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Abstract
Many aerospace sensor platforms have a fixed opto-mechanical
layout due to harsh environmental conditions. This design decision
results in tight opto-mechanical tolerances. Computational optics is
a technology that is currently used in the commercial market, but
has yet to be implemented in the defense industry. By using this
methodology, the system will aim to reduce production cost by
investing in non-recurring engineering (NRE) investments. This
project aims to implement a proof of concept of computational
optics to improve image quality while increasing depth of focus
using wavefront coding.
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Definitions & Abbreviations
CDR – Critical Design Review
PDR – Preliminary Design Review
DSP – Digital Signal Processor
CCD – Charge-coupled device
CMOS – Complementary-symmetry metal-oxide semiconductor
DOF – Depth of Focus
F/# – F number, lens property that describes the ratio of focal length to lens diameter
Aperture – defining pupil in the optical system
FOV – field of view of the optical system
Aberration –deviation from optimal optical performance that causes image degradation
SNR – Signal to Noise Ratio
MTF – Modulation Transfer Function
RGB – Red, Green, Blue
JPG – compressed JPEG file format
DODAF – Department of Defense Architectural Framework
QFD – Quality Functional Deployment
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1.0 Introduction
1.1 Scope of Document
This Final Project Report is an all-encompassing summary of the design,
construction, and performance of Team 4968’s Senior Design Project for The University
of Arizona Senior Capstone in Engineering. This report was developed in conjunction
with the Critical Design Review (CDR) report to show our final implementation and
results of our completed project. This report contains the technical details required to
replicate the development of the system designed during the course of this project.

1.2 Changes since Critical Design Review
In the time since CDR the focus of the project has been on system
implementation, testing, and results analysis. The primary changes have been to the
design of the phase plates for the system. After working on phase plate optimization
code a design decision was made to use various phase plates and compare their test
results through Design of Experiments to determine the optimized phase plate. The
results of DOE are explained in detail later in this report. Furthermore, a green filter
was placed in from of the optical system to restrict the incoming light to a single
wavelength.

1.3 Problem Statement
The Computational Optics team is responsible for designing and building an
optical system that improves image quality for easy target recognition with a
combination of optical and mechanical compensations and digital image processing.
1.3.1 Wavefront coding
The main concept behind computational optics is wavefront coding. An optical
system inherently has aberrations that affect image quality. What computational optics
does is combine a known induced aberration with a filter in the DSP to create a crisper
image over a wilder depth of field. The wavefront coding allows a seemingly aberrated
system to be overwhelmed with a larger aberration thus removing the aberrations from
the original system, creating a better image. This technique will be implemented within
our system utilizing an amplitude modulator and phase modulator, which will both be
discussed in detail later in the document. Figure 2 shows the basic concept behind
wavefront coding, comparing the original optical system to the computational optics
system.
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Figure 1: Wavefront Coding for Optical System
1.3.2 Change in DOF
Our most important metric is the change in depth of focus. This is how we will
measure how effective our computational optics system is. With the wavefront coding in
place, we will be able to evaluate if the DOF has significantly changed from the original
system. More specifically, it will be greater than three times the DOF of the original
system as defined in our system requirements. Although the DOF does not contain as
sharp of a focus point as the standard system, we know how much image degradation
this will cause, since we induced this change with the known aberration, and will be able
to remove this with the computer algorithm. Figure 3 illustrates the difference between a
standard system and our wavefront coding computational optics system.

Standard System

Wavefront Coding System

Small DOF
Figure 2: DOF

Large DOF
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1.4 Scope of Project
For the purposes of the University of Arizona Interdisciplinary Engineering Senior
Capstone, the Computational Optics team will create a proof of concept system that will
include optical, mechanical, and digital signal processing systems. Altogether, these
subsystems comprise the fully developed computational optics project. The algorithm
that we will develop as a part of the digital signal processing system as well as the
wavefront coding technique will be utilized by Raytheon in their missile system. After we
have created and proven that this computational optics system works, Raytheon will be
able to further expand on our project and implement it into their missile systems.
Wavefront Coding
Detector
DSP

Test

Apparatu

Optics
Figure 3: Concept of Operations

1.5 What the product is expected to do
The motivation behind our project is to have a computational optics system
implemented into a missile system (Figure 5). Our system will be a stand-alone proof of
concept for computational optics. It will be able to take an image and process it and
output a final image that meets the given requirements. By Senior Design Day we will
have a working system that will show a DOF change of more than three times the
original system DOF.

Figure 4: Missile System
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1.6 Description of Customer
The customer is Raytheon Missile Systems with Michael Easton and Casey
Streuber as the customer representatives, also known as our sponsors. The business
case that results from the findings of this project, primarily in the form of financial
savings can by applied to a multitude of defense applications.
Aerospace imaging platforms are faced with a triad of constraints that lead to
increased opto-mechanical system cost. First, the systems trades usually require a
large field of view and low f-number to meet demanding remote sensing requirements.
In addition, stringent reliability requirements can negate the option of adaptive
capabilities, such as the auto-focus function found in modern photography systems,
leading to a fixed opto-mechanical layout. Finally, harsh environmental conditions,
combined with the glass choices available in the electromagnetic bands of interest
result in the need for athermal designs. Each of these constraints results in tighter optomechanical tolerances to insure that detector is placed at the optimal focus position for
all operational imaging conditions. It is clear that many aerospace sensing systems
would benefit from an increased depth of focus to both improve imaging performance
across a broad range of environments and reduce cost. Conventional imaging systems
can only achieve an extended depth of focus by increasing the f-number and thus
decreasing the sensitivity of the system. The field of point spread function engineering
offers promise in this area. In general, this technique involves intentionally inserting
defined and known aberrations into the system that alter the point spread function, such
that it remains nearly constant over a large depth of focus. Since the landmark paper by
Cathey and Dowski [1], in 1995, a variety of approaches for decoupling the relationship
between depth of focus and sensitivity have been proposed [2-3]. The aim of our work is
to expand on this topic further by development of a computational optics test bed that
provides a standard set of evaluation criteria to assess the performance of physical
systems built to address the needs of aerospace sensor platforms.
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2.0 System Requirements
2.1 Summary of Requirements
The system requirements were set by the sponsors from Raytheon, in
conjunction with discussions with our design team. They are listed in Figure 6. The
requirements include price, physical, optical, and time constraints as well as some
stretch goals set forth by our sponsors. One of the stretch goals included in our System
Requirements was preparing a business case. We took into consideration how to build
a system that would work towards a strong case.

1
2

The system shall have total cost less than $3000. (Reserve $600, Managerial
$2400)

4

The system shall have a Signal-to-Noise Ratio (SNR) of 10:1.
The system shall have a change in Depth of Focus (DOF) greater than 3 times.
(DOF > 3x)
The system shall have an F/# less than 2.5 with blur size 2.44λF/#. (F/# < 2.5, Blur
size 2.44 λ wavelength F/#)

5
6
7
8
9

The system shall have λ between 0.4µm and 15µm.
The system shall have a maximum size of: 8"x8"x18"
The system shall weigh less than 50lbs.
The system shall have Full Field Of View (FFOV) less than 10 degrees.
The system shall have a processing speed of less than 10 seconds.

3

The system shall have software that is cross-platform, and can be transferred to
10 different users for use on any computer. (Software portability/cross-platform)
11 The system shall be completed by Senior Design Day.
12 The system may include a business case.
13 The system shall have mechanical housing to hold the optical system.
Figure 5: Requirements
Each requirement was carefully weighted due to both our sponsors’ wishes and our
priorities to come up with all possible designs and ultimately our final design.

2.2 Functional Decomposition of Requirements
This section will go in depth into each of the system requirements and describe how
they will individually relate to our project.

