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Abstract

The primary objective of this grant is to conduct new, groundbreaking research on agile
autonomous munitions, in direct support of the Air Force Research Laboratory Munitions
Directorate (AFRL/MN). The grant was awarded with a basic period of performance from 1
April 03 to 31 Dec 03 with three options that could be exercised: option 1, 1 Jan 04 to 31 Dec
04; option 2, 1 Jan 05 to 31 Dec 05; option 3, 1 Jan 06 to 31 March 06. All three of these
options were exercised. The basic grant and three options had (2) major research thrusts: (1) The
Center for Agile Autonomous Flight and (2) Improving Robustness of Modeling and Simulation
(IRMS). The Center for Agile Autonomous Flight had (5) research task areas:

Aeroforms and Actuation for Small and Micro Agile Air Vehicles
Sensing for Autonomous Control and Surveillance

Closed-loop Aerodynamic Flow Control

Cooperative Control for Agile and Autonomous Vehicles
Laboratory Facilities

Nk LN

The research thrust for Improving Robustness of Modeling and Simulation (IRMS) had 2
research task areas:

1. Modeling and Simulation of localization and failure of solids (HCP metals, cement like
materials, and ceramics)
2. Modeling of strength characteristics of conductive fiber composites

During this three year time period significant advancements were made modeling behavior of
shape memory alloys for wing warping applications, shape optimization of piezoceramic
composite micro actuators, development of a visualization lab for modeling vision based
guidance algorithms, concept development of a rapid prototyping and aero characterization lab,
vision based control of autonomous vehicles, cooperative flight of autonomous aerial vehicles
using GPS and vision information, cooperative and sharing of information in search missions
involving multiple autonomous agents, multi-scale modeling of hexagonal closed pack metals,
characterization and modeling of cement like materials involved in munitions penetration,
modeling and simulation of ceramic matrix composites, and mechanical response of composites
in the presents of electromagnetic fields.

Although the original 3 year grant was to conclude March 06, a grant extension was awarded in
April 06 that extended the period of performance to 30 Nov 06 and added (5) tasks (original
thrust areas and focus areas were concluded as of 31 March 06). The following tasks were
added:




Full Vehicle Prototyping

Integrated Visual-servo Control

Aerodynamic and Structural Characterization

Control of Biologically Inspired Morphing

Computational Aerodynamics of Flexible and Flapping Wings

S

This effort was executed under the Agile Autonomous Munitions Center of Excellence (AAM
COE), which operates as a focus area within the UF-REEF (University of Florida Research and
Engineering Educational Facility). The AAM COE serves as a focal point for the research,
development and transition of technologies necessary to attain agile, smart munitions operating
autonomously or cooperatively in complex, uncertain, adversarial (urban) environments. The
Research Institute on Autonomous Precision-Guided Systems (RIAPGS) was developed jointly
by the REEF and AFRL/MN as a refinement of the existing partnership between the REEF and
Eglin AFB. The RIAPGS Grant includes on-site researchers to finalize and utilize the
infrastructure created by the FY04 (4 Hardware-in-the-Loop Experiment and Simulation Facility
for Vision-Based Control of Micro-Munitions) and FY05 (Rapid Prototyping, Aerodynamic
Characterization, and Hardware in-the-Loop Simulation for Small, Agile Autonomous
Munitions) DURIP grants and addresses research directions that have been identified as critical
barriers in AAM, but are not covered in the scope of the AVCAAF (Vision-Based Control of
Agile, Autonomous Micro Air Vehicles and Small UAVs in Urban Environments) grant,
Significant advancements include: autonomous or human localized feature point tracking and
autonomous closed loop servo control demonstrated in the REEF Visualization Lab; accurate
CFD simulations of a dynamic, flexible wing in low Reynolds number flow characterized with
laminar separation and transition; morphing MAV vehicle designed, built, and flown based on
biologically inspired gull wing.

A second extension (no cost) was added to the contract with the period of performance from 1
Dec 06 to 28 Feb 07. This extension continued the development under the 5 new tasks and used
unexpended money under the grant to continue the effort.

