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I. BACKGROUND

1. My name is Nikolaos Papanikolopoulos. I have been retained by the
Petitioners to offer technical opinions related to U.S. Patent No. 10,001,780 (“the
780 Patent”) (Ex. 1001). I understand that Petitioners are requesting that the Patent
Trial and Appeal Board (“PTAB” or “Board”) institute inter partes review (“IPR”)
of the *780 Patent.

2. In this Declaration I give my opinions as to whether the claims of the
>780 Patent are valid. I provide technical bases for these opinions as appropriate.

3. This Declaration contains statements of my opinions formed to date and
the bases and reasons for those opinions. I may offer additional opinions based on
further review of materials in this case, including opinions and/or testimony of other
expert witnesses. I make this Declaration based upon my own personal knowledge
and, if called upon to testify, would testify competently to the matters contained
herein.

A.  Qualifications

4. I am currently employed as the McKnight Presidential Endowed
Professor of Computer Science and Engineering at the University of Minnesota in
Minneapolis, Minnesota. I am also the Director of the Minnesota Robotics Institute
at the University of Minnesota. I have been involved with the design and evaluation

of robots, computer vision algorithms, intelligent transportation systems, and
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localization and mapping systems for more than 35 years. My academic research has
been in the areas of robotics, computer vision, intelligent transportation systems,
sensor networks, object recognition, and sensor-based control in transportation
systems. I have also been involved in consulting work since 1997 involving
computer vision algorithms for robotics, vehicle tracking, camera calibration,
inspection, object recognition, vehicle monitoring systems, and motion control
devices. I have authored or co-authored several book chapters and numerous peer-
reviewed technical papers in these areas (more than 300). I am also a named inventor
on nine patents in relevant fields: U.S. Patent Nos. 6,548,982 (“Miniature Robotic
Vehicles and Methods for Controlling Same”), 6,860,346 (“Adjustable Diameter
Wheel Assembly, and Methods and Vehicles Using Same”), 7,559,385
(“Ruggedized Robotic Vehicles”), 8,116,564 (“Crowd Counting and Monitoring™),
8,260,459 (“Robotic Vehicle System”), 8,342,440 (“Miniature Robotic Vehicle with
Ground And Flight Capability”), 9,858,816  (“Determining Parking Space
Occupancy Using a 3D Representation”), 10,599,926 (“‘Automated Detection of
Nitrogen Deficiency in Crop”), 11,449,985 (“Computer Vision for Cancerous
Tissue). My current curriculum vitae (CV) is included as Ex. A.

5. I received my Diploma of Engineering in Electrical and Computer
Engineering from the National Technical University of Athens in Greece in 1987. I

obtained my Masters and Ph.D. in Electrical and Computer Engineering from

Avidbots Ex1003
Page 11 of 207



Carnegie Mellon University in 1988 and 1992, respectively. My research at the time
was in robotics, computer vision, control, computer integrated manufacturing, and
software engineering and my Ph.D. thesis was titled “Controlled Active Vision.”
The work revolved around the use of images from a single camera mounted on a
robot manipulator to detect features on objects, track them, recognize the objects,
and possibly grasp them (see Figure 3-4 from my thesis below with target
(object)shown below the robot). Some of the features used included edges, object
profiles, and corners. The work had as an ultimate objective accurate 3D

reconstruction of the target object and the surrounding space.
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Figure 3-4: Experimental setup.

Avidbots Ex1003
Page 12 of 207



6. The Controlled Active Vision framework offered a solution to the
challenges of dynamic environments with unknown and potentially changing
factors. This approach, in contrast to relying heavily on pre-existing information,
provided the necessary adaptability for such conditions. At the core of this
framework were adaptive controllers that utilized the Sum-of-Squared Differences
(SSD) optical flow measurement. The SSD algorithm measured feature point
displacements in image sequences, which may result from manipulator motion,
target motion, or both. These measurements then served as inputs for robot
controllers, creating a closed control loop.

7. Adaptive control techniques proved valuable in various scenarios,
including depth recovery and robotic visual tracking. It should be noted that this
approach proposed a controlled exploratory motion to compensate for all the
uncertainty in the intrinsic and extrinsic parameters associated with the system. For
example, this motion enabled among others the identification of depth parameters.

8. To mitigate the effects of workspace-, camera-, and manipulator-
specific inaccuracies, an adaptive controller was employed. This controller provided
reliable and accurate information about many parameters including the depth of an
object's features. Such information can then be utilized to guide tracking, inspection,

and manipulation operations.
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0. After receiving my Ph.D., I began my career as a full-time Assistant
Professor at the University of Minnesota, transitioning to an Associate Professor in
the fall of 1996 and becoming a full Professor in the fall of 2001. During my time at
these positions, | have taught courses in Robotics, Computer Vision, Artificial
Intelligence, Algorithms and Data Structures, and Readings in Computational
Vision. I also developed and introduced a course titled “Introduction to Intelligent
Robotic Systems” beginning in 1994, that I continue to teach. The courses in
Computer Vision and Readings in Computational Vision cover a variety of topics
that include 3D reconstruction, extraction of depth, inspection, tracking, light
striping, lasers, structured light, structure from motion, occlusions, edge detection,
localization and mapping, and basic image processing. I am currently the director of
the Minnesota Robotics Institute. [ have received research grants for various projects
involving robotics and computer vision as applied to manufacturing, the
transportation industry, including assessing truck parking, detection of pedestrians,
and obstacle avoidance. My industrial experience includes founding a robotics
company in 2005 named ReconRobotics Inc. that develops different robotic
platforms. Our ReconRobotics team improved the design of the mobile robot known
as Scout or Throwbot, initially developed at our University of Minnesota