16

1

The system shall have total cost less than $3000. (Reserve $600, Managerial
$2400)
The cost of our system is important to us since we have a budget that is defined by the
Senior Design course. We must keep all components, labor, and extra materials within
this budget or we may not have a complete project.

2

The system shall have a Signal-to-Noise Ratio (SNR) of 10:1.
The SNR is a metric that will be used to determine the image quality of our system. If
the image has a SNR of less than 10:1, the image will not be clear enough to warrant
use in the overall system. SNR is a subjective metric that will be compared to an initially
chosen standard in order to quantify our results.

3

The system shall have a change in Depth of Focus (DOF) greater than 3 times.
(DOF > 3x)
We needed to define a requirement to ensure that our computational optics system was
performing properly. This requirement is the change in depth of focus. The change in
DOF due to the wavefront coding was explained in the background section of this
document. The final DOF will be compared to the DOF of the original system. If this
system requirement is met, our proof of concept project can be considered a success.
Being able to meet this requirement influenced our choice of optics, mechanical
components, detector, and testing apparatus.

4

The system shall have an F/# less than 2.5 with blur size 2.44λF/#. (F/# < 2.5, Blur
size 2.44 λ wavelength F/#)
Having DOF as our most important metric, it was crucial that we be able to define
parameters that enabled us to meet that requirement. Having a low F/# means that we
will initially have a small DOF and will be able to increase it with our system, meeting
the DOF requirement.

5

The system shall have λ between 0.4µm and 15µm.
The electromagnetic spectrum gives plenty of wavelength options for our system to
work in. Choices included the visible spectrum (0.4 to 0.7 µm), the near infrared (0.7 µm
to 15 µm), and the near ultraviolet (0.1µm to 0.4 µm). Due to our imaging constraints,
we were given requirements to work within the visible and infrared ranges. This affected
the detector, optics, and testing apparatus that were chosen for our system as well as
the cost. We were to pick a wavelength range that maximized our system potential while
keeping it within budget.

6

The system shall have a maximum size of: 8"x8"x18"
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Size is not as important of an issue; however, we wanted to be able to easily transport
the entire setup so we were given a size constraint to work within.
7

The system shall weigh less than 50lbs.
Weight falls under the same category as size. We must be able to transport the whole
system with ease. This affected our choice in mechanical components.

8

The system shall have Full Field Of View (FFOV) less than 10 degrees.
This system requirement was one of the more difficult ones assigned to us. If the FFOV
exceeded much more than 10º, off-axis aberrations would compromise our system and
detract from the proof of concept. A less than 10º FFOV allowed us to make a choice in
detector and optics. The detector will satisfy this criterion with a FFOV of 6.1º.

9

The system shall have a processing speed of less than 10 seconds.
In order for our system to be effective, it must process the images in almost real time.
Our sponsors gave us the time constraint of less than ten seconds to complete the
entire digital image processing. Our detector, detector to DSP interface, and code will all
be affected by this requirement.

The system shall have software that is cross-platform, and can be transferred to
10 different users for use on any computer. (Software portability/cross-platform)
Our sponsors must be able to take the work that we have done and use it on their own
computers. If we were to create a program that only worked on one computer, the
project would be ineffective. This requirement affects the choice in software and
capabilities of the digital signal processor.
11 The system shall be completed by Senior Design Day.
The goal of the Engineering Senior Capstone class is to complete and present a full
project by Senior Design Day. This time requirement limits the exploration of custom
parts. We were compelled to search for different design options that would satisfy our
project but keep us within the time limits. Also, it affects the amount of time we have for
ordering parts, assembling the physical components, and programming the digital
image processor.
12 The system may include a business case.
The computational optics project lends itself to the creation of a business case. Our
sponsors highly suggested and support building a business case to be presented with
our final project on Senior Design Day. This is a stretch requirement, but we considered
how each element of our project could be utilized to build a strong business case.
18

13 The system shall have mechanical housing to hold the optical system.
For our system to be completely self-contained it would need a mechanical housing.
This will be custom built by us and will make the physical portion of the project easier to
handle. The choice of optics and mechanical components were affected by the choice
to have a mechanical housing.
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3.0 Brief Summary of PDR Results
3.1 Concepts Considered
During the design process, efforts were taken to not overlook different design
concepts, so instead of restricting ourselves down to three “choice” designs, a Quality
Function Deployment (from here on out will be referred to as QFD) was implemented to
account for all combinations of solution methods to each of our defined subsystems.
This process required both the team and the sponsors to weight each of the system
requirements based on importance. Each alternative within a subsystem solution set
was analyzed and given a score (in increments of 3 over the range of -9 to 9) as to how
it would affect each system requirement (whether positively or negatively). With every
subsystem’s alternatives weighted, a sum-product analysis was utilized in order to give
a quantitative value corresponding to that alternative to be compared with the other
solutions within that subsystem (note both the sponsor as well as the team had a
resulting value). The number that proves greatest within that subsystem results as the
chosen implementation and combining all subsystems will give a balanced system (all
subsystem “winners” need to be checked to see if any contradictions arise from
combination into one whole). In addition, different requirement focuses were generated
by weighing specific requirements more heavily than the rest (i.e. a cost focused system
will have the cost requirement weigh in at a 10 while everything else is rather low,
around a 3).
The final decided choice was a refractive system utilizing bought optics to image
onto a mechanically moveable, stand-alone CMOS detector, working in the visible
spectrum with no more than a 10 degree full field of view. The wave-front modulator to
be used will be an amplitude modulator (with a phase modulator option). The
programing will be Windows compatible primarily due to the fact that all sponsor
computing runs via Windows and testing will be quantified by means of an MTF test
through the use of an air force bar chart.
Other systems that were considered included a cost-conscious, scheduleconscious, performance-conscious, sponsor-optimized, as well as the balanced team
design. When the tabulated QFD scores were taken for each of these systems, and
compared to the sponsor-optimized score, the cost-effective system proved to be
inappropriate (all other systems fall closely enough to what the sponsor desired to be
considered).
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Figure 5: QFD Scores
The remaining four designs had ample number of requirements that were
common across the board except with respect to the lens to be used, the wave-front
modulator to be used, and the housing for the system to be considered. Due to the fact
that the schedule-conscious system is the only case utilizing a bought housing concept,
this system was ditched as well. In addition, the performance-oriented system was
eliminated due to the fact that the fast lens with iris concept is incorporated within the
sponsor optimized system. The final two systems (sponsor optimized and balanced
team) required negotiations, resulting in the team conceding to the combination concept
and utilization of an amplitude modulator (with a phase modulator as a stretch goal at
the desire of the sponsors).
Since the PDR, the only requirement that has needed to be addressed was the
maximum field of view requirement. The detector and single focus length lens have
been chosen with dimensions of 6.66 mm x 5.32 mm and 50 mm focal length,
respectively, which results in a FFOV of 6.1°, which is well within the decided full field of
view requirement. Other detectors that were considered needed to be “trimmed” as a
result of this requirement.
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Figure 6: QFD Analysis Ranking Scale
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4.0 Top-level Design of Final Design Concept
The overall system can be broken down into five major categories: the wavefront
modulator, the optical systems, the detector, the computational software, and the
mechanical housing. The wavefront modulator will be the coincident with the system’s
entrance pupil or aperture (depending on the modulator being used) and will induce a
large amount of aberration into the system (than what would normally be expected).
The incident rays will propagate through the lens system and, instead of having a small
region defined by the depth of focus, this region is smeared out over a larger range
defining the desired, larger depth of focus. The detector is then to be manually moved
through this region in order to obtain images at varying locations to demonstrate the
extended depth of field. In turn, the signal caught by the detector is then sent to the
Digital Signal Processor (DSP) in order to “clean-up” the induced aberration generated
by the wavefront modulator and minimize the aberration normally introduced by the
optical system. The entirety of the system will rest on a the Newport SA2 – 06x06
Optical Breadboard with the detector and lens system mounted by means of utilizing the
Newport SP-3 Post resting within the Newport 9607 Post Holder holding the Newport
VLH-3A Adjustable Clamps. The detector is moved by means of the Newport 460A-X
Linear Translation Stage moved by means of the Newport DM-13 Differential
Micrometer.
The system architecture can be clearly depicted in the OV1: Operational View
Class, Figure 7, and the SV1: System View, Figure 8. These diagrams have been
developed using the Department of Defense Architectural Framework (DODAF)
standards.
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Figure 7: OV1 Operational View Class Diagram
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Figure 8: SV1 System View
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5.0 Subsystem/Sub-assembly and Interface Design (Hardware)
5.1 Sub-Assemblies
5.1.1 Mechanical Subsystem
The mechanical subsystem has two major purposes: to uniquely define the
position of the components, and to provide fine adjustment of the position of the
detector. Holding the components in exact locations relative to each other is defined by
the chosen mechanical hardware. The position of the detector is defined by the
adjustment mechanism. All mechanical components interface with ¼-20 screws which
are standard in threaded and through holes from off-the-shelf components.