The grant initiated in April 03 has had three principal investigators:

Dr. Pasquale Sforza (CY 03)

Dr. Andrew Kurdila (CY 04)

Dr. John Rogacki (CY05-07)

Starting 1 April 06 the following co-principal investigators were identified:

Dr. R.C. Lind
Dr. Warren Dixon

Starting 1 Dec 06 Dr. Lawrence Ukeiley was added as a co-principal investigator

Research under the 5 new task areas will continue into the CY07 and CY 08 with the expected
award of a new (2) year grant in March 07.




Overview of the Original Three Year Grant

As stated in the abstract the grant awarded on 1 April 03 had a basic period of performance of (9)
months followed by 2 optional 1 year increments and then finally an option for a 3 month
increment taking the grant to 31 March 06. All of the options were exercised. The grant during
this time period had two major thrust areas (1) The Center for Agile Autonomous Flight and (2)
Improving Robustness of Modeling and Simulation (IRMS). The Center for Agile Autonomous
Flight had (5) research task areas:

Aeroforms and Actuation for Small and Micro Agile Air Vehicles
Sensing for Autonomous Control and Surveillance

Closed-loop Aerodynamic Flow Control

Cooperative Control for Agile and Autonomous Vehicles

0. Laboratory Facilities
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The research thrust for Improving Robustness of Modeling and Simulation (IRMS) had (2
Jresearch task areas:

3. Modeling and Simulation of localization and failure of solids (HCP metals, cement like
materials, and ceramics
4. Modeling of strength characteristics of conductive fiber composites

Annual reports were submitted in CY 03 (appendix A), CY04 (appendix B), and CY 05
(appendix C) that documented the grant activities in the following areas:

Research projects progress and accomplishments
Researchers supported by the grant

Publications and references

Honors and awards

AFRL points of contacts

Transitions

Discoveries

Refer to those appendices A, B, and C for the above subjects during the three year grant period 1
April 03 to 31 March 06.

Overview of Grant Extension Periods
The grant extension periods began 1 April 06 and ended with the no cost extension to 28 Feb 07.
The original focus areas and tasks under the 3 year grant ended 31 March 06 and the grant

extension added the (5) new tasks listed below:

1. Full Vehicle Prototyping
2. Integrated Visual-servo Control




3. Aerodynamic and Structural Characterization
4. Control of Biologically Inspired Morphing
5. Computational Aerodynamics of Flexible and Flapping Wings

An annual report was submitted on these tasks in Aug 06 (appendix D) that documented the grant
activities in the following areas:

Research projects progress and accomplishments
Researchers supported by the grant

Publications and references

Honors and awards

AFRL points of contacts

Transitions

Discoveries

Refer to appendix D for the above subjects during the grant period 1 April 06 to 31 Aug 06.
The remainder of the grant period form 1 Aug 06 to 28 Feb 07 is documented below:

Full Vehicle Virtual Prototyping: Control Synthesis and Aero-structural Characterization

of Agile Autonomous Munitions and Micro Air Vehicles (MAV) (Task 1)

The vehicle virtual prototyping research has been concentrating and making progress on
marrying the facility and simulation requirements of the guidance and control discipline with the
aerodynamics characterization requirements needed for hardware in the loop simulations. The
hardware-in-the-loop simulation capability is dependent on having a data base for virtual scene
generation (two data bases developed and available in the REEF), software to calculate and
display virtual camera views (developed and available at REEF for up to 10 views), a camera to
record images presented on flat screens with proper coordinate transformation (developed and
available at the REEF), guidance/path planning/structure form motion and visual-servo control
(initial capability developed and available at the REEF with more refined and mature algorithms
under development for implementation in future years), micro air vehicle dynamics model
(limited model of a 6 inch wing span MAYV available, however models under development are
the 24 inch wing span MAV and next year the morphing wing MAV model, followed by the
flapping wing model in following year), ability to fly the MAV in a tethered flight condition to
allow rapid prototyping investigations (requirements identified for the dynamic mounting system
that will allow rolling, pitching and yawing of the vehicle).