Laboratory. The robot included planning and mapping software and was used to
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increase the distance between humans and harm’s way. More than 6,000 of them

were sold and they became one of the most widely deployed military ground robots.

10.  In one of my consulting assignments, I had to develop computer vision
algorithms for inspection of industrial parts by using different illumination sources
(Banner Engineering). I have licensed my algorithms to several industries with the
most recent one being Sentera Inc. which is using computer vision and drones for
precision agriculture.

11. I have written extensively about computer vision and robotics, having
written numerous book chapters, peer-reviewed journal articles (more than ninety-
five), and conference papers (more than three hundred), a list of which is included
as part of my CV. Some relevant works from my group include:

a. Rybski, P., Roumeliotis, S., Gini, M., and Papanikolopoulos,
N., “A Comparison of Maximum Likelithood Methods for
Appearance-Based Minimalistic SLAM”, Proceedings of the
2004 IEEE Int. Conference on Robotics and Automation, pp
1777-1782, New Orleans, LA, April 26 - May 1, 2004.

b. Rybski, P., Roumeliotis, S., Gini, M., and Papanikolopoulos,
N.,* Appearance-Based Minimalistic Metric SLAM”,
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Proceedings of the 2003 IEEE/RSJ International Conference on
Intelligent Robots and Systems (IROS '03), pp 194-199, Las
Vegas, NV, October 27-31, 2003.

c. Papanikolopoulos, N.P., “Selection of Features and Evaluation
of Visual Measurements During Robotic Visual Servoing
Tasks”, Journal of Intelligent & Robotic Systems: Theory and
Applications, Volume 13, August 1995, pp 279-304.

d. Papanikolopoulos, N.P., Nelson, B., and Khosla, P.K., “Six
Degree-of-Freedom Hand/Eye Visual Tracking with Uncertain
Parameters”, IEEE Trans. on Robotics and Automation, Volume
11, No 5, October 1995, pp 725-732.

e. Papanikolopoulos, N.P., and Khosla, P.K., “Adaptive Robotic
Visual Tracking: Theory and Experiments”, IEEE Trans. on
Automatic Control, Volume 38, No. 3, March 1993, pp 429 -
445,

f. Papanikolopoulos, N.P., Khosla, P.K., and Kanade, T., “Visual
Tracking of a Moving Target by a Camera Mounted on a Robot:

A Combination of Control and Vision”, IEEE Trans. on Robotics
and Automation, Volume 9, No. 1, February 1993, pp 14 - 35.

12. Paper (f), Papanikolopoulos et al.: “Visual Tracking of a Moving
Target...” presented a control scheme (shown below) for real-time robotic visual
tracking of arbitrary 3-D objects moving at unknown speeds in a 2-D plane, with
known depth, using an eye-in-hand configuration. The visual tracking challenge was
approached as an integration of control theory and computer vision. We developed
a mathematical model of a control problem that incorporated visual feedback, a

novel and significant sensory input. Our formulation was unique in that it used the
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relationships between object, camera, and world frames to enable swift and precise

camera control.
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Fig. 6. Structure of the robotic visual tracking scheme.

13. We experimented with various control systems: a PI controller, a pole
assignment controller, or a discrete steady-state Kalman filter. In the Kalman filter
scenario, the filter estimated the system's states and external disturbances, while a
discrete LQG controller determined the required robotic system movement. The
controller outputs were then transmitted to a Cartesian robotic controller that guided
the robot. We evaluated the effectiveness of these proposed algorithms using the
CMU Direct-Drive (DD) Arm II.

14. Paper (a), Rybski, P., Roumeliotis, S., Gini, M., and
Papanikolopoulos, N., “A Comparison of Maximum Likelihood Methods for
Appearance-Based Minimalistic SLAM” evaluated several navigation algorithms
designed for extremely small robots with severe resource constraints. Unlike

conventional mapping approaches that rely on precise distance and angle
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measurements to specific landmarks, these methods must work with miniature
robots that have unreliable wheel encoders and were limited to carrying only a basic
single-lens camera, forcing them to instead create and match distinctive sensory
fingerprints of each location the robot visits.

15.  The study examined how three different computational
techniques—a maximum likelihood estimator inspired by physical principles, an
iteratively refined Extended Kalman Filter, and a batch-processing linearized
maximum likelihood approach—perform when subjected to varying levels of
uncertainty in the robot's movement tracking, revealing which strategies were most
robust for enabling autonomous navigation in highly constrained robotic platforms.

