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Executive Summary 

Digital cameras use a focal plane array (FPA) to convert light energy into electrical energy 
that can be processed and stored in the memory chip. The FPA is composed of pixels or chips of 
electro-optical material on a planar surface. Placing the sensors (pixels) on a plane surface can 
lead to off-axis (spherical) aberrations and can limit the field of view (FOV) of optical systems 
unless exotic optics are used. To correct for these distortions, designers have to use additional 
optical elements, which complicate the design of the optics and increase the cost of the cameras. 

Curved FPAs with simple spherical lenses would provide improved performance (vs. the 
commonly used planar FPA). These curved FPAs would provide a large FOV with better resolu-
tion off axis, would require fewer lenses, and would eliminate the need for image post 
processing. The systems that employ these curved FPAs have superior optical properties, but the 
curved FPAs are more difficult to manufacture. To meet this challenge, the Defense Advanced 
Research Projects Agency/Microsystems Technology Office (DARPA/MTO) has instituted a 
program called the Hemispheric Array Detector for Imaging (HARDI). The program’s goal is to 
develop curved FPA technology and combine it with appropriate lens systems to enhance mili-
tary capability. To accomplish this goal of creating a curved FPA, the HARDI program is 
exploiting the properties of organic and hybrid organic/inorganic semiconductor materials. 

In support of the HARDI program, the Institute for Defense Analyses (IDA) performed 
technical assessments and provided planning assistance. IDA has identified promising applica-
tions of spherical FPAs that could potentially be exploited for defense-related applications. 
Curved FPAs remove the need for complex lens systems to correct off-axis distortion, and this 
improvement alone reduces the weight, size, and complexity of lens systems. From the multiple 
specific applications of curved FPAs identified by IDA (cameras mounted on small robots, 
miniature unmanned aerial vehicles (UAVs), and small surveillance cameras), HARDI man-
agement decided to focus first on the cameras used on small robots for the Advanced Mine 
Detection System (AMDS) Program. HARDI management then directed IDA to provide an inde-
pendent analyses of these proposed systems, including appropriate selection of lenses and 
tradeoff studies of pixel size and count vs. camera characteristics to obtain optimum conditions 
for various robot camera applications. For this task, IDA developed a ray tracing code, compared 
this code to published results and simple analytical closed-form solutions, and began using it to 
study applications of interest to HARDI. 
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1. Introduction 

A. Background 
Digital cameras use a focal plane array (FPA) to convert light energy into electrical 

energy that can be processed and stored. The FPA is a two-dimensional (2-D) array of 
photodetectors (or pixels) fabricated on an electro-optical material. Used in this way, the 
term pixel refers to the actual physical detector in a camera. In digital imaging, however, 
a pixel is the smallest addressable picture element in raster graphics—the smallest unit of 
picture that can be controlled. Figure 1-1 presents both concepts of a pixel. In this report, 
we will use the concept of pixel represented in Figure 1-1(b). 

  

(a) (b) 
Figure 1-1. Two Usages of the Term Pixel: (a) Pixel Pattern  

as Used in Imaging and (b) Physical Pixels (Bottom) Forming  
an FPA, With Micro Lenses (Top) and Color Filters (Center) 

 
The size and the number of the individual pixels affect the resolution and the read-

out speed of the camera. The more pixels a digital camera has, the more detail it can 
record when a photo is taken. Smaller pixels improve resolution, if the camera resolution1

                                                 
1 Resolution of systems is generally described by the modulation transfer function (MTF), which is 

defined and discussed at the beginning of Section 4. 

 
is not optics limited, but may reduce sensitivity (i.e., need more time for required energy 
deposition). Modern digital cameras contain FPAs that have pixel counts on the order of 
megapixels. For example, cameras with 2 megapixels are becoming obsolete, cameras 
with 5 megapixels are in decline but still a good value, and cameras with 10 megapixels 
are in the mainstream. 



1-2 

In current digital cameras, a design constraint of optical systems is that the image 
surface (or Petzval2 surface) must be planar so that the image can be recorded on a planar 
silicon FPA. This requirement leads to off-axis aberrations including spherical, astigma-
tism, field curvature, and coma. To correct for these distortions, designers use additional 
optical elements, which complicate the design of the optics and increase the cost of the 
cameras. Figure 1-2 shows a modern camera with the complex lens system and the flat 
FPA. 