The REEF researches have worked out much of the mathematic details of allowing a camera in
the loop, hardware in the loop simulation to represent a camera looking at a real 3 dimensional
screen. The simulation has a 3 dimensional scene projected onto a 2 dimensional plasma screen
that is then projected on to a 2 dimensional camera image. This extra projection threatened to
invalidate vision based control methods using camera in the loop simulations unless a proper
transformation could be developed. The innovative solution proved to be in classifying the




screen to camera relationship as a homography projection where every point on the screen
corresponds to only one point in the camera image. Homography can be represented by a matrix
G that maps a point into the image, x., to a point on the screen, x,~Gx.. The mapped points x;,
can be used in vision-based control and estimation methods. The method developed to solve for
the G matrix projects a grid pattern on the screen, capturing a camera image, extracting corners,
and solving an over determined set of linear equations (see the figure 1 below). To compensate
for noise (pixilation, focus, radial distortion, etc.) a RANSAC algorithm is incorporated to
eliminate poor feature point correspondences.

Virtual world

Virtual camera
view on screen

Constant

relationship real

Camera image Screen image

Figure 1: Displays the relationship between the 3D scene and the 2 D projections on to a flat
plasma screen and a 2D camera image. The corners of the square patterns are used to
determine the G holographic transformation




Integrated Visual-Servo Control and Path Planning for Unmanned Air vehicles (Task 2)

The following research accomplishments were achieved during this review period: Developed
and verified “Daisy-Chaining” method for large scale vision-based estimation and visual servo
control; developed an advanced nonlinear visual servo method to control both image and pose
error; and integrated feature point tracking, adaptive geometry estimation, and receding horizon
control into closed-loop simulations of a MAYV flying through a virtual urban environment.

A principle concern in visual servo development, particularly for control of aerial vehicles, is the
limited field of view of the camera. A method was established that can allow for feature points to
enter and leave the field of view while maintaining relative pose estimation, and to relate the
pose of objects visible in multiple cameras from multiple points of view. This flexible method
coined “daisy chaining” allows a pose estimation of one set of feature points to be correlated to
the pose information of a second set of feature points. Similarly it is possible to relate pose
information ascertained form one camera view to the pose information ascertained from a second
camera view. This information can be “chained” indefinitely, allowing for long term pose
estimation or large area scene and pose knowledge. The algorithm has been experimentally
verified via a flight test in which camera base pose estimation performed approximately the same
as a GPS pose estimation during flight.

There are numerous visuval servo methods that often deliver tradeoffs in performance. For
instance, methods that regulate the pose are prone to losing sight of image features, and methods
that keep features in the field of view are prone to making large, unnecessary motions.
Additionally, all visual servo methods need information about distance to feature points and
geometry of feature points. Using nonlinear control methods the University of Florida has
developed a method that stabilizes both the camera pose and stabilizes the image. Additionally,
adaptive control methods alleviate any need for depth measurement of knowledge of the scene.

Feature point tracking, adaptive geometry estimation, and receding horizon path planning and
control algorithms have been successfully integrated into a closed-loop control system. The
control objective is to enable a MAV to fly to a goal location in an unknown environment. The
vision-based geometry estimation process generates an adaptive representation of the scene (see
figure 3). This representation is used to enforce obstacle avoidance constraints for locally-
optimal receding horizon path planning and control algorithms. The performance of the vision-
based control system has been investigated via simulated MAV flights through a virtual
environment. In these simulations, the MAV was able to fly to the goal location while avoiding
buildings in its path (See the figure 2 below). These initial simulations assumed the vehicle
rotational and translational dynamics where being tracked by onboard inertial instruments;
therefore, upcoming work will focus on integrating a state estimation process into the closed-
loop control system that estimates vehicle dynamics using vision rather than inertial instruments.