16. My paper “Detection and Classification of Vehicles,” published in the
IEEE Transactions on Intelligent Transportation Systems in March 2002 is one of
the most cited papers in the history of this journal (more than a thousand citations).

17.  Throughout my career, I also have served as chair, member, editor, and
advisor in several divisions and committees of IEEE and am a Fellow of IEEE. For
example, I have been involved with the IEEE Robotics and Automation Society
(RAS) as an Editor of the RAS Conference Editorial Board from 2006 to 2009, Vice
President for Conferences from 2010 to 2013, and Chair of the Publication Ethics
Committee since 2015. I was also Chairman of the IEEE Robotics and Automation

Technical Committee on Robot Vision from 2000 to 2006. I have also been either
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Program Chair or General Chair of the IEEE Robotics and Automation Conference
numerous years. Since 2003, I have been an editor of the IEEE Transactions on
Intelligent Transportation Systems Journal, first as an Associate Editor (since 2003)
and then a Senior Editor since 2016. This is one of top journals in the field and I
handled the majority of the papers in computer vision with emphasis on various
application domains including autonomous vehicles. I have also been an Associate
Editor of the Journal of Intelligent and Robotic Systems between 2006 and 2019.

18. I have received numerous honors and awards for my research and
contributions. I have been a Distinguished McKnight University Professor at the
University of Minnesota since 2007 and have been a McKnight Presidential
Endowed Professor in Computer Science since 2016. Also in 2007, I was nominated
and became an IEEE Fellow. In 2016, I received the IEEE RAS George Saridis
Leadership Award in Robotics and Automation as well as the Center for
Transportation Studies Research Partnership Award. I have also received the IEEE
VTS 2001 Best Land Transportation Paper Award for the paper “A Novel Method
for Tracking and Counting Pedestrians in Real-Time Using a Single Camera” (with
Osama Masoud).

19.  Overall, I have used my education, industry, teaching, writing, and
membership and service experiences in the field of robotics, computer or machine

vision, including image-based localization and mapping, and my understanding of
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the knowledge, creativity, and experience of a person having ordinary skill in the art
in forming the opinions expressed in this report, as well as any other materials
discussed herein.

B. Compensation

20. For my efforts in connection with the preparation of this Declaration, |
have been compensated at my standard rate for this type of consulting activity of
$500 per hour. My compensation is in no way contingent on the results of these or
any other proceedings relating to the above-captioned patent.

C. Materials and Other Information Considered

21. I have considered information from various sources in forming my
opinions. I have reviewed and considered all exhibits listed in the attached Appendix
B (Materials Considered) in forming my opinions.

II. UNDERSTANDING OF THE LAW

22. 1 am not an attorney. In forming my opinions in this Declaration, |
applied the relevant legal principles provided to me by counsel, which are
summarized in Appendix D.

III. TECHNOLOGY OF THE °780 PATENT
A. State of the Art Before the 780 Patent

23.  The techniques claimed as new in the 780 patent were well known in
the art prior to its filing, including map creation and the use of forces to reposition

the robot along the route based to dynamically avoid obstacles. For example, in
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2007, Habib surveyed the art relating to “map building and localization for mobile
robots navigating within [an] unknown environment.” Ex1009, 323 (Habib).
Habib’s survey illustrates various techniques that would have been well known to a
person of ordinary skill in the art (POSITA) at the time, and which the POSITA
would have been motivated to combine to derive advantage. For example, mapping
techniques, including simultaneous localization and mapping (“SLAM”) have been
known since at least 1991. See Ex1009, 323-324. Further, techniques such as the
potential field method of calculating forces on robot arms and mobile robots for real
time object avoidance were well known since at least the publication of Khatib’s
seminal paper in 1986. Ex1006. Khatib was published in print in Sage Journals in
March 1986 and was added to the Sage journals database in October 2006. Khatib
was also published on the IEEE Xplore database, a database well known to
practitioners in the art. A POSITA exercising reasonable diligence, if not already
aware of Khatib, could have located Khatib as of at least May 2000, including by
searching on the IEEE Xplore database for terms including “obstacle avoidance,”
“mobile robots,” or “Khatib.” These terms are highly relevant to autonomous
robotics and would have likely been used by a POSITA. Moreover, a POSITA
would have understood that the concepts underlying the *780 patent are synonymous
and/or closely related with these terms. Further, the 780 patent itself cites to prior

art listing Khatib as inventor/author. See Ex1001, 2 (citing to 2006/0250101 by
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Khatib et al.). See also Ex1013, 80, 101-104, 582 (applying Khatib’s technique to
mobile robots). The *780 patent’s purported advantage derives from the obvious
combination of routine and well-known navigation techniques for autonomous
robots.

24. A POSITA would have been aware of techniques that enable a robot to
map its environment using sensor data for mapping and to avoid obstacles in real-
time. For example, Habib discloses a robot that “maps its environment
incrementally using the concept of occupancy grids and the fusion of multiple
ultrasonic sensory information while wandering in it and stay[ing] away from all
obstacles” that would “ensure real-time operation” by deploying the “mapping and
obstacle avoidance modules” in a “parallel and distributed framework.” /d.