 
Figure 1-2. Cutout of a Camera Showing the Lens System and the Position of the FPA 

 
To avoid the complexity of lens systems shown in Figure 1-2, the use of curved 

FPAs with simple spherical lenses has been proposed and is being developed for military 
applications by the Defense Advanced Research Projects Agency/Microsystems Tech-
nology Office (DARPA/MTO) as part of the Hemispheric Array Detector for Imaging 
(HARDI) program. Figure 1-3 shows ray tracing results for three optical/FPA systems 
and illustrates the benefits of curved FPAs over the flat-plane FPAs. 

 
(a) (b) (c) 

Figure 1-3. Comparison of Ray Tracings for Different Systems 
Note for Figure 1-3: (a) Single element lens with a planar FPA, (b) Ball Lens with a curved FPA, and (c) 

Three-element lens system with a planar FPA. 

                                                 
2  Joseph Petzval (1807–1891) was a Hungarian  mathematician, inventor, and physicist. He is best known 

for his work in optics. Petzval is considered one of the main founders of geometrical optics, modern 
photography, and cinematography. Among his inventions are the Petzval portrait lens and opera glasses, 
both still in common use today. 
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Ray tracing results for a single-element plano-convex lens (a commonly used simple 
lens) on a planar FPA indicate some obvious problems (see Figure 1-3(a)). First, notice 
that the off-axis rays do not focus on the FPA beyond the center of the FPA. This lack of 
focus causes blurring of point spots and reduces the resolution of the system. Reduction 
of relative illumination, referred to as fall-off, at the edge of pictures also occurs because 
the focal length of the ray does not match the location of the planar FPA. This issue of 
ray spreading affects proper data collection and will be discussed in more detail in Chap-
ter 4 when we define the point spread functions (PSFs) and modulation transfer functions 
(MTFs) and use them to compare different lens systems. 

The system with the spherical FPA and ball lens with the same center point 
improves ray focusing and light illumination at different angles. All the rays are axial and 
pass close to the center of the lens and the FPA sphere because they are constrained by 
the aperture in the center of the sphere (see Figure 1-3(b)). The symmetry of the system 
when the rays are constrained to pass through the center of the spherical lens and the 
spherical FPA allows for a wide field-of-view (FOV). 

To maintain good image quality while using a flat FPA, multiple lens systems have 
to be designed to correct distortions. Figure 1-3(c) illustrates the ray tracing results for a 
lens system using three lenses and terminating on a flat FPA. Although this shows an 
improvement over Figure 1-3(a), increasing the FOV can still be a problem. 

B. HARDI Program/Institute for Defense Analyses (IDA) Task 

1. HARDI Program 

State-of-the-art cameras could be improved by increasing their FOVs with uniform 
illumination over all angles and decreasing their weight and cost. A simple curved FPA 
would provide this improvement. 

Curved FPAs have been suggested as having superior optical properties, but they 
are more difficult to manufacture and have been restricted to large radii of curvature until 
recently. New technologies have allowed the manufacture of curved FPAs with diameters 
as small as 1 cm. 

To develop curved FPA technology and combine it with appropriate lens systems to 
improve military capability, DARPA/MTO has put in place the HARDI program. The 
objective of this program is to exploit properties of organic and hybrid organic/inorganic 
semiconductor materials to create a curved FPA. This curved FPA will provide a large 
FOV that has better resolution off axis, will require fewer lenses, and will eliminate the 
need for image post processing. 

The first two phases of the HARDI program are approaching completion. The intent 
of the third phase is to provide a useful device for an important military application. In 
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other words, DARPA needs to focus on a real military problem and optimize the HARDI 
system to meet the needs of the military. To do this, we need to know the current capabil-
ities of military systems that might be improved. 

2. IDA Task 

IDA performed technical assessments and provided planning assistance to the 
HARDI program by evaluating the three different approaches to implementing curved 
FPAs into military systems. The task statement included these areas for investigation: 

 Identify military systems that can be simplified and substantially improved by 
combining curved FPAs with simple, small lightweight commercial lenses;  

 Identify potential innovative applications by combining curved FPAs with sim-
ple commercial lenses (e.g., determining the feasibility of using rail-mounted, 
moving curved FPAs to provide passive three-dimensional (3-D) target imaging: 
detection, location, and identification); and 

 Identify a potential application for using Gradient Index of Refraction (GRIN) 
lenses with curved FPAs to provide wide FOV optical systems (e.g., gun and 
weapon sights). 