Figure 9: Mechanical Subsystem Components Assembled in SolidWorks
5.1.1.1 Mechanical Hardware
Mechanical Components
Optical Breadboard
Newport SA2-06x06
The optical breadboard is the base to which other components are
anchored. The specific part is a 6”x6” plate with ¼-20 threaded
holes in a 1” grid.
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Figure 10: Newport SA2-06x06 Optical Breadboard

Post Holders
Newport 9607
Post holders interface between the optical breadboard or linear
translation stage and the posts. There are ¼-20 threaded holes to
interface with the breadboard or linear translation stage and 0.5”
shaft in which the posts to slide. Post position can be locked with a
set screw.

Figure 11: Newport 9607 Post Holder
Posts

Newport SP-3
The 0.5” diameter posts allow interface and crude vertical
adjustment between the post holders and the optical elements.
There are 1/4 -20 female threads on one end and #8-32 male
threads on the other end. One post will interface to the adjustable
clamp to hold the lens. The second post will interface to the thread
adapter to connect to the detector.

Figure 12: Newport SP-3 Post
Adjustable Clamp
Newport VLH-3A
The adjustable clamp will hold the lens element in line with the
detector. The clamp spacing is adjusted by sliding along metal rails
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and locked in place using set screws. The adjustable clamp
interfaces with the post with #8-32 female threads.

Figure 13: Newport VLH-3A Adjustable Clamp
#8-32 to ¼-20 Thread Adapter
Thorlabs AS8E25E
The post top has #8-32 male threads and the detector has 1/4 -20
female threads. The thread adapter allows the post to interface
with the detector.

Figure 14: ThorLabs AS8E25E Thread Adapter

Mechanical Hardware Analysis
Newport.com and Thorlabs.com provided step files and mechanical
drawings for all off-the-shelf components. The step files were imported
into SolidWorks for interface analysis. Specific hole sizes, threads, and
spacing from the mechanical drawings were analyzed to ensure proper
interface.
5.1.1.2 Adjustment Mechanism
Components
Linear Translation Stage
Newport 460A-X
The linear translation stage allows the detector to be moved relative
to the lens. The stage interfaces with the optical breadboard using
¼-20 screws and has ¼-20 threaded holes for a post holder to be
attached on top. It uses ball bearings to translate in one direction
and has a set screw clamp interface for a micrometer actuator and
encoder.
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Figure 15: Newport 460A-X Linear Translation Stage

Differential Micrometer
Newport DM-13
The differential micrometer allows for fine adjustment of the
detector position with 0.5μm resolution (see Adjustment Mechanism
Analysis). The differential micrometer is the actuator and encoder
for the linear translation stage and interfaces using a set screw
clamp.

Figure 16: Newport DM-13 Differential Micrometer

Adjustment Mechanism Analysis
The adjustment mechanism needs to move the detector in fine increments
such that data will be collected for multiple locations inside and around the
depth of focus as defined by Figure 16.

Figure 17: DOF Equation
Considering the center wavelength of the visible spectrum, λ=0.55μm, and
the F/# defined by the chosen lens, F/1.4, the anticipated DOF is
4.312μm. To obtain many data points in this range, the differential
micrometer with fine adjustment resolution of 0.5μm is chosen.
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5.1.2 Optics
There will be two lenses purchased for this system: a fixed focal length lens and
a zoom lens. The fixed focal length lens is the Canon EF 50 mm f/1.4 USM lens with a
37 mm aperture. The zoom lens is a Sigma 70-300 mm f/4-5.6.
Fixed Focal Length

Zoom Lens

Canon EF 50mm f/1.4 USM

Sigma 70-300mm F/4-5.6

Figure 18: Canon EF 50mm f/1.4
USM

Figure 19: Sigma 70-300mm f/4-5.6

Each of these lenses were chosen based on
price, optical quality, aperture size, and testing requirement. The fixed focal length lens
is a simple lens that will be able to fit the coded aperture, either the amplitude modulator
or the phase modulator. . Some of the main points for the fixed focal length lens were its
low F/# of 1.4, short focal length of 50 mm and large aperture of 37 mm. The focal
length is important because it will give us the necessary room for mechanical
compensations as the detector is moving through the DOF.
The zoom lens has looser constraints due to the nature of the tests that will be
performed with it. The zoom lens is a redundant test for our system. Rather than varying
the DOF alone, we will vary the depth of field using defocus and prove that our
computational optics system works in this more realistic scenario.
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5.1.3 Detector
Originally, we had planned to purchase a CCD detector, but due to high costs
(greater than $2000) we changed our design to implement a CMOS detector. Some
differences between CCD and CMOS are highlighted in the table below.
CCD
High image quality due to voltage
transfer technique.
Better dynamic range
Uniformity
More expensive

CMOS
More contained voltage transfer from
each pixel.
More responsive
Faster image capture
Cheaper

Figure 20: CCD vs. CMOS

The CMOS detector that we ultimately decided on is the Thorlabs DCC1645C
High Resolution Color USB2.0 CMOS Camera with 1280 x 1024 pixel detector area.
This satisfies the FOV criteria of less than 10º. This detector has a limiting FOV of 6.1º.
Also, it is able to interface easily with a computer via a USB 2.0 port and has a built in
image acquisition software that we can easily access with our Matlab code.

Figure 21: Detector
5.1.4 Wavefront Modulator
Wavefront Modulators are utilized to introduce a known amount of aberration in
order to overwhelm inherent aberrations brought about by the lens system. Our team
will explore two different methods of creating such an induction and that will be done
through the insertion of an amplitude modulator for one case, and a phase modulator for
the other. After the light has traversed the system, the DSP will correct the output by
removing the known aberrations and in addition, correct for the inherent aberrations
within the system.
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5.1.4.1 Amplitude Modulator
The amplitude-modulator creates a binary switch at the aperture of the optical
system, blocking off predetermined rays of light that would normally have passed
through a specific location. Through these means, an object with a characteristic depth
will image to a single plane as depicted by Figure 22.

