laser guide-star [10]. The approach was applied to a horizontal path
turbulence scenario with excellent results for optical path lengths of 0.5 km to 10 km. Processing was done on a 256
by 256 pixel by 100 image frame data cube using a 1.7 GHz Pentium IV processor. It took about 10 seconds to
process this data cube which represented an isoplanatic patch from a 1280 by 1024 image. To recover the full image,
20 similar data cubes must be processed resulting in 200 seconds of processing time for their non-optimized
algorithm. In subsequent papers, Ortiz, Carrano et all have continued to improve processing times to approximately
1 second using faster processing capabilities [3,4]. When considering real-time atmospheric turbulence
compensating systems that work with uncooperative targets (e.g. in some surveillance applications), a distinct
limitation of the Carrano approach is that it may require 100's of images or more to provide the parameters needed
for their method to work. In our approach, we require just one pair of simultaneously captured images given
sufficient signal-to-noise to form the image pair (e.g. enough signal to capture the blurry pair of images).
In the next section, we discuss the general imaging principles needed for a common understanding of image
deconvolution, adaptive optics methods, and atmospheric turbulence compensation approaches. We follow this with
a description of our method.
2.2 General technical background
In this section, we provide an overview of the optical systems model used in general purpose incoherent optical
imaging systems. This will provide a common basis of understanding when comparing alternative imaging
methodologies and will provide the necessary background to understand our unique approach.
For many incoherent imaging applications, a linear, shift-invariant imaging model is appropriate. For this case, the
optical systems model is given by [11],

r
r
r 2
(6)
i ( x ) = o( x ) * hi ( x ) ,
r
r 2
where o( x ) is the 2-D pristine object brightness function, hi ( x ) is the imaging system’s point spread function
r
r
(PSF), i ( x ) is the “blurry” image due to atmosphere and optical imaging system effects, and x is a 2-D position
vector in the image plane. The asterisk represents 2-D spatial convolution.
Figure 2 shows the general relationship between the quantities of interest in the incoherent imaging scenario.
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Figu
ure 2: General puurpose optical syystems model foor incoherent imaaging.
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where I f is the image spectrum, O f is the object spectrum, H f is the opticcal transfer funnction (OTF) and
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b
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r
r
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W (x ) = A( x )e jφ ( x ) ,

(10)
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and a suitable error metric is used to select the OTF that produces the lowest local and global error. Depending on
the approach taken, in relating the OTF to the diversity OTF, often the resulting error metric will be a function of the
aberrated image spectrum, the diversity image spectrum (both measured) and analytical expressions of the OTF and
diversity OTF that are both functions of entrance pupil phase estimates or phase difference estimates. For instance,
the popular phase diversity post processing atmospheric turbulence compensation method uses an additive phase
term that is known a priori in the expression of the phase diversity generalized pupil function,

r
r j (φ ( xr )+φ pd ( xr ))
W pd ( x ) = A( x )e
,

(11)

( ) is the phase diversity
where the subscript pd denotes the phase diversity method was used. The expression
generalized pupil function and, as shown, has a known phase diversity φ ( ) added to the unknown atmospheric
turbulence phase φ ( ) at every entrance pupil spatial coordinate . Often a known quadratic phase factor can be
introduced in the phase diversity image by slightly defocusing the diversity image.
Another diversity method is to simultaneously capture an image at two different narrow-band wavelengths centered
at λ1 and λ2. The wavelength diversity generalized pupil function is then given by,
⎛ λ1

r ⎞

r
r j ⎜⎜ λ φ ( x ) ⎟⎟
Wwd ( x ) = A( x )e ⎝ 2 ⎠ .

(12)

In the traditional diversity-based atmospheric turbulence compensation methods, a diversity OTF is generated by
using equations (8) through (10) in reverse order and substituting the appropriate diversity generalized pupil
function from equation (11) or (12) depending on which diversity method one is using for equation (10). A common
error metric such as the Gonsalvez error metric[12,13],

() () () ()
()
()
()

r
r
r
r
I f Hˆ d f − I d f Hˆ f
r
E f =
r 2
r 2
Hˆ f + Hˆ d f

2

,

(13)

can then be applied at every point in the image spectrum as a means to determine when the OTF estimate is accurate
enough. Note that the carat symbol ^ above the OTF and diversity OTF indicate that these quantities are estimated.
The process for estimating the OTF (and also the diversity OTF by analogy) is to,
1.