In support of the HARDI program, IDA has initially focused on the first area and 
has identified promising applications of spherical FPAs that could potentially be 
exploited for defense-related applications. This discussion is included in Chapter 2 of this 
report. In the past, flat image planes increased the mass and complexity of camera optics. 
Curved FPAs—like the eye’s retina—alleviate this problem by removing the need for 
complex lens systems to correct off-axis distortion. This improvement alone reduces the 
weight, size, and complexity of lens systems in military applications. 

From the multiple specific applications of curved FPAs identified by IDA, HARDI 
management has decided to focus first on cameras used on small robots and directed IDA 
to provide information about these cameras (e.g., their technical specifications and oper-
ational capabilities). These robots are used in the Advanced Mine Detection System 
(AMDS) and Explosive Ordnance Disposal (EOD) programs. IDA obtained technical 
information about some of these cameras and investigated their operational capabilities in 
the field. This information is provided in Chapter 3 of this report. 

IDA was then asked to provide independent analyses of these proposed systems. 
These analyses included appropriate selection of lenses and tradeoff studies of pixel size 
and count vs. camera characteristics such as resolution, FOV, and so forth to obtain opti-
mum conditions for various robot camera applications. For this task, IDA developed a ray 
tracing code (see Appendix A of this document), compared the code to published results 
and simple analytical closed-form solutions, and began using it to study systems of inter-
est to HARDI. This activity is discussed in Chapter 4 of this report. 
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2. Potential Military  
Applications of Curved FPAs 

Chapter 2 presents the HARDI Follow-Up Meeting briefing that IDA presented to 
DARPA/MTO on July 21, 2010. 
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3-1 

3. Cameras Used With Small Robots 

Chapter 3 presents the HARDI Follow-Up Meeting briefing that IDA presented to 
DARPA/MTO on October 5, 2010. 
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4-1 

4. Ray Tracing Code and Analysis 

A. Ray Tracing Code – Introduction to Terminology 
IDA developed a ray tracing code (see Appendix A of this document) that was used 

to analyze optical systems. With this code, we calculated the MTF and PSF to get a 
quantitative comparison of the resolution of different optical systems. The resolution is 
determined by comparing the object test pattern with the resulting image pattern at differ-
ent spatial frequencies (see Figure 4-1). 

1. MTF 
The MTF describes the loss of detail in the imaging process as the convolution of 

the object function (i.e., the ideal image function) with the impulse response of the 
imaging system. A convolution is an integral that expresses the amount of overlap of one 
function, h, as it is shifted over another function, f. It “blends” one function with another. 
The convolution in the spatial domain is a multiplication in the frequency domain. Thus, 
if f(x,y) is the object function and h(x,y) is the impulse response of the imager, then  

 g(x,y)] = [f(x,y) × h(x,y)],  (4-1) 

where stands for Fourier transform and leads to  

 G(ξ,η) = F(ξ,η)  × Η(ξ,η), (4-2) 

where x, y are the spatial coordinates and ξ,η are the spatial frequency components such 
that if X, Y are the spatial periods of the object pattern, then ξ =1/X and η = 1/Y. 
F denotes the object spectrum, Η(ξ,η) is the optical transfer function, and MTF is defined 
as |Η(ξ,η)|.  

We compared the MTF of optical systems obtained with our code and the published 
results obtained by other investigators. In addition to this comparison, we also compared 
our code’s results with analytical solutions for simple systems, where we derive an ana-
lytical form for an MTF of a sine function with a Gaussian PSF and calculate the MTF 
with a mathematical program following the analytical closed-form derivation. This com-
parison is also discussed Appendix A. 

2. PSF 
The PSF describes the fuzzy image of a point projected by the optical system and is 

represented by h(x,y) for real systems. For ideal systems the response of the imager is 
identical to the object function, so h(x,y) = δ(x,y) or the delta function. The PSF is related 
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to the MTF. By taking the Fourier transform in two dimensions of the PSF and then 
taking the absolute value of the result, we obtain the MTF. 