Figure 22: Amplitude Modulator
The characteristic of the amplitude modulator can be characterized by the equation:
∑

Where x and y represent coordinate values of a Euclidean system located at the plane
of the aperture. The amplitude modulator is to be made of cardstock-like material at a
very low cost.
5.1.4.2 Phase Modulator
Aberration is included by the phase plate due to the fact that there is a surface
characteristic to the plate (i.e. the surface is not rotationally symmetric). This introduces
a path difference that is dependent on the direction through the system that is taken,
causing different rays to focus over a spread region (evenly if utilizing a cubic phase
plate).
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Figure 23: Wavefront Modulator - Phase Plate

This phase modulator is made of N-BK7 glass and has a surface characterized by a
cubic function, i.e.
| |
| |
The phase-modulator is to be introduced into the system by placing it at the entrance
pupil of the optical system. This will have differing locations depending on the lens
system utilized (due to the fact that the project will use both a single-focus lens with iris
as well as a zoom lens for concept).
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6.0 Algorithm Description and Interface Document (Software)
In the computational optics program, there are two modules: the image acquiring
module and the image processing module. By using both of the modules, one can easily
take information from the CMOS detector and output high quality pictures. Both
modules are written in Matlab code.

6.1. Image Acquiring Module
The first module is used to read the data from the CMOS detector and export
image files in the speed of one picture per second. The image acquiring module has
three subsystems.
The first subsystem does all the preparation, including clearing the memory and
the work space, identifying the CMOS detector, and setting the parameters for the
CMOS detector.
The second subsystem builds a timer, which triggers once every second. Each
time the timer is triggered, one picture is captured from the video input (i.e. the third
subsystem of the image acquiring module), the second module is called in to analyze
the image and improve the quality of the image, and then the modified image is
exported as a new jpg file.
The third subsystem is the actual snapshot function. It previews the video
transmitted from the CMOS detector, takes the image, and saves it as a jpg file. This
snapshot function is called in each time the timer is triggered.
The image acquiring module will be approximately 80 lines long.

6.2. Pseudo Code of Image Acquiring Module
Main function:
Clear all the variables from the workspace
Read the information of the CMOS detector
Set the CMOS detector as the input device of Matlab
Set the TriggerRepeat and the FramesPerTrigger parameter
Preview the input video
Wait for 10 seconds to warm up the CMOS detector.
Set the timer which would trigger once per sec and called in the snapshot
function and the second module
Wait for input
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If input==1
Stop the timer
end

Snapshot function:
Read the object (the video)
Take snapshot
Change picture from green scale to RGB format
Export into *.jpg

6.3. Image Processing Module
The second module is to use Fourier Transform to improve the image quality.
Since the input image has COMA aberration in it, the module should be able to remove
the COMA aberration.
Once the image processing module is called, it will read the imported image into
the workspace. The function turns the picture from RGB into gray scale, then Fourier
transforms the image into the spatial frequency domain and de-convolves it. The
function turns the modified image back into the spatial domain to change the picture
back to RGB and export it as a new jpg file.
The image processing module will be approximately 50 lines long.

Figure 24: Flow Chart of Image Processing Module

6.4. Pseudo Code of Image Processing Module
Main function:
Import the image into the workspace
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Change the picture from rgb into grayscale
Read the size of the picture
Fit the de-convolution function into the picture size
Input the phase plate constant into the de-convolution function
Fourier-transforms the image
Calculate the product of the image and the de-convolution function
Inverse-Fourier-transforms the image
Change the picture from grayscale into rgb.
Export the image as *.jpg
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7.0 Analysis
7.1 Analysis of System Performance
System analysis was conducted to ensure that our system performs according to
the system requirements set out at the beginning of the system life cycle. The primary
means of system analysis can be seen in the ATIDS chart represented in Section 9.2
Verification and Validation. Further details of system analysis procedures can be found
in our Acceptance Test Plan, an appendix to this document. The key focus of system
analysis was conducted through MTF testing of images captured with the wavefront
modulated system. The details of MTF testing are explained below.
7.1.1 MTF Test
The system will be analyzed using a Modulation Transfer Function (MTF) Test to
see if the depth of focus increases with computational optics and by how much. It will
also be important in determining the SNR and setting a standard for the image quality of
the system. The MTF can be generated by a computer algorithm from the image
obtained by the detector. Images will be obtained at multiple locations within the depth
of focus by making fine adjustments with the differential micrometer.
7.1.1.1 Step by Step Process:
1. Start at a location about 5-10μm in front of best focus. Obtain image.
2. Use the differential micrometer to move the detector 0.5μm toward best
focus. Obtain new image.
3. Repeat translating the detector and obtaining images through the depth of
focus to collect data.
4. Computationally generate MTF plots for all obtained images.
5. Repeat the process with the wavefront modulation plate and
computational optics algorithms.
6. Compare the MTF plots through focus with and without computational
optics.
7.1.1.2 Expected Results
The MTF degrades from the diffraction limited ideal plot with increasing levels
of defocus. A nearly consistent MTF plot over consecutive detector locations
determines the depth of focus. It is expected that the MTF plots of the
original system will degrade quickly over a narrow range of detector positions.
Comparatively, the MTF plots of the computational optics system will be
nearly consistent over a wider range of detector positions. This expected
trend is illustrated in Figure 25.
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Figure 25: MTF Plot Expected Results
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8.0 Development Plan and Implementation
8.1 Milestone Schedule
The project life cycle can be broken down into Milestone events, which represent
defined progress events in the development of the project, and are depicted below in
Figure 8.1. The Fall 2011 semester is spent doing conceptual and detailed design of the
system. The main milestones for the Fall semester, from August 2011 through
December 2011, include the Concept of Operations Document (CONOPS), System
Requirements Review (SRR), Preliminary Design Review (PDR), Critical Design Review
(CDR), and Final Design Report (FDR). In the Spring semester the team will implement
the completed system design from January 2012 through May 2012. The development
plan will begin by ordering parts prior to Winter Break. Once the parts arrive they will
undergo inspection in order to ensure the parts meet the desired specifications and are
intact when they arrive.
From January through March of 2012 the team will focus on building the system
that has been designed. The build will consist of assembling the off-the-shelf
components, and manufacturing the wavefront modulator. During the system build there
will be testing conducted on individual components. Once the build is complete the
overall system will be tested to ensure that it meets all requirements. In April of 2012
there will be a Test Review to ensure that all testing has been conducted and is clearly
documented. After the testing is completed the team will begin to prepare for Senior
Design Day (SDD) which is May 1, 2012.
Concurrently during the entire development process there will be monthly
meetings with the sponsor, Customer Progress Reviews (CPR). These meetings are to
ensure that the team is meeting all customer desires and requirements and serve to
update the customer on the status of the system.
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CONOPS: Concept of Opera ons
SRR: System Requirements Review
PDR: Preliminary Design Review
CDR: Cri cal Design Review
FDR: Final Design Review
CPR: Customer Progress Review
SDD: Senior Design Day
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Figure 26: Fall 2011 Milestone Chart
CONOPS: Concept of Opera ons
SRR: System Requirements Review
PDR: Preliminary Design Review
CDR: Cri cal Design Review
FDR: Final Design Review
CPR: Customer Progress Review
SDD: Senior Design Day

Updated Milestone Chart
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Figure 27: Spring 2012 Milestone Chart
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9.0 Requirements Review / Acceptance Test Results / Performance
9.1 Acceptance Test Plan
The purpose of this acceptance test plan is to verify and validate team 4968’s
solution to Raytheon Missile Systems on the proposed senior design project of
designing a computational optics system to improve image quality for easy target
recognition.
The preliminary test plan is structured into an ATIDS Table (Analysis Test Inspection
Demonstration and Simulation). This format gives the opportunity of a visual verification
and validation of the system requirements.
Each requirement has been reviewed and evaluated to ensure compliance to the
system requirements and ultimately the customer’s need. Further documentation of the
Testing procedures can be seen in Appendix E: Acceptance Test Plan.