Use a suitable basis set like the Zernike polynomials to initially generate an entrance pupil plane phase
estimate. This is done by just initially guessing the phase - say all phase values are zero.
2. Form the generalized pupil function with this entrance pupil phase "guess" using equation (10). Note:
use equations (11) or (12) for estimating the diversity OTF.
3. Zero-pack the GPF for sampling reasons in preparation of generating an OTF estimate
4. Form the impulse response in accordance with equation (9)
5. Determine the PSF estimate by point-wise taking the magnitude squared of the result of step 4 above
6. Use equation (8) to form the OTF estimate
7. After forming both the OTF and diversity OTF estimate, apply an error metric such as the Gonsalvez
error metric given in equation (13) and possibly some constraints to determine the instantaneous error
at each spatial location in the OTF
8. Sum the errors to determine the total summed error due to the initial entrance pupil plane phase
estimation error
9. Change the weights on the Zernike polynomials in a methodical manner to come up with a new
entrance pupil plane phase estimate
10. Repeat steps 2 through 8 to generate a new error estimate

Proc. of SPIE Vol. 7666 76661R-6
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/17/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx

11. Compare the new error estimate to the old estimate and keep the phase estimates that have the lowest
error
12. Continue to execute steps 10 and 11 until the error is minimized and the best OTF estimate is obtained.
Once the error-minimized OTF estimate is obtained, a Wiener filter can be generated that removes the effect of
atmospheric turbulence. Notice that the OTF itself is generated by phase estimates that are due to 1) atmospheric
turbulence effects, and 2) aperture effects (e.g. diffraction effects). If the effects of the atmospheric turbulence are
mitigated by filtering them out using the Wiener filter, then the only remaining effect is that due to diffraction and so
the diffraction limited result is obtained. To attempt to remove the effects of the aperture, super-resolution methods
need to be employed.
After the error minimized OTF estimate is determined, the Wiener filter is given by,

H

−1

()

r
f =

()
()

r
H* f
,
⎛ H fr 2 + α ⎞
⎜
⎟
⎝
⎠

(14)

where the asterisk on the right side of equation (14) represents complex conjugation. Care must be taken for the
case where the denominator of equation (14) approaches zero. A parameter α based on system noise is sometimes
r
included in the denominator to prevent equation (14) from blowing up as H f approaches zero. As can be seen
from equation (7), multiplying the image spectrum by the Wiener filter leads to an unaberrated object spectrum,

( )

,

(15)

and the atmospheric turbulence free object brightness estimate is simply obtained by taking the 2-D inverse Fourier
transform of equation (15).
Notice also that equation (8) can be directly determined from the GPF in the following manner,

r W ( xr ) ⊗ W (xr )
H f =
.
W (0) ⊗ W (0)

()

(16)