 
Figure 4-1. The Spatial Frequency of an Object Pattern 

With the Resulting Image Pattern at Different Spatial Frequencies 
Note for Figure 4-1: This figure shows spatial frequency variation in object to MTF of optical system. It 

shows (a) the object with varying special frequencies, (b) the variation of intensity as a function of special 
frequency, (c) the image variation of intensity as a result of an imperfect optical system, and (d) the calcu-
lated MTF of the system. 

B. Briefing 
The remainder of Chapter 4 presents the HARDI Follow-Up Meeting (annotated) 

briefing that IDA presented to DARPA/MTO on January 4, 2011. 



For this meeting I summarized the task work completed before October 5 2010 and thenFor this meeting, I summarized the task work completed before October 5, 2010, and then 
described a ray tracing code that we developed and verified to help us conduct tradeoff 
studies.
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The question is how can we improve military systems by reducing the size weightThe question is, how can we improve military systems by reducing the size, weight, 
complexity, and, therefore, the cost of existing systems? What are some innovative ways to 
solve problems previously not possible with plane focal plane arrays (FPAs)? How can we 
combine Gradient Index of Refraction (GRIN) lenses with curved FPAs in an optimized 
way?
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We found military applications and presented them at the first Hemispheric Array DetectorWe found military applications and presented them at the first Hemispheric Array Detector 
for Imaging (HARDI) follow-up meeting that I attended in July 2010. The sponsor selected 
small robots used in mine detection and instructed IDA to learn about the characteristics of 
the cameras used on the robots. Specifically, the HARDI team wanted to know the pixel size 
or pitch, the number of pixels in the FPA, and the field of view (FOV), along with other 
parameters (e.g., dimensions). 
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The robot manufacturers and their representatives listed in this slide provided theThe robot manufacturers and their representatives listed in this slide provided the 
information.
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The three cameras about which I was able to obtain information are shown in this slideThe three cameras about which I was able to obtain information are shown in this slide. 
More detailed specification sheets were appended to the original briefing presented to the 
HARDI group in October 2010 (see Chapter 3 of this document).
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At the October 5th HARDI follow-up meeting, I proposed to conduct a tradeoff study toAt the October 5 HARDI follow up meeting, I proposed to conduct a tradeoff study to 
determine the optimum parameters for the HARDI systems to be designed for various 
applications. 

To do this, we needed a toolcomputer codeto study the effects of various parameters that 
affect the system design.

We studied the characteristics of spherical FPA published by the Stanford Group and intended 
to compare the results of the IDA code using the same parameters and geometryto compare the results of the IDA code using the same parameters and geometry.
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The figures at the bottom of this slide give the MTFs calculated by the Stanford group for threeThe figures at the bottom of this slide give the MTFs calculated by the Stanford group for three 
different lens systems. The view on the right shows the MTF for the ball lens. An interesting 
observation is a comparison between the diagram for the ball lens and the two more traditional 
systems. The left and middle figures appear to present rays that can pass anywhere through the 
lens systems. However, in the figure on the right, all the displayed rays traverse the lens fairly 
close to its center, as if an aperture were located in the center of the ball. The paper does not 
mention an aperture in the center of the nor does it discuss the different constraints imposed on 
hthe systems.
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This slide describes the IDA code development and verification procedures.This slide describes the IDA code development and verification procedures.
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This slide describes technical characteristics and assumptions of the IDA modelThis slide describes technical characteristics and assumptions of the IDA model.
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This example shows some of the output that we can produce with our code The upper leftThis example shows some of the output that we can produce with our code. The upper left 
box shows the parameters used in the calculation. First, we produce the ray traces shown in 
lower left diagram. Although we use many more rays than shown, we only display these few 
selected ones to prevent confusion. The upper right diagram is the PSF, and the lower right 
diagram is the aberration MTF (blue line) and the detector pixel MTF (blue line).
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This slide shows two different geometries used in our calculations. The difference between 
these geometries is the position of the aperture. Geometry I uses an aperture at the ray entry
to the lens. Geometry II places the aperture in the plane crossing the center of the ball lens. 
In Geometry II, all the rays are effectively close to axial. For Geometry I calculations, we 
used an f# given by focal length divided by aperture diameter. For Geometry II, we have 
redefined f# based on the slope of the exit cone only.
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This slide shows the geometric parameters traditionally used to calculate F# for a thin lensThis slide shows the geometric parameters traditionally used to calculate F# for a thin lens 
system (above) and what we feel is appropriate for the ball lens (below).