9.2 Verification and Validation
System Requirements Verification and Validation
The system requirements were derived from the customer and team needs. The
functional requirements are sub-requirements that are to be completed for an
operational optical system. The ATIDS Table, Figure 28, is used to break down all
system requirements and depict how each will be executed. Brief descriptions of the
tools used to execute the requirement are also listed.
These system requirements have been verified and confirm that the solution
satisfies the overall intent of the project.
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Figure 28: ATIDS

Functional Verification and Validation
After completion of the theoretical system validation and verification the actual
system functional testing was performed to validate our system. In order to validate that
our system was performing as desired each subsystem and hence each component had
to be tested individually. In order to conduct this testing we followed the validation flow
depicted in Figure 29 below. First, we had to measure and ensure the resolution of our
target image, the Airforce Bar Chart, was to the specifications required for accurate
MTF results. Second, the wavefront modulators had to be tested to ensure they met the
design specs desired when the functions were generated. Third, the lens system
specifications had to be studied, and the technical specs provided by the manufacturer
were used to validate that the lens met the desired quality. Likewise, the manufacturer
specifications of the detector were used to determine the quality of the detector in
conjunction with testing with simple code to interface with the computer.
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Figure 29: System Functional Validation Flow

9.3 Planned additional subsystem, component, and functional testing
Additional testing will be conducted once construction of the system is
completed. Using MTF plots at different detector locations, the system will be able to
depict whether the depth of focus increases with computational optics. This method of
testing will be a lead role in determining the power of computational optics. The system
will run MTF testing with a wavefront modulation system that will enact a computational
filter as an additional attempt to improve depth of focus in the computational optics
system.
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Figure 30: MTF Plots

9.4 Manufacturing and Assembly Plan
Manufacturing will begin in the midst of January upon arrival of functional
components. An assembly model for the system has been developed and scheduled for
assembly immediately to minimize lead-time or any obstacles during the manufacturing
stage.

Wavefront Coding
Detector
DSP

Test Apparatus

Optics
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Figure 31: System Assembly

Phase Plate Optimization
Prior to fabrication, a MatLab code was generated to determine the ideal edge
phase offset (compared to physical center of the plate) catered to the specifications
defined by the system (i.e. working f/#, focal length, etc.). This code runs through
multiple iterations in order to find a global maxima corresponding to our ideal case
however, there were difficulties in producing an appropriate cost function that would
result in a realistic outcome. As an alternative, we chose a range of phase plate values
(in wavelengths) defined by literature value to run through the computational
algorithm. Seven plates were fabricated; three 10 wavelength phase plates (at etch
depths of 3 μm, 4 μm, and 5μm), two 30 wavelength phase plates (at 4 and 5 μm etch
depths), and two 50 wavelength phase plates (at 4μm and 5μm depths).

Figure 32: Phase Plate Bit Map

Figure 33: Phase Plate Edge Profile

Using the quantitative results and their corresponding set ups, a design of experiments
was utilized in order to extrapolate how all plates within that range will perform as well
as define an optimized phase plate.
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Figure 34: Phase Plate MatLab Code

9.5 Design of Experiments
Design of Experiments (DOE) was used to narrow the testing field to find the
optimized system configuration using the least number of testing procedures. Three
different system parameters (number of waves, spatial frequency, and etch depth) were
set to high and low values and the effective change in depth of focus was measured.
The goal of the DOE optimization is to measure the effective change in depth of focus
obtained by using our computational optics system. For this DOE optimization the F/#
was set to infinity, and the target position was on axis.
Factor Name
# of waves
Etch depth
Spatial
Frequency

Factor Letter
A
B

Low Setting
10λ
4μm

High Setting
30λ
5μm

C

0.09

0.25

Figure 35: 3x2 DOE Factors
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Run
Order
1
2
3
4
5
6
7
8

# of
waves
10λ
10λ
10λ
10λ
30λ
30λ
30λ
30λ

Etch
depth
4μm
4μm
5μm
5μm
4μm
4μm
5μm
5μm

Spatial
Frequency AxB
0.09
1
0.25
1
0.09
-1
0.25
-1
0.09
-1
0.25
-1
0.09
1
0.25
1

AxC
1
-1
1
-1
-1
1
-1
1

BxC
1
-1
-1
1
1
-1
-1
1

Change in
DOF
5.74016
13.7862
9.05929
21.0805
9.60597
27.0132
19.3291
19.4271

AxBxC
-1
1
1
-1
1
-1
-1
1

Figure 36: DOE Matrix

The interactions between the factors being evaluated can be determined by using the
results generated by the 8 different combinations of system factors tested. The effect
value associated with each factor is then used in an equation to explain the overall
system.
Interactions:
AxB
interactions

High (+1)
settings
Low (-1)
settings
Effect

AxC
interactions

BxC
interactions

AxBxC
interactions

A

B

C

14.57064

15.3099375

13.9634325

12.96964

18.843842
5

17.223997
5

20.32675

16.68974

15.9504425

17.2969475

18.29074

12.416537
5

14.036382
5

10.93363

-2.1191

-0.640505

-3.333515

-5.3211

6.427305

3.187615

9.39312

Figure 37: Factor Interactions Matrix

Effect of Interactions
12
9.39312

10
8

6.427305

6
3.187615

4
2

Effect

0
-2
-4
-6
-8

AxB
AxC
BxC
AxBxC
-0.640505
interactions
interactions
interactions
interactions
-2.1191
-3.333515

A

B

C

-5.3211

Figure 38: Effect of Interactions
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Figure 39: DOE Optimized Surface

The surface generated by the resulting changes in depth of focus can be used to
optimize our system. This in turn stipulates which phase plate is optimum in order to
increase the depth of focus of a system. The ideal phase plate configuration that
generates the larges depth of focus increase is at 10 waves, a 4 micron etch depth, and
½ Nyquist spatial frequency.
Phase plate optimization equation:

This equation can be used to determine the impacts on depth of focus of various design
considerations. The coefficients relate to the interactions determined through the DOE
analysis. The DOE determined that spatial frequency has the largest impact on the
depth of focus of the system, with a weighting of 9.39. In turn, the etch depth has the
least impact on the depth of focus of the system.
Future Developments
In order to further understand the effects of computational optics a higher fidelity
optimization can be conducted with a larger state space. Some additional factors that
could be used in a DOE optimization would be F/# and target position. Additionally,
multiple amplitude modulators could be developed and tested on the optical system. A
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comparison between the results obtained from phase plate modulation versus amplitude
modulation would be a valuable analysis.

9.6 Results
As a result of the testing conducted in accordance with the design of experiments
a function characterizing our system was defined. This theoretical function determines
the impact of phase plate design characteristics to the resulting change in depth of
focus of the system. Each design characteristic, number of waves, spatial frequency,
and etch depth, is given a certain weight corresponding to their individual impacts on
system performance. The resulting function can be used in future system designs to
decide upon a specific phase plate design and be able to predict the outcome of those
design options. Overall, we increased the depth of focus of our system by 27 times
when compared with the original system not using computational optics.

