
REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

Public reportina burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering 
and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect ot this collection of 
information including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 
1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503. 

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED 

FINAL 01 JUL 92 TO 30 JUN 96 
4. TITLE AND SUBTITLE 

PHOTON-LIMITED IMAGE DETECTION USING SHOT-NOISE MODELS 

6. AUTHOR(S) 

DR. JOHN A. GUBNER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
UNIVERSITY OF CONNECTICUT 
DEPARTMENT OF MATHEMATICS 
STORRS.CT 06269 

5. FUNDING NUMBERS 

F49620-92-J-0305 
61102F2304/ES 

AFOSR-TR- 

CD13 
°n 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

AFOSR/NM 
110 DUNCAN AVE, SUITE B115 
BULLING AFB DC 20332-8080 

10. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 

F49620-92-J-0305 

11. SUPPLEMENTARY NOTES 

12a. DISTRIBUTION AVAILABILITY STATEMENT 
APPROVED FOR PUBLIC RELEASE: 
DISTRIBUTION UNLIMITED 

12b. DISTRIBUTION CODE 

13. ABSTRACT (Maximum 200 words) 

SEE REPORT 

19970109 066 

14. SUBJECT TERMS 

17. SECURITY CLASSIFICATION 
OF REPORT 

UNCLASSIFIED 

18. SECURITY CLASSIFICATION 
OF THIS PAGE 

UNCLASSIFIED 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 

UNCLASSIFIED 

15. NUMBER OF PAGES 

16. PRICE CODE 

20. LIMITATION OF ABSTRACT 

_SAR 

DT10 <4u.tuji.xi i_worjW->-Äii ± 

Standard Form 298 (Rev. 2-89) (EG) 
Prescribed by ANSI Std. 239.18 
Designed using Perform Pro, WHS/DIOR, Oct 94 



Aug. 31, 1996 Final Technical Report, July 1, 1992-June 30, 1996 

Photon-Limited Image Detection Using Shot-Noise Models 

Dr. John A. Gubner 

Department of Electrical and Computer Engineering 
University of Wisconsin-Madison 
Madison, WI  53706-1691 

Air Force Office of Scientific Research 
110 Duncan Avenue, Suite B115 
Boiling AFB, DC 20332 

Distribution Unlimited 

The objective of this research continues to be the study of shot-noise models and their application to 
the development of computationally feasible procedures for image-detection problems. Also of interest is the 
performance evaluation of these procedures. These efforts are motivated by applications to low-light-level imaging 
as would occur in low-dose x-ray exposures or in night vision systems. Results are also be applicable to photon- 
limited optical communication systems [2] and to optical neural networks [7]. 

Considerable progress has been made in understanding shot noise. The three major results of our research 
are (i) methods for computing shot-noise distributions when both the intensity function and the system impulse 
response are known [6], [8]; (ii) methods for estimating an unknown intensity when only the impulse response 
is known [5]; and (iii) methods for jointly estimating the intensity and the impulse response when both are 
unknown (a type of blind deconvolution) [9]. 
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Objectives 

The objective of this research continues to be the study of shot-noise models and their application 
to the development of computationally feasible procedures for image-detection problems. We are 
also interested in the performance evaluation of these procedures. These efforts are motivated by 
applications to low-light-level imaging as would occur in low-dose x-ray exposures or in night vision 
systems. Our results are also be applicable to photon-limited optical communication systems and 
to optical neural networks. 

Status of Effort 

Considerable progress has been made in understanding shot noise. The three major results of our 
research are (i) methods for computing shot-noise distributions when both the intensity function 
and the system impulse response are known; (ii) methods for estimating an unknown intensity 
when only the impulse response is known; and (iii) methods for jointly estimating the intensity and 
the impulse response when both are unknown (a type of blind deconvolution). 

These results are discussed in more detail below along with other work supported by this grant. 

Accomplishments/New Findings 

• Shot noise that arises in spectroscopy has an underlying intensity which is a positive linear 
combination of Voigt functions. A Voigt function is the convolution of a Gaussian probability 
density and a Cauchy, or Lorentzian, probability density. Because Voigt functions arise 
in many different contexts, such as nuclear reactor theory, atmospheric transmittance, and 
spectroscopy, there has been much interest in computing them. In [1] (see the Publications 
section below) a new series for approximating Voigt functions is presented, including error 
bounds. An asymptotic expansion for large argument values is also given, along with error 

bounds. 

• In many applications, one does not know the underlying intensity of the shot noise, or even 
the system impulse response. For the case when the system impulse response is known, the 
paper [5] uses a regularization technique involving a pair of regularization parameters. A new 
method for selecting the pair of parameters is presented and compared with the minimum 
unbiased risk method. Although both methods recover the detail in the intensity function, 
the new method does a better job at suppressing spurious oscillations. 

For the case when both the intensity function and the system impulse response are unknown 
(blind estimation), the paper [9] (which was revised during 95-96) first estimates a histogram 
of the underlying point process and then constructs a kernel estimate of the intensity. The 
estimate of the unknown impulse response is constructed via a regularized back-substitution 
of a discrete-time convolution with the estimated histogram. 

• Even if the shot-noise intensity and system impulse response are known, it is quite difficult to 
compute the cumulative distribution and density for shot noise. Being able to compute these 
functions will enable the construction of detectors and the evaluation of their performance. 
In [6], the computation of the cumulative distribution (cdf), the complementary cdf (ccdf), 
and the density of certain shot-noise random variables is discussed. After subtracting off 
a few terms that can be computed in closed form, what remains can be approximated by 
a general method for approximating samples of a cdf or ccdf by summing a Fourier series 
whose coefficients are modulated samples of their characteristic function. To approximate 
the density, a spline is fit to the cdf samples and then differentiated. When the density has 



corners, it is important that the spline have coincident knots at these locations. For shot-noise 

densities, these locations are easily identified. 

In 95-96, we have studied Monte-Carlo estimation of shot-noise cdfs for comparison with the 
above method. Although Monte-Carlo methods require more computation, we found that 
they could be speeded up using a change of measure in which the underlying Poisson process 

is simulated with an alternative intensity. 

The methods of paper [6] suggested a similar approach could be used to recover the cdf and 
ccdf of a counting distribution from its characteristic function. This result is reported in [8] 
and was used to evaluate the shot-noise limited performance of an optical neural network [7]. 

• Shot-noise with random impulse response arises in the study of avalanche photodiodes. The 
effects of dead space on the bit-error rate for an optical receiver have been studied in [2]. In 
particular, it is found that dead space enhances the performance at relatively low data rates, 
and degrades performance at high data rates. Thus, in order to correctly predict performance 
of high-data-rate systems, it is critical to account for the dead-space effect. 

• Other research supported by this grant included an investigation into wavelets for discrete- 
time periodic signals [4], and the capacity region of the multiple-access arbitrarily varying 

channel [3]. 
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