This is a crucial criterion to match appropriately because the spatial extent of aberration 
PSF is proportional to         (in the small-angle limit).1

ሺܨ#ሻ3
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The Stanford paper shows an MTF of about 0 6 (~0 75 of the diffraction limit) atThe Stanford paper shows an MTF of about 0.6 (~0.75 of the diffraction limit) at 
68 cyc/mm. Our computation yielded an MTF of 0.42 at 68 cyc/mm.
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Geometry I gives an awful MTF result off axis The straight rays are blocked and the onesGeometry I gives an awful MTF result off axis. The straight rays are blocked, and the ones 
that are permitted are sharply bent, leading to significant aberration.
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The Stanford paper shows an MTF of about 0 6 (~0 75 of the diffraction limit) atThe Stanford paper shows an MTF of about 0.6 (~0.75 of the diffraction limit) at 
68 cyc/mm. Our computation yielded an MTF of 0.47 at 68 cyc/mm.

Geometry II does slightly better than Geometry I, although the MTF is still not as high as 
that shown in the Stanford paper.

The difference between Geometry I and Geometry II on axis is only because of the 
differences in f# definition.
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Geometry II preserves (and even improves) the MTF off axisGeometry II preserves (and even improves) the MTF off axis.
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The circle of least confusion is the position where the image plane (detector) should be placedThe circle of least confusion is the position where the image plane (detector) should be placed 
to minimize the overall size of the aberration blur spot. For a converging lens with positive 
longitudinal spherical aberration (LSA), as is the case here, this position will be located in 
front of the focal position. Assuming axial symmetry, the circle of least confusion is defined as 
the locus of points where a marginal ray exits the caustic ray bundle (envelope).
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By changing the position of the FPA we can get a variety of MTF results For the focalBy changing the position of the FPA, we can get a variety of MTF results. For the focal 
position at 5.87 mm, which was the position used by the Stanford Group, we compute about 
0.47 for the MTF at 68 cyc/mm. The position at 5.83 mm (circle of least confusion) gives 
0.8 for the MTF at 68 cyc/mma much better result.

The two charts at the bottom of this slide show how the dependence of MTF upon object 
angle is also diminished by moving to the circle of least confusion.
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We initially investigated the authors’ symmetry claims with Geometry I and found resultsWe initially investigated the authors  symmetry claims with Geometry I and found results 
that disagreed strongly. The reason for the discrepancy was that the insertion of an aperture 
had broken the spherical symmetry that was purported to ensure that the image resolution 
would not deteriorate as the object moved off axis toward the edges of the FOV.

Here, we note that by eliminating the Geometry I aperture, we can preserve the spherical 
symmetry. However, the aberrations now dominate, and the results are poor.
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By changing the position of the FPA we can get a variety of MTF results The position at 5 87By changing the position of the FPA, we can get a variety of MTF results. The position at 5.87 
mm, which was used by the Stanford Group, gives about 0.47 for the MTF at 
68 cyc/mm. The position at 5.83 mm (circle of least confusion) gives 0.8 for the MTF at 68 
cyc/mma much better result.
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The circle of least confusion is the smallest image (blur patch of light) of point source thatThe circle of least confusion is the smallest image (blur patch of light) of point source that 
optical system can project. As lens moves in and out of focus, patch of light grows and 
decreases in size. The smallest size is circle of least confusion, and the optical system is said to 
be in focus. Note: due to the wave nature of light and depending on lens design, the circle of 
least confusion does not necessarily give best definition (Source: 
http://www.idigitalphoto.com/dictionary/circle_of_least_confusion.)
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Appendix A. 
Ray Tracing Codes 

Analytical Modulation Transfer Function (MTF) Calculation 
In the process of developing the main ray tracing code for our general use, we 

decided that we needed a simple closed form result to check our numerical results. This 
would provide assurance that the code was dependable—at least for simple functions. 

This is the closed-form solution used to calculate the MTF for simple functions (i.e., 
sine with (1) varying spatial frequency as the object and (2) Gaussian of various widths 
as the point spread function (PSF)). This result was used to check the MATLAB code 
RAYMTF and gain confidence in the RAYMTF code’s MTF results for more complex 
systems. 