Figure 2: General MAV mission scenario where the vehicle is commanded to fly from point A to
point B without anv prior knowledge of obstacles such as buildings or the stadium

2500 500

Figure 3: Adaptive estimation of scene geometry from camera images that are built in segments
during the receding horizon path planning algorithm process and displayed here for the entire

flight
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Aerodynamic and Structural Characterization of Flexible and Morphing MAV’s in Low

Reynolds Number Flow (Task 3)

The primary effort over the extension period has been continued testing and evaluation of the
new equipment along with design and initial fabrication of the components for the larger
Aerodynamic Characterization Facility. The testing and evaluation with the advanced optical
measurement techniques (PIV, VIC and Laser Vibrometery) has been conducted in the pilot wind
tunnel which is serving as a staging facility and will allow for an easy transition to the larger
more elaborate Aerodynamic Characterization Facility which will be coming online in summer
2007.

The design for the Aerodynamic Characterization Facility was completed over the past 6 months
and an order has been placed with a suitable vendor. One of the unique features of the facility
will be the dynamic test rig which has the capability of simulating pitching and plunging features
through a control system and 2 linear actuators. Extensive modeling of the dynamic rig has been
completed using Simulink by the researchers at the REEF. The model results have been used to
finalize the configuration of the system and a detailed design of the hardware is currently under
way so that it will be available when the facility is complete. In addition to the dynamic rig work
on calibration checks of the sting balances has also been performed by the joint REEF/University
of Alabama team. This has included tests that were conducted with the supplied calibration body
and assembly which allowed the application of three hanging weights (see Figure 6). The
configuration enabled independent interactions of normal force/pitch moment, side force/yaw
moment, and roll moment, and coupled interactions, dependent on the inclination or rotation
angle, between components such as normal and side force, normal/side and axial force, and pitch
and yaw moment. In addition the evaluation has included the development of LabView GUI
interface and extensive analysis to determine what the uncertainty in the forces will be based on
the existing electronics (see Figure 5).

Measurements of the flow quality in the pilot facility have been carried out along with
preliminary vibration tests on highly flexible 500 mm and 150 class wings. These experiments
have begun the utilization of much of the equipment purchased by the previous DURIP awards
such as the Laser Scanning Vibrometer and Dynamic Visual Image Correlation system. A large
part of the effort has been to develop specific VIC post-processing routines for the reconstruction
of the complex experimentally measured three dimensional geometries. This procedure includes
the ability to output the geometries to solid modeling tools as well as tools for CFD grid
generation which will be used to help incorporate the experimental effort with those going on as
part of task 5. Specific experiments were run obtaining VIC data including rigid body motions
(RBM) and different values of latex pretension. The methodology will be used to measure the
pretension state on membrane wings and to extrapolate the elastic deformation and strains on
flexible objects in the presence of RBM as an alternative to the familiar but in some cases
inaccurate application of the Lagrangian operator followed by numerical integration. A similar
technique is used to decouple RBM from elastic deformation on flexible wings particularly
useful for morphing or flapping wings applications. In addition to the measurements of the




surface motions experiments to study separation characteristics of low Reynolds number flow
(Re.=60000) over a solid SD-7003 have been initiated. These studies have been designed in
consultation with the Task 5 leader and AFRL contacts and will not only help to understand
many external effects on the separation characteristics but will allow for the close collaboration
and validation between the experimental and computational efforts.

Figure 6: LabView GUI Interface for
Balance Calibration

Figure 5: Balance Calibration Rig
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Control of Biologically-Inspired Morphing for Variable-Geometry MAV (Task 4

This task seeks to incorporate morphing into micro air vehicles to enable multi-role capabllmes
for a single vehicle. Essentially, the vehicle changes | 4 ! :

shape by altering parameters, such as sweep or ‘;
dihedral, during flight (see figure 7). The resulting
range of configurations will have an associated range
of flight dynamics and, consequently, maneuvering.

The recent progress has resulted in consideration of a
variable-sweep aircraft that mimics properties of a -

seagull. This aircraft can independently change the f ,leormatte& Font: Italic, Font color:

sweep angle of both inboard and outboard wing | Figure 7, Biologically Inspired,
sections. Additionally, the independence of separate Morphing MAV Configuration
actuation for right and left wings allows both
symmetric and asymmetric configurations to be flown.