25. A second technique known at the time was SLAM, which, as Habib
observes, was first coined by Leonard and Durrant-Whyte in 1991. Id. 323-324.
This first SLAM technique was “used by robots and autonomous vehicles to build
up a map within [an] unknown environment while at the same time keeping track of
its current position.” Id. 324. Habib explains that this technique “has attracted
immense attention in the mobile robotics literature and has been applied successfully
by many researchers” and has been employed in “domestic robots.” Id. Habib
explains that, “[a]ll the numerous [SLAM] methods proposed in literature are based

on some sort of incremental integration: a newly acquired partial map is integrated
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with the old maps” and that localization is “fundamental” and “needs to estimate
both [the] robot’s pose and obstacles’ positions.”

26. Habib also explains that “[m]ap building in an unknown and dynamic
environment [had] been under study for a long time and many different approaches
have been developed and evaluated” citing by way of example, Borenstein and
Koren 1991, Thrun and Bucken 1996, Singhal 1997, Borenstein and Ulrich 1998,
and others. Habib explains that in the decade preceding 2007, mapping “has been
dominated by probabilistic techniques.” Id. 324. Habib explains these techniques
include Kalman Filtering as disclosed in Castellanos in 1999, among others, and by
the extended Kalman filter as disclosed in Montemerlo and Thrun 2003. Id. A
POSITA would have been familiar with Castellanos before 2016. Castellanos was
published in print in volume 15 of the IEEE journal, Transactions on Robotics and
Automation, in October 1999. Practitioners in the art would have been familiar with
this journal. It was also published on the online database IEEE Xplore, a database
well known by those in the art. A POSITA exercising reasonable diligence would
have located Castellanos at least as early as May 2000, including by searching on

29 ¢¢

IEEE Xplore for terms such as “localization,” “map building,” and “robotics and
automation.” A POSITA would have understood that these terms are synonymous

and/or closely related with the concepts underlying the 780 patent.
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27. Habib also explains numerous sensors and sensor types had been
contemplated in the art “[t]here are different types of sensor modalities commonly
brought to bear for this task such as ultrasonic, laser range finders, radar, compasses,
vision, infrared, tactile sensors, etc.” Id. A POSITA would have been aware of
these sensor options.

28. Habib also discloses that a variety of dynamic obstacle avoidance
techniques were known in the art, including various iterations and implementations
of potential fields such as Khatib, Krogh and Thorpe 1986, and Borenstein and
Ulrich 1998. Id., 333. Habib shows that these techniques would have known to a
person of ordinary skill in the art and would have been considered for combination,
experimentation, and iteration. /d.

29. Asearly as 1999, it was well recognized in the art that there was a need
to combine real time obstacle avoidance techniques with global planning to achieve
collision free paths. Oussama Khatib in 1999, in his paper, “Robots in Human
Environments: Basic Autonomous Capabilities” (emphasis added), surveyed “the
various methodologies developed for the integration of mobility and manipulation,
the cooperation between multiple robotic platforms, the interaction between humans
and robots, and the real-time modification of collision-free paths” and presented how
these developments were implemented on Stanford Robotics Platforms (real robots).

Ex1011, 685.
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DR mitd 00

Wit

Fig. 1. The Stanford robotics platforms: two holonomic plat-
forms, each is equipped with a PUMA 560 arm, various sen-
sors, two computer systems, a multi-axis controller, and suf-
ficient battery power to allow for autonomous operation.

Ex1011, Fig. 1.

30. Khatib recognized that, “[a] robotic system must be capable of
sufficient level of competence to avoid obstacles during motion. Even when a path
is provided by a human or other intelligent planner, sensor uncertainties and
unexpected obstacles can make the motion impossible to complete.” Id. Khatib
asserted that his potential field method addressed this problem. Id. Khatib
recognized however that the local nature of reactive methods such as the potential
field technique rendered these methods “limited in their ability to deal with complex
environments” /d. Khatib acknowledges solutions for this problem existed at least
as early as 1999, such as “navigation functions (Koditschek 1987)” and Khatib’s
own “elastic band approach (Quinlan and Khatib 1993)” which integrated “real-time
collision avoidance capabilities with a global collision-free path” and “combine[d]

the benefits of global planning and reactive systems in the execution of motion
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tasks.” Id. Khatib also previews another approach, the “elastic strip (Brocke and
Khatib 1997), which allows the robot’s free space to be computed and represented
directly in its workspace rather than its high-dimensional configuration space.” Id.
Khatib explains the resulting algorithms “can easily be applied to robots with many
degrees of freedom.” Id.

31. Khatib further elaborates that the elastic band approach represents “free
space around the path as a series of hyperspheres, called bubbles.” Id., 690. A
bubble “represents a region of configuration space that is free of collision” and
“[clovering the path with those bubbles, a channel of free space is formed through
which the robot’s trajectory can be executed.” Id. These bubbles are represented in
Figure 6 (depicted below). Id. Khatib explains importantly that a limiting challenge
for this approach is that it becomes “computationally demanding as the configuration
space associated with the robot increases.” Id. As computational power and
resources improve, a POSITA in 2016 would have understood this type of technique
or an even more articulate and specific modeling of the robot and free space

comprising a path would have been more viable and obvious.
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Fig. 6. Bubble Implementation of Elastic Band: as an
obstacle moves. the bubbles also move to minimize the force
on the elastic band. If needed. bubbles are inserted and
deleted to maintain a collision free path.