We start with two functions: a sine wave with frequency f, 𝑆𝑖𝑛(𝑓𝑥), and a Gaussian 
with parameter, 𝑒−𝑎𝑥2 , as the impulse response. The parameter “a” is related to the typi-
cal width of the Gaussian by the relationship = 1

4𝜎2
 . 

The first step is to do the convolution of the two functions: 

 ∫𝑑𝑥 𝑆𝑖𝑛(𝑓𝑥)𝑒−𝑎(𝑥−𝑡)2. (A-1) 

To facilitate the calculation, the exponential description of the sine is used: 

 1
2 𝑖 ∫ 𝑑𝑥 (𝑒+𝑖𝑓𝑥 −  𝑒−𝑖𝑓𝑥)𝑒−𝑎(𝑥−𝑡)2 = 1

2 𝑖 ∫ 𝑑𝑥 �𝑒+𝑖𝑓𝑥−𝑎(𝑥−𝑡)2 −  𝑒−𝑖𝑓𝑥−𝑎(𝑥−𝑡)2� 

 =  1
2 𝑖 ∫ 𝑑𝑥 �𝑒−𝑎𝑥2−(2𝑎𝑡−𝑖𝑓)𝑥−𝑎𝑡2 −  𝑒−𝑎𝑥2−(2𝑎𝑡+𝑖𝑓)𝑥−𝑎𝑡2�. (A-2) 

Focusing on the first term, we can solve it by completing the square to get a shifted Gaus-
sian and a constant exponential: 

  −𝑎𝑥2 − (2𝑎𝑡 − 𝑖𝑓)𝑥 − 𝑎𝑡2 = −𝑎 �𝑥2 − 2 �𝑡 + 𝑖 𝑓
2𝑎
� 𝑥 + 𝑡2� 

 = −𝑎 �𝑥2 − 2 �𝑡 + 𝑖 𝑓
2𝑎
� 𝑥 + �𝑡 + 𝑖 𝑓

2𝑎
�
2
− �𝑡 + 𝑖 𝑓

2𝑎
�
2

+ 𝑡2 � 

 = −𝑎[�𝑥 − �𝑡 + 𝑖 𝑓
2𝑎
��

2
− �𝑡2 + 𝑖𝑓𝑡

𝑎
− 𝑓2

4𝑎2
� + 𝑡2] 

 = −𝑎 �𝑥 − �𝑡 + 𝑖 𝑓
2𝑎
��
2

+ �+𝑖𝑓𝑡 − 𝑓2

4𝑎
�. (A-3) 

Going back to the integral, we get 
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The only difference between the first and second terms is the sign of the complex 
term, ݂݅ݐ, so by making the substitution in the previous calculation of  

 ݂݅ݐ ՜ െ݂݅ݐ , (A-6) 

we get for the second term  

 
ௗ௫

ଶ
݁ିቀ௫ିቂ௧ି


మೌ
ቃቁ
మ

݁ି௧ି
మ/ସ. (A-7) 

The two terms can now be put together (the Gaussian integral calculated and con-
stant terms rearranged) to get  

 ට
గ


݁ି

మ/ସ ൫
శିష൯

ିଶ
. (A-8) 

To get the MTF, we divide by the original function, Sin(ft), to get  

,ሺ݂ܨܶܯ  ܽሻ ൌ  ට
గ


݁ି

మ/ସ. (A-9) 

To relate back to the original width of the Gaussian, we use the relationship 
ܽ ൌ ଵ

ସఙమ
: 
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MTFCHECK1 
This is the “Mathematica” code used to graph the analytical MTF results. 
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MTFCHECK2 
This is the “MATHCAD” code used to graph the analytical MTF results. 
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RAYMTF 
This is the MATLAB code used to calculate the ray tracing results and the MTFs 

and PSFs shown in Chapter 4. 
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Illustrations 

Figures 
Figure 1-1. Two Usages of the Term Pixel: (a) Pixel Pattern  as Used in Imaging  

and (b) Physical Pixels (Bottom) Forming  an FPA, With Micro Lenses (Top)  
and Color Filters (Center)   ....................................................................................... 1-1

Figure 1-2. Cutout of a Camera Showing the Lens System and the Position of  
the FPA   ................................................................................................................... 1-2

Figure 1-3. Comparison of Ray Tracings for Different Systems   ..................................... 1-2
Figure 4-1. The Spatial Frequency of an Object Pattern With the Resulting Image  