Figure 40: Improved MTF charts

Figure 41: Improved depth of field
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10.0 Closure
Overall, our project turned out to be a great success. We were able to meet all
system requirements set out by our sponsors at the beginning of the project. There are
currently many theoretical applications of computational optics, but none of them have
been successfully implemented and tested; until now. Our project was able to design,
implement, test, and optimize a computational optics platform to increase depth of
focus. The developments generated by the results of our project are something that has
never been done before. Due to this accomplishment we have been accepted to
present our findings at the OSA Conference in June 2012. The OSA Conference is a
world renowned conference of experts in the optics industry, and a great honor to be
selected to present.
The depth of focus of the system was increased by 27 times using computational
optics, something that will lead to many benefits for a missile application. Raytheon
would be able to reduce the tolerances when manufacturing their optical system,
resulting in drastically reduced costs. The optical components themselves could be of a
lower quality due to the increased performance generated by using computational
optics.
There were a few reach goals that were considered for our project but were
determined to be outside the scope of our project in the given time. These goals were to
create a business case for using computational optics, by analyzing the cost benefits of
implementing the given results. Another reach goal was to use multiple amplitude
modulators paired with the corresponding algorithms and compare the change in depth
of focus using this method with the change in depth of focus through phase modulation.
If this project was to be extended for another year then the amplitude modulators would
be a primary focus. Another improvement would be to increase the image quality of the
raw data collected via the detector. The images we collected were JPEG images, which
were not the highest quality possible. The image quality collected caused noise in the
MTF plots due to loss of information when converted to JPEG.
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Appendix A: Engineering Drawings
Hardware: SolidWorks Drawings

Figure 42: SolidWorks System Diagram

Figure 43: Assembled Modulation Plate Holder

Figure 44: Modulation Plate Holder
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Figure 45: Amplitude Modulator

Software

Figure 46: Phase Plate Bit Map

Figure 47: Phase Plate Edge Profile
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Figure 48: Phase Plate MatLab Code
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Figure 49: System Functional Flow Chart

Appendix B: Budget and Suppliers
Budget & Bill of Materials
For the computational optics program, the total budget is $3000.
The zoom lens will be purchased from amazon.com. Matlab software and the phase
plate will be provided by the University of Arizona. The air force bar chart, the detector,
the optical stage, holder, post, adapter, clamp, and the micrometer will be provided by
the sponsor Raytheon.
The total cost will be $1805.
The longest lead time will be 7 business days.
The detailed bill of materials is shown in Figure 50.
Component

Number

Brand/Name/Type

Price

Vendor

Delivery

Total

Total

Time

Delivery

Cost

Cost
Air force bar

1

Air force barchart

Free

Sponsor/Raytheon

N/A

N/A

$0

1

Wavefront

$106.00

Solid Concepts

7 business

$32.47

$138

0

$100

$46

$405

$15

$185

$8.38

$353

chart
Wavefront
Modulator
Phase plate
Fixed Focal

Modulator
1

Cubic Phase Plate

days
$100

UA Optical Sciences

1 business

Department

days
7 business

1

Canon

$359

Amazon.com

Zoom Lens

1

Sigma

$170

Amazon.com

Detector

1

Thor Labs

$345

Sponsor/Raytheon

Length lens

days
7 business
days
DCC1545M

3 business
days

DSP-Processor

1

Matlab 2011B

Free

University of Arizona

N/A

N/A

$0

Optical

1

Newport SA2-06x06

$50

Sponsor/Raytheon

4 business

$14.43

$64

$14.43

$214

$14.43

$464

$8.00

$74

$14.43

$24

$14.43

$20

$8.38

$12

Breadboard

days

6"x6"
Linear

2

Newport 460A-X

$199.99

Newport/Raytheon

Translation Stage
Differential

days
1

Newport DM-13

$449.99

Sponsor/Raytheon

1

Newport SM-13

$65.99

Newport

Post Holder

2

Newport 9607

$9.88

Sponsor/Raytheon

Post

2

Newport SP-3

$5.99

Sponsor/Raytheon

Micrometer
Vernier

4 business
4 business
days

Micrometer

7 business
days
4 business
days
4 business
days

Threaded
Adapter

1

Thorlabs AS8E25E

$4.10

Sponsor/Raytheon

3 business
days
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Adjustable Clamp

1

Newport VLH-3A

$113.99

Sponsor/Raytheon

Post Collars

4

Thorlabs R2

$3.33

Thorlabs

Design Day

1

Poster

$80.00

Fast Copy

4 business

$14.43

$128

$8.38

$12

$0.00

$80

$0.00

$50

$13.81

$53

days
7 business
days
Materials
Enclosure

days
1

2 ply wood

$45.36

Home Depot

Materials
Green Filter

7 business
1 business
day

3

NT54-768

$39.50

Edmund Optics

4 business
days

Total cost/max deliver time

7 business

$2,376.00

days

Figure 50: Bill of Materials
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Appendix C: Project Management
Project management has been thoroughly conducted throughout the project
design life cycle. As part of the project management, a clear schedule has been
defined, resources have been allocated, and the deliverables have been defined. Hours
prior to each meeting a clear Agenda is set and posted in the Engineering Notebook for
the team to view and edit. Action items can then be added to the agenda by any team
member and will be promptly discussed in the subsequent meeting. During each weekly
meeting the notes are recorded and posted in the Engineering Notebook on the D2L
website.

Schedule
All tasks that were set out at the beginning of the project were successfully
completed. Please reference Figure 26 and Figure 27 above, the Project Milestone
Charts for more detailed work breakdown. We have also depicted our schedule using
an MS Project Gantt Chart shown below.

Schedule
MS Project Gan Chart:

System Design

System Test
Requirements

Background

Purpose

Next Steps

Progress Update

Figure 51: Schedule Gantt Chart
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In addition to the original project scope the team pursued the Optical Science
Association (OSA) Conference via a formal paper and presentation to occur in the
Summer of 2012.

Resource Allocation
Resource allocation, including costs:
Resource
MatLab Software
Professor Milster’s Lab
UofA Machine Shop
Optics Building Conference Room
Assembly Location/Lena’s House

Cost
Free
Free
Free
Free
Free

Deliverables
Major Deliverables and dates for completion:
Deliverable
ConOps
9/21/11
SRR
9/27/11
SRR Memorandum
10/4/11
PDR Presentation
10/25/11
Peer Review Memo
11/3/11
CDR Presentation
11/15/11
Peer Review Memo
12/6/11
CDR Report
12/7/11
Spring Presentation 1
2/2/12
Spring Presentation 2
3/1/12
Spring Presentation 3
4/5/12
Design Day Practice Presentation
4/26/12
Senior Design Day
5/1/12

Completion Date
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Appendix D: Risk Analysis & Mitigation Plan
11.1 Purpose
The purpose of the Risk Assessment Analysis is to identify potential risks that
could detriment the usability of the project design. Each risk has an assigned mitigation
plan in the occurrence of it happening.

11.2 Risk Analysis
Each risk is assigned a probability factor from 0 to 1.0 in likelihood of occurring
and severity of the occurrence. From those probabilities a risk factor was derived from
the product of likelihood against severity. The risk factor is a determination of how high
the risk is and a tool to conclude the priority of mitigation.

Figure 52: Risk Scores
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Figure 53: Risk Analysis

11.3 Risk Mitigation Plan
The risk analysis chart in Figure 52 depicts various risks that have a high potency
of occurring with high severity. A mitigation plan has been assigned per risk displayed in
Figure 53. The most critical risk that the design could encounter is risk number 9 (R-9).
It is very important that the developed algorithm works correctly in order for the system
to function and conduct system-testing requirements. A risk burn down chart was
developed according to schedule constraints to drive the high risk factor of R-9 to a
safety zone. The techniques implemented to lower the risk factor of R-9 are depicted in
Figure 54.
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Figure 54: Risk Burn Down Chart

11.4 Risk Summary
Team 4968 is determined to overcome all obstacles. The risks determined at an
early stage are an advantage for the long-term project. The team is expected to run into
issues during the next stages of the design, but, with all the mitigation plans in place,
the probability of any risk not being under control is minimal. In theory, all risks have
been considered as high risk in order to be well prepared in case they do occur and will
be mitigated according to their severity.
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Appendix E: Acceptance Test Plan

Acceptance Test Plan Table of Contents
Definitions & Abbreviations .................................................................................................... 9
1.0 Introduction .................................................................................................................... 11
1.1 Scope of Document ............................................................................................................................................................. 11
1.2 Changes since Critical Design Review ....................................................................................................................... 11
1.3 Problem Statement ............................................................................................................................................................. 11
1.3.1 Wavefront coding .........................................................................................................................................................11
1.3.2 Change in DOF................................................................................................................................................................12
1.4 Scope of Project .................................................................................................................................................................... 13
1.5 What the product is expected to do ............................................................................................................................ 13
1.6 Description of Customer .................................................................................................................................................. 14

2.0 System Requirements ..................................................................................................... 16
2.1 Summary of Requirements ............................................................................................................................................. 16
2.2 Functional Decomposition of Requirements ......................................................................................................... 16

3.0 Brief Summary of PDR Results ......................................................................................... 21
3.1 Concepts Considered ......................................................................................................................................................... 21

4.0 Top-level Design of Final Design Concept ........................................................................ 23
5.0 Subsystem/Sub-assembly and Interface Design (Hardware) ............................................ 26
5.1 Sub-Assemblies .................................................................................................................................................................... 29
5.1.1 Mechanical Subsystem................................................................................................................................................29
5.1.2 Optics .................................................................................................................................................................................33
5.1.3 Detector ............................................................................................................................................................................34
5.1.4Wavefront Modulator ..................................................................................................................................................34
5.1.4.1 Amplitude Modulator ..............................................................................................................................................35
5.1.4.2 Phase Modulator .......................................................................................................................................................35
5.2 Design Specifications for Interfaces .............................................................Error! Bookmark not defined.