The aerodynamics and associated flight dynamics are analyzed for the vehicle across a range of
sweep configurations. A set of parameters are computed that related both stability properties and
performance characteristics of the configurations. Most importantly, the ability of the vehicle to
minimize turn radius for urban maneuvering and maximize angle of sideslip for sensor pointing
in a crosswind are shown to be significantly enhanced using the degrees of freedom associated
with the independent multi-joint structure.

Computational Aerodynamics of Flexible and Flapping Wings for Micro Air Vehicles
(Task §) .

The state-of-the-art of the computational capabilities for micro air vehicle aerodynamics can be
found in Refs. [1,2]. Laminar-turbulent transition in the MAV flight regime, with the Reynolds
number of 10%-10°, is particularly challenging, and has yet been adequately addressed. This
research represents a serious effort in investigating such transitional fluid dynamics. In order to
gain better understanding of the ﬂund physics and associated aerodynamics characteristics, the (i)
a Navier-Stokes solver, (i) the ¢ method transition model, and (iii) a Reynolds-averaged two-
equation closure were coupled together to study the low Reynolds number flow characterized
with laminar separation and transition. A new intermittency distribution function suitable for low
Reynolds number transitional flow was formulated and tested. To support the MAV
applications, both rigid and flexible airfoils were investigated. These airfoils have a portion of
their upper surface mounted with a flexible membrane, using SD7003 as the airfoil
configuration.

Our numerical simulations follow the set up of Ol et al. [3]. The geometry is based on the
SD7003 airfoil, which exemplifies the laminar separation bubble layer (LSB) at low Reynolds
number conditions. Based on freestream velocity and airfoil chord length of 20 cm the Reynolds
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number is 60,000. In the current transitional flow regime, though the Reynolds number affects
the size of the laminar separation bubble, it does not place consistent impact on lift or drag (see
figure 8). The gust exerts a major influence on the transition position, resulting in lift and drag
coefficients hysteresis. It is also observed that thrust instead of drag can be generated under
certain gust condition. For a flexible wing, self-excited vibration affects the separation and
transition positions; however, the time-averaged lift and drag coefficients are close to those of the
rigid airfoil. See Ref. [5] for results obtained under the sponsorship of the present grant.

(ii) Plunging Airfoil: Re = 40,000

(i) Fixed Airfoil: Re = 60,000,
laminar separation bubble
transitioning to turbulent

flow & plunging amplitude h=0.075¢

at reduced frequency k=3.93

Figure 8: Assessment between CFD analysis and experimental results for (i) laminar separation
bubble transitioning to turbulent flow, over a fixed airfoil, and (ii) wake structure behind a
plunging airfoil
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AJAA Guidance, Navigation and Control Conference, invited paper, Keystone, CO, August
2006, AIAA-2006-6643.

Book Chapter

Ifju, P., Albertani, R., Stanford, B., Claxton, D., Sytsma, M. (2007) Flexible-Wing Micro Air
Vehicles," Chapter 5 of Introduction to the Design of Fixed-Wing Micro Air
Vehicles, Mueller, T., Kellogg, ., Ifju, P., Shkarayev, S., (editors), AIAA

Honors & Awards Received:
Warren Dixon — 2006, IEEE Robotics and Automation Society Early Career Award

Dan Grant, Mujahid Abdulrahim, and Rick Lind: AIAA Best Paper Award for Atmospheric
Flight Mechanics (Aug 2007)

AFRL Points of Contact

Dr. Robert Sierakowski, AFRL/MN, Eglin AFB, 850-882-3004
Dr. David Jeffcoat, AFRL/MNG, Eglin AFB, 850-883-2963
Johnny Evers, AFRL,MNGN, Eglin AFB, 850-883-1887

Dr. Gregg Abate, AFRL/MNAYV, Eglin AFB, 850-883-2596
Dr. Michael Ol, AFRL/VA, Wright Patterson AFB, Ohio

Transitions:

U.S. Provisional Patent Application Serial No. 60/838,951, "Position and Orientation of an
Aerial Vehicle through Chained, Vision-Based Pose Reconstruction."”
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Unspecified, Johnny Evers, AFRL, MNGN, Eglin AFB, 850-883-1887

New Discoveries: None
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Overview

This document outlines the progress completed under AFOSR Project F49620-03-
0170

entitled

“A Research Institute for Autonomous

Precision Guided Systems.”