Ex1011, Fig. 6.

32. Indeed, even before the time of Khatib’s survey (1999), practitioners in
the art sought to create “more accurate” characterization of free space and greater
applicability to different types of robots. Id., 691. For example, Khatib’s elastic strip
approach captures and highlights free space in the workspace and is applicable to
robots with many degrees of freedom. Id. Khatib explains that the “elastic strip
represents the workspace volume that is swept by the entire robot along its trajectory.
The basic idea of the elastic strip is to incrementally modify this workspace volume
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as if it were elastic, expanding and contracting to maintain a short and smooth path.”
Id. Combining such a technique with virtual forces was known around 1999 in the
art. Id. Khatib further explains that with the elastic strip method, “[o]bjects in the
environment exert repulsive forces, ensuring a safe distance to obstacles.” Id. The
elastic strip method covers various portions of the robot with spheres, forming a
“protective hull” as depicted in Fig. 7. Id. Further, “overlapping protective hulls
along the trajectory form an elastic tunnel, which represents the local free space

along the entire path.”

Fig. 7. Protective Hulls: an example illustrating the protective hulls for 3 configurations of the Stanford Mobile Platform
amidst spherical obstacles.

Ex1011 Fig. 7.
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Fig. 8. Elastic Tunnel: the protective hulls covering a trajec-
tory for the Stanford platforms form an elastic tunnel of free
space.

Ex1011 Fig. 8.

33.  Khatib also explains that featuring a floor cleaner for a robot that
autonomously navigates in an indoor environment was well known in the art as early
as at least 1999. Id., 695. A POSITA in 2016 would have considered it obvious to
include a floor cleaner to address one likely application for autonomous robots

intended to operate in indoor environments as this was well understood as early as

at least 1999.
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Fig. 12. Experiments with the Stanford Mobile Platforms: vacuuming, opening a door. and ironing are examples of tasks
demonstrated with the Stanford Mobile Platforms.

Ex1011, Fig. 12.

34.  Accounting for robot shape, projecting obstacles, potential robot
positions, and possible paths to them on a grid-map in combination with using the
potential field method was also known in the art as early as at least 2006. See e.g.,
Ex1005 (Minguez). Minguez was published online in Volume 20 of the journal,
Autonomous Robots on February 3, 2006. See Ex1005. This journal would have
been well known to those in the art. A POSITA exercising reasonable diligence
would have located Minguez as early as February 3, 2006, including by searching
for terms such as “potential fields” or “obstacle avoidance.” These terms are highly
relevant to autonomous robotics and are synonymous with the concepts discussed in
the *780 patent. A POSITA, exercising reasonable diligence and searching for

references regarding “obstacle avoidance” or the like would also have located
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Minguez at least as early as February 3, 2006, including at least through commonly
used and well-known literature databases such as SpringerLink.

35. Minguez discloses a method for accounting for “arbitrarily shaped
robots” such as a rectangular or even cardioid shaped robots, when using “very
formal and well known” real-time obstacle avoidance methods such as the potential
fields (forces) approach of Khatib, and “essential” map building techniques such as
Castellanos including the use of sensors to detect obstacles. Ex1005, 44, 47-49, 52,
Fig. 1 (depicted below).

Direction of

soal motion
Obstacle Avoidance
Approximations
Robot
Obstacles (v,w)
(sensors)

Any Shape and
non Holonomic

Figure 1. This figure shows the operation diagram of an obstacle avoid-
ance method. At high frequency the process is as follows: the sensors
gather information about the obstacles that is processed by the method to
compute a collision free motion that drives the vehicle towards the target.
The motion is executed and the process restarts.

Ex1005, Fig. 1.
36. The “method to compute a collision free motion” mentioned in Fig. 1
is the potential fields approach of Khatib, which as Minguez summarizes, involves

calculating attractive force from a goal point and repulsive force from an obstacle.
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Id. at 52. Minguez discloses that some potential field methods can approximate
“robot locations and the paths that lead to them.” Id. at 49. These approximations

and Minguez’s use of mapping can be observed in Figure 6(d), shown below.

F

(@)
)
2

S f % - - - >
(¢) (d)
Figure 6.  This figure shows the computation of the free space for a rectangular robot that moves over circular paths. (a) Robot and obstacles O;: (b)
the C-Obstacles in the configuration space that result from the four obstacle points. These volumes contain all the configurations in collision with the
obstacles; (c) each obstacle point creates a region of collision locations CO'ypy, that all together are CO gy The free space is the space outside these regions.
Graphically, these regions are the inter-section between the volumes in (b) and the surface of figure 3(b). (d) Superposition of both the workspace and the
ARM . and some robot locations and the paths that lead to them.

Ex1005, Fig. 6.