6.0 Algorithm Description and Interface Document (Software) ............................................. 38
6.1. Image Acquiring Module ................................................................................................................................................. 38
6.2. Pseudo Code of Image Acquiring Module ............................................................................................................... 38
6.3. Image Processing Module............................................................................................................................................... 39
6.4. Pseudo Code of Image Processing Module ............................................................................................................. 39

7.0 Analysis ........................................................................................................................... 42
7.1 Analysis of System Performance .................................................................................................................................. 42
7.1.1 MTF Test ...........................................................................................................................................................................42

8.0 Development Plan and Implementation .......................................................................... 45
8.1 Milestone Schedule ............................................................................................................................................................. 45

9.0 Requirements Review / Acceptance Test Results / Performance ..................................... 48
9.1 Acceptance Test Plan ......................................................................................................................................................... 48
9.2 Verification and Validation of System Requirements ........................................................................................ 48

72

9.3 Planned additional subsystem, component, and functional testing ........................................................... 50
9.4 Manufacturing and Assembly Plan ............................................................................................................................. 51

10.0 Closure .......................................................................................................................... 56
References ............................................................................................................................ 58
Appendix A: Engineering Drawings ....................................................................................... 59
Appendix B: Budget and Suppliers ........................................................................................ 64
Budget & Bill of Materials ....................................................................................................................................................... 65

Appendix C: Project Management ......................................................................................... 67
Schedule Status ............................................................................................................................................................................ 67
Resource Allocation ................................................................................................................................................................... 68
Deliverables ................................................................................................................................................................................... 68

Appendix D: Risk Analysis & Mitigation Plan ......................................................................... 69
11.1 Purpose .................................................................................................................................................................................. 69
11.2 Risk Analysis ....................................................................................................................................................................... 69
11.3 Risk Mitigation Plan......................................................................................................................................................... 70
11.4 Risk Summary .................................................................................................................................................................... 71

Appendix E: Acceptance Test Plan ......................................................................................... 72
1.0 Scope .............................................................................................................................. 74
2.0 Supporting Documents ........................................................... Error! Bookmark not defined.
3.0 Facilities & Equipment .................................................................................................... 74
4.0 Test Conditions ............................................................................................................... 75
5.0 Safety Conditions ............................................................................................................ 75
6.0 Test Procedures .............................................................................................................. 75
6.1 SNR Test ................................................................................................................................................................................... 75
6.1.1 Purpose .............................................................................................................................................................................76
6.1.2 Action .................................................................................................................................................................................76
6.2 Depth of Focus Test ............................................................................................................................................................ 76
6.2.1 Purpose .............................................................................................................................................................................76
6.2.2 Properties ............................................................................................................ Error! Bookmark not defined.
6.2.3 Action .................................................................................................................................................................................76
6.3 Weight Test ............................................................................................................................................................................ 77
6.3.1 Purpose .............................................................................................................................................................................77
6.3.2 Properties .........................................................................................................................................................................77
6.3.3 Action .................................................................................................................................................................................77
6.4 Size Test ................................................................................................................................................................................... 77
6.4.1 Purpose .............................................................................................................................................................................77
6.4.2 Properties .........................................................................................................................................................................77
6.4.3 Action .................................................................................................................................................................................77
6.5 FFOV Test ................................................................................................................................................................................ 77
6.5.1 Purpose .............................................................................................................................................................................77
6.5.2 Properties ............................................................................................................ Error! Bookmark not defined.
6.5.3 Action .................................................................................................................................................................................77

73

6.6 Software Compatibility ..................................................................................................................................................... 78
6.6.1 Purpose .............................................................................................................................................................................78
6.6.2 Action .................................................................................................................................................................................78
6.7 Processing Speed Test....................................................................................................................................................... 78
6.7.1 Purpose .............................................................................................................................................................................78
6.7.2 Action .................................................................................................................................................................................78
6.8 Housing..................................................................................................................................................................................... 78
6.8.1 Purpose .............................................................................................................................................................................78
6.8.2 Action .................................................................................................................................................................................78
6.9 MTF Test .................................................................................................................................................................................. 78
6.9.1 Purpose .............................................................................................................................................................................78
6.9.2 Properties ............................................................................................................ Error! Bookmark not defined.
6.9.3 Action .................................................................................................................................................................................79
6.10 Phase Plate Verification ................................................................................................................................................. 79
6.10.1 Purpose ...........................................................................................................................................................................79
6.10.2 Action ..............................................................................................................................................................................79

7.0 Appendices ............................................................................ Error! Bookmark not defined.
7.1 ATIDS Chart ..............................................................................................................Error! Bookmark not defined.
7.2 Sample Test ..............................................................................................................Error! Bookmark not defined.

1.0 Scope
The primary purpose of this document is to record all of the test requirements in
the Computational Optics senior design project. This document will detail all required
aspects of successfully completing system testing. This includes the facilities and
equipment required, test conditions required, safety conditions, and the actual test
procedures. For each individual test the test will be broken down into the purpose, the
properties, and the required actions. The testing actions required will be broken down
into the lowest detail, and will provide clear directions in order to allow for replication. As
a result of the tests outlined a flow of tests can be created and will be included in this
document.

2.0 Facilities & Equipment
The testing for this system needs to be conducted in a facility that allows for adequate
space and lighting. The key component to all optical tests is to maintain a controlled
lighting environment that is consistent from test to test. In order to ensure this test
environment all optical tests will be performed with an enclosure covering the optical
system and a consistent light source. The equipment necessary to complete the tests is
listed below, as well as within each test procedure.
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Equipment:
Windows Computer

Quantity:
Windows 7

Detector
Lens
Enclosure
ImaTest Software
MatLab code
Scale
Measuring Tape
Table
Green Filter
Music Stand
Tape
Lens Cleaner

Scientific grade
High Quality, low F/#
Precisely measured
Free Trial

Lab grade

Test used for:
Processing Speed Test,
Software Compatability
FFOV, SNR, DOF
FFOV, SNR, DOF
Size Test
SNR, DOF
Processing Speed Test
Weight Test
Size Test
All testing
MTF
All testing
Target image
All lens testing

3.0 Test Conditions
The computational optics system will be tested in normal conditions. This refers
to a covered area in room temperature. The system must avoid lighting to provide the
best performance. The system must also be in a standalone position without impact of
wind or rain.

4.0 Safety Conditions
In order to ensure the safety of all personnel and equipment involved in testing
procedures various safety considerations must be taken into account. The safety rules
that should be followed are listed below:
1. The system shall not be moved while the detector and computer are
connected.
2. The system shall be kept in a space free of liquid contaminants.
3. When fabricating new hardware, all recommended safety measures provided
by manufacturer of tools used must be abided.