The period covered by this report spans the period from the

June 15, 2002 — September 1, 2003

To provide a framework for the detailed report that follows, we review several
critical objectives and milestones from the original proposal. As noted in Section
1.2, page 5, Research Objective of this project can be concisely stated:

The Research Institute expands an existing science and engineering partnership
between the University of Florida Graduate Engineering & Research Center and
Team Eglin, the group of organizations housed at Eglin Air Force Base, to leverage
research manpower pursuing technologies relevant to autonomous precision
systems. The concept is consistent with the aims and procedures espoused by the
STW-21 initiative.

...Currently, Research Institute activities are concentrated on four research
Jfocus areas in which the team members have an established scientific base:

o Innovative Computational Techniques Applied to Air Force Problems

o Thermo-Mechanics of High-Speed Penetration of Geo-Materials &
Concrete
Nanoscale Energetic Materials

o Integrated Guidance/Cooperative Attack

....efforts of research that have been identified and defined in collaboration with
AFRL/MN in four key technology areas




Area 1: Aeroforms and Actuation for Small and Micro Agile Air Vehicles
Area 2: Sensing For Autonomous Control and Surveillance
Area 3: Closed Loop Flow Control

Area 4: Cooperative Control for Agile and Autonomous Vehicles

Transition of Program Administration

This report has been prepared by Professor Andrew J. Kurdila, Acting Director of UF-GERC.
Due credit for the success of the Research Institute must be given to Professors Pasquale
Sforza and Dr. Robert Sierakowski (AFRL/MN) as they worked together to initiate the
Research Institute.

With the change in overall administration of the grant by the University of Florida, the author
of this report felt obligated to provide a clear, concise and accurate description of the status
and nature of all activities within the grant. Necessarily, this required that the author spend
significant effort and time in learning the diverse nature of the grant, the current set of focused
research activities and the direction for future research.

The author of this document accepts all responsibility for the delay in preparation
of the document. He would also like to thank the gracious patience of Dr. Fariba
Fahroo and Dr. Clifford Rhoades. The author trusts that the quality of the report
will compensate for the delay in its preparation.

Visiting Researchers Program

As described in Section (1), the foremost goal of the Research Institute is to
provide “...research manpower pursuing technologies...” consistent with the
goals of AFRL/MN. The specific goals are outlined in the objectives in
Section (1). Excellent progress in identifying, recruiting, and coordinating the
efforts of researchers within the Research Institute has been made during the
reporting period. Table (1) summarizes the

Researcher Institution Research Topic
John Burns Virginia Polytechnic University |Plasma actuators / flow control
Oana Cazacu University of Florida Penetrator mechanics
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[David Chichka George Washington University ]Flight control instrumentation
Altannar Chinchuluun University of Florida Cooperative control
Yunfei Feng University of Florida Flow control
Satya Hanagud Georgia Institute of Technology Mechanics of materials

. Herrnberger Virginia Institute of Technology | Adaptive formation control

[Naira Hovakimyan

Virginia Polytechnic University

Adaptive formation control

Paul Hubner University of Florida Experimental MAVs
Marc Jacobs AFOSR (ret) Strategic planning
Myungsoo Jun Cornell University Dynamic resource allocation

Borislav Karaivanov

University of South Carelina

Complex wavelet methods

[Parvez Khambatta

University of Florida

Cooperative control

Martin Kruzik

Charles University, Prague

Mechanics of materials

Adam Nadel George Washington Univ Robotics
[Tony Okafor Case Western University Robotics
Carlos Oliveira UF Robotics
|Michae| Plesha Wisconsin Computational methods
[Richard Prazenica University of Florida Robust vision estimation

[Tomas Roubicek

Charles University, Prague, CR

Hysteresis in SMA

[David Schrader George Washington University |Flight control instrumentation
Jeff Shamma UCLA Fictitious play control
Jennifer Simonotto University of Florida Neuronal simulation

[Vahram Stepanyan

Virgina Po