37. Asearly as at least 2006, a POSITA would have been motivated to mix
and match known techniques for autonomous robot navigation. As Minguez
explains, “we analyze the system that avoids collision with obstacles detected by
sensors. This functionality is only a subgroup of the complete mobility problem.

Other aspects involve perception, motion planning, modelling and control. They will
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not be addressed here, but are essential to construct a complete navigation system.”
Ex1005, 44 (emphasis added). Accordingly, a POSITA would have understood
complete navigation requires incorporating various techniques known in the art.
Minguez also provides examples of such techniques. “Related works include motion
planning (Latombe, 1991); localization and map building (Castellanos et al., 1999;
Leonard and Feder, 2000; Dissanayake et al., 2001; Thrun et al., 2000); and
supervision (Buhmann et al., 1995; Koenig and Simmons, 1998; Morisset and
Gallab, 2002). Id.

38. The above described techniques would have been at a POSITA’s
disposal before the 780 patent and a POSITA would have been motivated to use
and combine these techniques. Ex. 1012 (see e.g., Chapter 4 “Potential Functions”,
Chapter 5, “Roadmaps”, Chapter 7 “Sampling-Based Algorithms”, Chapter 8
“Kalman Filtering”, Chapter 10 “Robot Dynamics”, Chapter 11, “Trajectory
Planning”, Chapter 12 “Nonholonomic and Underactuated Systems”); Ex1012,
preface (“This book is aimed at the advanced undergraduate or new graduate student
interested in robot motion™).

39. For example, in 2008, practitioners in the art, such as the practitioners
in Yamamoto, were combining the potential field method with map creation
techniques. Ex1010, 422 (“‘we propose our potential field-based path planner within

topological map building ability”’). Yamamoto was published online and in print in
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volume 35 of the journal, /ndustrial Robot, an International Journal, on August 22,
2008. A POSITA would have considered the terms “mobile robot”, “mobile robot in
indoor environment™ or “path planning” as synonymous or closely related with the
concepts underlying the 780 patent. Yamamoto would have been located by a
POSITA exercising reasonable diligence by at least August 22, 2008, including by
using the above terms as search terms on the database Emerald Insights.

B. Overview of the 780 Patent

40. The 780 patent admits that it was known for ““a robot [to] plan its own
route in an environment based on its knowledge of the environment (e.g., a map).”
Ex1001, 1:29-31. However, the patent contends that “after a robot determines a
route, features of the environment can change” and “[c]urrent robots may not be able
to make real time adjustments to its planned path in response to these changes.” /d.
at 1:36. The patent therefore concludes that prior art robots may “stop, collide into
objects, and/or make sub-optimal adjustments to its route.” Id. at 1:37-39.

41. To address this alleged problem, the *780 patent describes a robot that
implements a method 600 (Figure 6 below) to “[d]etermine forces on each of the
plurality of points of each route pose” and then *“[r]eposition one or more route poses
in response to forces” (610) and “generate a collision-free path between the one or
more route poses” (612). The patent contends that this arrangement is advantageous

because it “(1) provide[s] for dynamic route planning in an autonomously navigating
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robot; (i1) enhance[s] efficiency in navigating environments. . . and (ii1) provides

computational efficiency which can reduce consumption of processing power,

energy, time, and/or other resources in navigating robots.” Id., 5:31-38.

600 ™™

Id., Fig. 6.

Create a map of the environment based at least in part on
collected data p

1

Determine a route in the map in which the robot will travel

A

!

Generate one or more route poses on the route, wherein each
route pose comprises a footprintindicative of poses of the robot |
along the route and each route pose has a plurality of points
disposed therein

!

Determine forces on each of the plurality of points of each route
pose, the forces comprising repulsive forces from one or more of
the detected points on the one or more objects and attractive
forces from one or more of the plurality of points on others of the
one or more route poses

Reposition one or more route poses in response to the forces on 4
each point of the one or more route poses

Perform interpolation between one or more route poses 10
generate a collision-free path between the one or more route
poses for the robot to travel

A

FIG. &

C.  Prosecution History

42. The *780 patent was not subject to any examiner rejections. The

examiner first allowed the claims on February 7, 2018. The examiner noted the 780

patent discloses a “pre-planned route, path, and speed” and that the robot “evaluates

the relative cost of various potential paths and thus arrives at a path to traverse the

26

Avidbots Ex1003
Page 35 of 207



environment.” Ex1002, 36. This summary is not representative of any of the claim
limitations, suggesting the examiner erroneously gave weight to unclaimed features
when assessing the patentability of the *780 patent. Moreover, the examiner made
a clear error in the notice of allowance by focusing his analysis on a reference that
did not disclose the use of forces for obstacle avoidance, U.S. Patent Application
No. 2008/0059015. Ex1002, 36. Although over 200 references were identified
during prosecution, only two references disclosed simulating artificial forces to
navigate a robot and the examiner failed to comment on them.

D.  Priority Date

43. I have been asked to assume that the *780 patent is entitled to claim
priority to November 2, 2016.

E. Challenged Claims

44. Tunderstand that Petitioners are challenging the validity of claims 1-20
of the 780 patent in the Petition for Inter Partes Review to which this Declaration
will be attached. The claims being challenged are reproduced in Appendix C.