5.0 Test Procedures
5.1 SNR Test
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5.1.1 Purpose
Signal to noise ratio is known as SNR. It is a number to represent the comparison of a
desired signal to the level of the back ground noise during a scientific procedure.
When it comes to the Computational Optics Project, the SNR simply represents the
comparison of the level of the desired image data versus the unwanted image pixel.
5.1.2 Action
To implement the SNR test, one should convert the entire image into gray-scale. And
the SNR for image test can be obtained by:
SNR=∑ ∑

∑

5.2 Depth of Focus Test
Use MTF analysis at different detector locations to test the depth of focus.
5.2.1 Purpose
Use MTF acceptability at different detector locations to determine the system
depth of focus.
5.2.2 Action
1. Use equation DOF=
to determine anticipated depth of focus to be
approximately 4.3μm.
2. Set up lens and detector system on an optical breadboard with a translation stage
and a micrometer allowing 0.5μm resolution.
3. Place Air Force MTF Bar Chart target approximately 5m from lens.
4. Adjust the detector location to find best focus by visual observation.
5. Translate the detector inside focus approximately 25μm using the micrometer.
6. Capture the image with the detector.
7. Perform MTF Test to analyze image acceptability.
8. Translate micrometer back toward focus in 0.5μm increments over a 50μm range and
repeat image capture and analysis at every increment.
9. Depth of focus is determined by the location where the MTF plot first satisfies the
acceptability requirements to the location where the MTF no longer satisfies the
acceptability requirements.
10. Insert the phase plate into the mechanical system and repeat the whole process.
11. Compare the depth of focus with and without the phase plate to determine the
improvement ratio.
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5.3 Weight Test
5.3.1 Purpose
The weight test will be conducted determine if the weight of the system is under the
allocated requirement provided by Raytheon Missile Systems.
5.3.2 Properties
Apparatus: Official weighing scale.
5.3.3 Action
1. All system equipment must be connected and test ready.
2. Lay system equipment on weighing scale.
3. Record weight measurement.
4. Compare weight measurement with the allocated weight capacity given by the
requirement.

5.4 Size Test
5.4.1 Purpose
The size test will be conducted to determine if the size of the system is under the
allocated requirement proved by Raytheon Missile Systems.
5.4.2 Properties
Apparatus: Tape measure.
5.4.3 Action
1. All system equipment must be connected and test ready.
2. Locate system in a standalone location.
3. Measure and record length.
4. Measure and record width.
5. Measure and record height.
6. Compare size measurements with the allocated dimensions given by the requirement.

5.5 FFOV Test
5.5.1 Purpose
1. Determine the system full field of view.
2. Determine the lens full field of view and detector field of view.
5.5.2 Action
1. Place an object at a known distance from the optical system.
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2. Measure amount of object seen by detector.
3. Calculate FFOV by the θ = tan-1(Height/Distance)

5.6 Software Compatibility
Test to make sure it works on Windows
5.6.1 Purpose
The purpose of the software compatibility test is to evaluate if the project is feasible.
The software system should work smoothly on the windows platform and be able to do
the image analysis as demanded.
5.6.2 Action
Testing the software system is simple. Run the “run.m” file in Matlab software while the
detector is turned on. After 10 second of “warm-up” time, one quality-improved image
file should be generated for each second.

5.7 Processing Speed Test
5.7.1 Purpose
The purpose for testing the speed is to evaluate the performance of the system.
5.7.2 Action
To test the processing speed, one should use the “tic”,”toc” function in Matlab to
calculate the runtime of the program.

5.8 Housing
5.8.1 Purpose
The purpose of this test is to verify that there is housing present in order to meet the
requirement presented by the sponsor, as well as protect the system from ambient light
and damage.
5.8.2 Action
1. Visually verify if there is housing present.
2. If yes, verify that all visible light is blocked from optical system by enclosure.

5.9 MTF Test
5.9.1 Purpose
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Determine if the images processed by the system are of acceptable quality. The basis
for determining acceptability is if the images have at least 50% contrast at 30 lp/mm and
30% contrast at 50 lp/mm (50-30/ 30-50 bases).
5.9.2 Action
1. Import image from Matlab post-processing into Imatest MTF Analysis software.
2. Compare Imatest MTF results to diffraction limited MTF and 50-30/ 30-50 bases to
determine image acceptability.

5.10 Phase Plate Verification
5.10.1 Purpose
Verification that the phase plate is working as it should requires topographical testing of
its surface to ensure that the end result is an accurate physical representation of the
optimized profile. Optimizing the profile requires simulation in the form of Matlab code
to obtain average Zernike coefficients characterizing the system the phase plate is to
integrate with. To verify that the intermediary image (drastically blurred image as a
byproduct of the phase plate) is what it is supposed to be requires coordination and onsite testing of the computational code to produce a depth invariant output.
5.10.2 Action
1.
2.
3.
4.
5.

Simulate Canon 50 mm fixed focal length to obtain Zernike coefficients.
Input phase profile to obtain PSF’s for varying image plane locations and optimize.
Fabricate plate and verify topology with Professor Milster’s profilometer.
Run tests and correct blur with code to verify phase plate works.
If plate doesn’t meet expectations, rinse and repeat steps 3 and 4.

5.11 Test Case Specification Form
For each test we clearly documented our work using the Test Case Specification Form,
an example of which can be seen below. This form measures all of the test
configurations, such as target distance, filter used, initial micrometer position, final
micrometer position, and data file and folder names.
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Test Case Specification Form
Date:

Step #:
Step 1
Step 2
Step 3

Step 4
Step 5

Step 6
Step 7

Step 8
Step 9
Step 10

Step 11

Test #

Phase Plate

Measurements

Results

1

4/9/2012

Instructions
Set up system: lens in clamp, detector on translation stage, box over system,
detector attached to computer, MTF bar chart slanted on stand 10 feet from
box.
Attach green filter to plate holder.
Attach the phase plate to the plate holder.

Find best focus visually with feed to computer. Record micrometer position [1]
Translate detector inside focus until visual contrast depletes significantly.
Divide micrometer translation ([1]-[2]) into approximately 25 increments or
increments of easy division (i.e. 1micron, 5 micron, etc.). Note increment length
and keep as standard Δx.
Take image at current micrometer position. Label as “TEST#_F(/#)
_IMG_(POSITION)” and place it in the folder labeled “TEST#_F(/#)_IMG”.
Translate to next micrometer position and take image. Label accordingly.
Repeat until approximately 25 images are collected on either side of best focus
(about 51 total).
Use ImaTest to obtain the MTF from each of the collected images. Label each
MTF “TEST#_F(/#)_MTF_(POSITION)” and place it in the folder labeled
Focus on different parts of the collected images to get off-axis MTFs.
“TEST#_F(/#)_MTF_(POSITION)_FIELD#” and place in the folder labeled
Consider the MTF near best focus that is closest to the diffraction limited
system.
a. Locate the spatial frequency at which the contrast is 80% of full contrast.
Record this spatial frequency and label it as C80. Repeat to record spatial
frequencies at which the contrast is 50% and 30% of full contrast (C50 and C30,
respectfully)

Distance from Target
Green filter (y/n)
Phase Plate etching depth
# of waves

10 ft
no
4
10

Initial micrometer position
Defocus micrometer position

3.96 mm
4.061 mm

Micrometer step size
File Name
Folder Name

0.001 mm
PP10_4_MINF_MOUNT_0409_1um
TEST#_F/#_IMG

# of Images
File Name
Folder Name
File Name
Folder Name

101
TEST#_F/#_MTF_POSITION
PP10_4_MINF_MOUNT_0409_1um
TEST#_F/#_MTF_POSITION_FIELD#
PP10_4_MINF_MOUNT_0409_1um
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