Pattern at Different Spatial Frequencies   ................................................................. 4-2
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Abbreviations 

2-D two-dimensional 
3-D three-dimensional 
AMDS Advanced Mine Detection System 
DARPA Defense Advanced Research Projects Agency 
EOD Explosive Ordnance Disposal 
FOV field-of-view 
GRIN Gradient Index of Refraction 
HARDI Hemispheric Array Detector for Imaging 
IDA Institute for Defense Analyses 
LSA longitudinal spherical aberration 
MTF modulation transfer function 
MTO Microsystems Technology Office 
PSF point spread function 
UAV unmanned aerial vehicle 





 

REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 
Public reporting 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 this collection of information.  Send comments regarding this burden estimate or any other aspect of this 
collection of information, including suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and 
Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-4302.  Respondents should be aware that notwithstanding any other provision of law, no person 
shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number.  PLEASE DO NOT RETURN YOUR 
FORM TO THE ABOVE ADDRESS. 

1. REPORT DATE  
January 2011 

2. REPORT TYPE 
Final 

3. DATES COVERED (From–To) 
July 2010 – January 2011 

4. TITLE AND SUBTITLE 
 

Military Applications of Curved Focal Plane Arrays 
Developed by the HARDI Program 

5a. CONTRACT NUMBER 
DASW01-04-C-0003 

5b. GRANT NUMBER 
 

5c. PROGRAM ELEMENT NUMBER 
 

6. AUTHOR(S) 
 
Bohdan Balko 
Isaac Chappell 
John Franklin 
Robert Kraig 

5d. PROJECT NUMBER 
 

5e. TASK NUMBER 
DA-2-3256 

5f. WORK UNIT NUMBER 
 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
 
Institute for Defense Analyses 
4850 Mark Center Drive 
Alexandria, VA 22311-1882 

 

8. PERFORMING ORGANIZATION REPORT 
NUMBER 

 
IDA Document NS D-4268 
Log: H11-000208 

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

 
Defense Advanced Research Projects Agency 
Defense Sciences Office 
3701 N. Fairfax Drive 
Arlington, VA 22203-1714 

10. SPONSOR/MONITOR’S ACRONYM(S) 
 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 

 
 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
 
Approved for public release; distribution is unlimited. (6 May 2011) 

13. SUPPLEMENTARY NOTES 
 
 

14. ABSTRACT 

 

Curved focal plane arrays (FPAs) coupled with ball lenses can reduce spherical aberration, increase the field of view 
(FOV), and reduce the weight and cost of optical systems. These improvements over flat FPAs promise major upgrades 
for military systems. The Institute for Defense Analyses (IDA) has been investigating the potential applications of curved 
FPAs that are being developed in the Defense Advanced Research Projects Agency (DARPA) Hemispherical Array 
Detector for Imaging (HARDI) program. Several applications have been identified, but the initial focus has involved 
cameras mounted on small robots used for mine detection and neutralization. These cameras can be improved by the 
application of curved FPAs. IDA developed a ray tracing code to analyze improvement in camera resolution and conducted 
tradeoff studies to obtain optimum conditions for various robot camera applications. 

15. SUBJECT TERMS 

curved focal plane array (FPA), Defense Advanced Research Projects Agency (DARPA), Hemispherical Array Detector for 
Imaging (HARDI), robots, wide field of view (FOV) cameras 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 
OF ABSTRACT 

 
SAR 

18. NUMBER 
OF PAGES

 
88 

19a. NAME OF RESPONSIBLE PERSON
Dr. Devanand Shenoy 

a. REPORT 
Uncl. 

b. ABSTRACT 
Uncl. 

c. THIS PAGE 
Uncl. 

19b. TELEPHONE NUMBER (include area code)

571-218-4932 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std. Z39.18 




	1. Introduction
	A. Background

	2. Potential Military Applications of Curved FPAs
	3. Cameras Used With Small Robots
	4. Ray Tracing Code and Analysis
	A. Ray Tracing Code – Introduction to Terminology
	1. MTF
	2. PSF

	B. Briefing
	Appendix A .Ray Tracing Codes
	Illustrations
	Abbreviations


	Chapter 2_July 2010.pdf
	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9

	Chapter 3_Oct 2010.pdf
	Slide Number 1
	Task Objectives
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18