IV. SUMMARY OF THE INVALIDITY GROUNDS AND PRIOR ART
A. Invalidity Grounds

45. Based on my review and analysis of the materials cited herein, my
opinions regarding the understanding of a POSITA in the 2016 timeframe, and my
training and experience, it 1s my opinion that the challenged claims of the 780 Patent

are invalid based on at least the following grounds:
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Grounds  Claims Statutory Basis Prior Art

| 1-20  § 103 (Obviousness)  Beardsley (Ex1004) and
Castellanos (Ex1007)
2 1-20  § 103 (Obviousness) Beardsley (Ex1004),
Castellanos (Ex1007), and
Khatib (Ex1006)
3 1-20  § 103 (Obviousness)  Yamamoto (Ex1010) and
Khatib (Ex1006)
4 8 § 103 (Obviousness  Yamamoto (Ex1010) and
Khatib (Ex1006) and
Beardsley (Ex1004)

B. U.S. Patent Application Publication No. 2015/0284010
(“Beardsley”) (Ex. 1004)

46. Beardsley is titled “Shared Control of Semi-Autonomous Vehicles
Including Collision Avoidance in Multi-Agent Scenarios.” Beardsley discloses a
semi-autonomous or fully-autonomous robotic vehicle, such as a cleaning robot, that
implements a method for determining a collision-free route while navigating around
“dynamic constraints,” such as obstacles. Ex1004, [0008], [0221]. Beardsley
discloses a “potential field approach that pushes the vehicle away from both static
and dynamic obstacles” through use of a “repulsive force.” Id. [0061]. Beardsley
also discloses a “guidance trajectory” that provides “higher control over the motion,”
which is created using a roadmap or grid map (400) with connected waypoints (430).
Id. [0057], [0060], [0061]. Each waypoint has an associated arrival time and an
active area (434), which is an area “where the vehicle is allowed to freely move.”

Id. [0008], [0057], [0061]; Fig. 4.
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1d., Figs. 3, 4.

C. 0. Khatib, “Real-Time Obstacle Avoidance For Manipulators and
Mobile Robots,” 5 Int’l J. of Robotics Research 90-98 (1986)
(Ex1006)

47. Khatib is a seminal paper in the art disclosing the real-time obstacle
avoidance method using artificial potential fields. Ex1006, 90. The method moves
a robot (manipulator) by simulating forces acting upon the robot as if it were in a
potential field. /d. at 91. Khatib presents “this method in the context of manipulator
collision avoidance,” and explains that the “application to mobile robots is
straightforward.” Id., 91. Indeed, in a 2005 textbook, Choset disclosed an
application of Khatib’s method to “rigid-body robots” using “control points.”

Ex1012, 80, 101-104, 582. For example, the “manipulator moves in a field of forces.

29
Avidbots Ex1003
Page 38 of 207



The position to be reached is an attractive pile for the end-effector, and obstacles are
repulsive surfaces for the manipulator parts.” Id. Khatib explains that “any point of
the robot can be subjected to the artificial potential field” and such a point is called
a “Point Subjected to the Potential” or “PSP.” Id. at 93. Accordingly, the method
“enables control of a given point of the manipulator with respect to [an] obstacle”
and “[s]pecifying an adequate number of PSPs enables the protection of all of the
manipulator’s parts.” Id. at 94. Khatib discloses that the potential field accounts for
a “limit distance” at which the influence of the potential field ceases and a “shortest
distance to the obstacle” at which repulsive force is greatest. Id. at 93. Khatib also
discloses that the potential field method can be used to account for various obstacle
shapes by representing the approximate surface of the obstacle as an n-ellipsoid. /d.,

Fig. 1.

D. J.A. Castellanos, J. Montiel, J. Neira, J.D Tardos, “The SPmap: A
probabilistic framework for simultaneous localization and map
building,” 15(5) IEEE Trans. Robotics and Automation 948-952
(1999) (Ex1007)

48.  Castellanos discloses “path planning and navigation of a mobile

robot”.” Ex1007, 948. Castellanos discloses a method for “automatic construction
of [a] map of the environment in which the robot navigates” using laser data

collected from sensors, and which consists of an “SPmap [that] consistently
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formulates the representation and integration of sensorial information gathered by

different sensors.” Id. Fig. 1 shown below depicts Castellanos’ approach to SLAM.

Lasor I
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GM,

Simultaneous localization and map building.

Fig 1.

49. Castellanos maps obstacles (“geometric element” or “feature”) with

respect to the base location of the mobile robot (“base reference W”) by calculating

a location vector accounting for estimation error resulting in the diagram in Fig. 2.
1d., 948-949.
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50. Castellanos discloses “incremental construction of the SPmap” by
using “estimation techniques based on” an “extended Kalman filter.” Id., 949.
Castellanos estimates “displacement of the mobile robot between two intermediate
points along its trajectory” via ‘“dead-reckoning” and predicts the location of a
mobile robot at a particular time. /d. Castellanos also discloses matching local map
observations with global map features and estimating extended Kalman filters by
decomposing into the estimation of the mobile robot location and subsequent

estimation of map features from common observations. Id., Fig. 5 shown below.
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®)

Fig. 5. Estimated robot trajectory and built map (a) neglecting correlations
between entities, where the estimated solution diverges from ground-truth, and
(b) using the SPmap approach. An a priori model map is drawn for reference

purposes.