The symbol ⊗ means auto-correlation and the entrance pupil spatial position variable is related to the spatial
frequency variable by,
(17)
λd ,
where di is the distance from the imaging system's exit pupil to the focal plane and lambda is the center wave-length
of the illuminating light. The denominator in equation (16) is just the area of the imaging system's entrance pupil.
In the past due to limitations of processor speed and some inefficiencies inherent in the majority of traditional postprocessing atmospheric turbulence compensation approaches, this direct methodology was considered from a
practical point of view much slower than the iterative Fourier transform based approach described in steps 1 through
12 above. As we shall see in the next section, our new methodology overcomes these inefficiencies and provides for
a software dominant approach for atmospheric turbulence compensation that can be accomplished in real-time. This
is done by both modifying the traditional atmospheric turbulence compensation methodology and by using a general
purpose parallel processing device such as a field programmable gated array to achieve real-time processing speeds.
Both steps are required in order to achieve real-time processing in a practical and scalable manner.
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This section describes our new methodology used to provide real-time, software dominant, non-iterative
atmospheric turbulence compensation based on a modified traditional "diversity" technique and the use of a general
purpose parallel processing (GPPP) device. All required components apart from our algorithm are commercial-offthe-shelf (COTS) components and design options are available for generalizing this approach to any camera or video
system. In essence all that is necessary is a camera lens or telescope for image magnification, a multi-spectral
camera (commercially available) or a special lens adaptor designed to integrate with the camera for general purpose
digital cameras or digital video recorders, a laptop computer fitted with a PCMCIA form factored General Purpose
Parallel Processor such as the Xilinx XC5VSX95T, and our proprietary algorithm. Note that this GPPP is
representative only and other GPPPs could be used if desired. We first start out with some comments on the
traditional diversity-based atmospheric turbulence compensation approaches.
When looking at the steps required in many traditional diversity-based atmospheric turbulence compensation
methods presented above, some immediate problems with overall accuracy and speed come to mind. These issues
can be summarized as follows:
1) Fitting error: In the first step, the use of the weighted basis function such as the Zernike basis
functions to describe the entrance pupil phase aberrations leads to a "fitting error" since the true phase map is being
approximated by a truncated sequence of weighted Zernike polynomials. For traditional post processing methods,
this was a necessary evil since directly evaluating the entrance pupil plane phase in addition to using the iterative,
computationally intense, turbulence compensation algorithms was prohibitive on conventional single processor
computational platforms.
Improvement: Our method directly determines the entrance pupil plane phases through an intelligent combination of
phase difference results using our algorithm and readily available GPPP technology. We do not approximate the
entrance pupil plane phase as in the traditional diversity methods but rather directly determine the phase and so our
method does not suffer from this type of fitting error.
2) Embedded Computational Complexity: Steps two through ten in the traditional diversity-based
atmospheric turbulence compensation method are extremely computationally intensive in that they have two 2-D
Fourier transforms, a point-wise magnitude squared, a divide by a constant, and the computation of a local and
global error metric at the center of an iterative loop. These computations are repeated for each incremental
adjustment in the iterative loop and the loop can have 100’s to 1000’s of iterations.
Improvement: In modifying the traditional diversity-based atmospheric turbulence compensation approach, we are
using an alternative, parallel processing method that does not require the 2-D Fourier transform methodology
previously outlined. In so doing, we have eliminated the requirement for the repetitive computations of the complex,
time-intensive functions at the core of the iteration process. Further, we have removed the need for the iterations
themselves by implementing the iterative calculations using look-up tables and parallel processing technology.
These two methods reduce the computational complexity and provide for a dramatic speed boost enabling real-time
diversity-based atmospheric turbulence compensation.
Our Procedure: One possible configuration for the setup for our apparatus is indicated below. In this case a
multispectral camera can be attached to a small field telescope. Images in the camera can be captured
simultaneously at two different wavelengths using a narrowband multispectral camera or a specially adapted lens
assembly with a generic digital camera or digital video recorder. The captured images are then collected by the
portable laptop computer for atmospheric turbulence compensation.
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Fiigure 3. The bassic apparatus connfiguration.

Figurre 4. The simpliffied imaging proocess.
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Figure 6a. The autocorrelation of a 5X5 matrix. Empty circles represent zero values of the GPF function.
The top matrix is denoted with an asterisk * to represent the complex conjugate of the original matrix. This
first overlap represents the first un-normalized OTF value which will be zero. Only when the shaded areas of
the overlaid inscribed circles overlap will the particular un-normalized OTF values be non-zero.

Figure 6b. The first non-zero OTF point, C1,5 .

Figure 6c. Second non-zero phase difference in
autocorrelation sequence, C2,4.

It is not until the uppermost point of the GPF and lower most point of the GPF conjugate overlap that the first nonzero phase difference develops as shown in Figure 6b. This overlap is C1,5 in the OTF matrix and has the unnormalized value of

C1,5= eja1,3e-ja5,3 = ej(a1,3-a5,3)

(18)

which is a function of a single complex exponential phase difference resulting from summing the product of
overlapping points of the GPF and the conjugated GPF. The overlapping GPF matrices continue their progression
with their next non-zero overlapping value being C2,4, a function of the sum of two complex exponential phase
differences.
The un-normalized OTF matrix point C2,4 as shown in figure 6c has the value of :

C2,4= eja1,3e-ja4,4+eja2,2e-ja5,3 = ej(a1,3-a4,4)+ej(a2,2-a5,3)

(19)

The autocorrelation will continue until all points of progressive overlap have been computed. An OTF formed in
this fashion will have for an N X M GPF matrix a (2N-1) X (2M-1) OTF matrix.
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Figure 7a. Thhe Expanded filtter diagram.
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of parallel
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on (14). Appplying this filtter to the imaage spectrum and
a applying a 2-D Fast Fourier
F
Transform to the filtered image spectruum enables the recovery of thee atmospheric turbulence com
mpensated imaage.

Figure 7b.
7 The Expandded filter diagram
m.
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s
to appply distortion to the object to
t generate an image
Zernike poolynomials werre then used inn a turbulence simulator
which reprresents system noise and proppagation path tuurbulence. Thhe simulation was
w done at 5000 and 700 nm.

Figure 8.
8 Generated phhase turbulence vs.
v our reconstruucted phase estim
mate.
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Using our technique an estimate is made of the generated phase turbulence which has distorted the image of the
original object. Figure 8 shows a comparison between the original simulated turbulence and our reconstructed phase
estimate.

Figure 9. Distorted image vs. Reconstructed image.

Figure 10. Reference image vs. Reconstructed image.

Figure 9 displays a comparison of the image distorted by simulated turbulence and the improved image due to our
correction method. Figure 10 compares the original object with the reconstructed image which shows significant
improvement over the distorted image, but still suffering from aperture effects.
Since the two dimensional Fourier transform of our simple problem is a spatially bounded function it will be
analytic function in the (fx, fy) plane. If the analytic function in the (fx, fy) plane is known exactly in a finite region of
that plane, then the entire function can be found by means of analytic continuation [11]. This allows the use of
super-resolution or bandwidth extrapolation to be applied to recover some of the spectral content lost due to the
diffraction limit of the aperture. Figure 11 shows the further improvement to the compensated image brightness
compared with the original object.

Figure 11. Comparison of the reference object and the compensated image with super resolution.

A study of the computation requirements is shown below in Figure 12. The study assumes an image size of 256 X
256 using a Xilinx XC5VSX95T FPGA as the GPPP. The study also includes data transfer times from the camera to
the GPPP and from the GPPP to the laptop.
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Figure 12. Timing Estimates for using a Xilinx XC5VSX95T.

The timing estimate shown in Figure 12 is broken into three major blocks. The first block includes transferring the
data from the camera, developing the two wavelengths image spectra, and implementing the error metric against a
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reduced set of OTF points. The reduced set of points in the OTF is due to the application of our novel phase
stitching algorithm. In the second major block, the phase map of the GPF is formed, the impulse response
developed, and a 2-D FFT performed. Finally in the third block, the inverse Wiener filter is developed in
accordance with equation (14). This filter is applied to the object spectrum to correct for aberrations, and a 2-D
inverse fast Fourier transform (2-D IFFT) is used to correct the object spectrum to obtain an aberration corrected
image. Conservative timing estimates based on the numbers and types of calculations indicate that image
corrections approaching 33ms are achievable.

4.0 SUMMARY
A number of methods exist for image compensation of atmospheric aberrations. These tend to be computational
intensive, highly iterative and slow. Traditional techniques need many sequential images and have trouble with
rapidly changing backgrounds in the captured images. Our method uses image pairs captured simultaneously so
rapidly changing backgrounds are not an issue. By using a modified correlation based technique, many of the
iterative 2-D FFTs steps can be eliminated reducing computational requirements. By taking advantage of processes
which can be run in parallel and adapting error minimization to look-up tables the process can be further streamlined.
Also because of the redundancy of information, a dramatic reduction in the number of necessary computations is
achieved. Once the OTF is estimated, an inverse Wiener filter can be devised to compensate for atmospheric
aberrations and produce a aberration free image. Estimates of the number and kinds of computations required and
data transfer rates for a 256 X 256 image demonstrate compensation capability near 30 Hz.
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