Chang, Ya-Chun, Yamamoto, Yoshio, On-line path planning
strategy integrated with collision and dead-lock voidance schemes

33
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for wheeled mobile robot in indoor environments, Industrial
Robot, An International Journal 35(5) 421-34 (2008)
(“Yamamoto”) (Ex1010)

51.  Yamamoto discloses an autonomous robot for indoor environments that
combines known path planning, map building, and obstacle avoidance techniques.
Ex1010, 422 (“we propose our potential field-based path planner within topological
map building ability which enables the robot to perform an exploration towards a
desired position and to build a reliable and compact map between targets (a start and
goal), as well as helping the robot to avoid dead-lock positions existing in

environment during a navigation task”).
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Ex1010 Fig. 4.

52.  Yamamoto uses the potential field method of Khatib for obstacle
avoidance and the Voronoi diagram method for map creation. Ex1010, 421 (“The
hybrid path planner is composed of potential field method (Khatib, 1986) (Volpe
and Khosla, 1990) and Voronoi diagram approach”).

V. LEVEL OF ORDINARY SKILL IN THE ART

53. I have analyzed the *780 Patent and determined that the field of the
patent is autonomous robotics. See Ex. 1001, Abstract. In my opinion, and based on
my experience, a POSITA in the field of autonomous robotics around November
2016, would have had a Bachelor’s degree or higher in electrical, computer, or
mechanical engineering or computer science (or equivalent discipline) and at least
two years of experience in research, design and/or development of autonomous
robotics and/or robotic mapping/navigation and/or a related field. A POSITA may
also have more education than a Bachelor’s degree and less experience, or may have

less education than a Bachelor’s degree and more experience.

VI. INVALIDITY

A. Ground 1: Claims 1-20 are Rendered Obvious by Beardsley in
View of Castellanos
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1. Motivation to Combine Beardsley and Castellanos

54.  Well before the 780 patent, a POSITA would have been familiar with
the various iterations and implementations of the potential field method of obstacle
avoidance, such as Beardsley, and mapping methods, such Castellanos. See supra §
[LA.

55. By way of background, a POSITA would have recognized that the
problems of mapping, obstacle avoidance, and navigation/motion planning are a
well-known set of issues that comprise a unified challenge to creating a “complete
navigation system” in the field of autonomous robotics. Ex1005, 44. Solutions to a
complete navigation system necessarily require combinations of methods, and a
POSITA would have been motivated to combine existing methods across subfields
necessary for a complete navigation system (e.g., obstacle avoidance and map
building) to improve existing total or partial solutions for a complete navigation
system.

56. A POSITA would have been motivated to combine the obstacle
avoidance technique applying the potential fields method disclosed in Beardsley
with the mapping technique disclosed in Castellanos in seeking solutions and
improvements for a complete navigation system. First, Beardsley discloses
provision of a “grid map,” and combines that method with an implementation of the

well-known “potential field” approach of obstacle avoidance and navigation.
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Ex1004, [0008], [0012],[0016], [0061], Fig. 3 (step 310). However, one could argue
that Beardsley does not disclose how the grid map is generated. In this case, a
POSITA would have researched how to create a grid map. Castellanos teaches a
SLAM method utilizing a probabilistic model to represent the location of uncertain
geometric information. It uses route poses in a shape and size substantially the same
as the robot. Ex1007, 948. A POSITA seeking improved solutions for a complete
navigation system in the field of autonomous robots would have combined methods
of obstacle avoidance, map building, and localization using route poses for which
the combination of Beardsley and Castellanos would provide a possible solution.
See Ex1009, 323. Moreover, Castellanos teaches generating a trajectory on the map
with route poses on the route. Again, a POSITA seeking improved solutions for a
complete navigation system in the field of autonomous robots would have been
motivated to implement the Castellanos’ trajectories with route poses onto
Beardsley’s robot to allow the robot to navigate static obstacles using Beardsley’s
attractive and repulsive forces.

57. A POSITA would also have been motivated to modify Beardsley with
Castellanos’ route poses for the benefit of more accurately and efficiently accounting
for robots with more complex shapes and/or also large forms, where representation
by a circle or ellipse would be less efficient. As a robot becomes larger, a circle or

ellipse would become less efficient at accounting for the robot’s various dimensions
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and physical attributes, which are important for localization, route planning, and
obstacle avoidance.

58.  Second, Castellanos’s localization method is particularly well-suited to
be combined with Beardsley’s method of obstacle avoidance and navigation. Each
method uses sensor data. Id. Beardsley discloses a “vehicle 110 which relies on
“sensor data 119” “to determine present locations of [other] vehicles 110 in the drive
space,” which allows vehicle 110 to avoid collisions. Ex1004, [0048]. Beardsley
also discloses accounting for “sensor noise” in determining distance to objects for
purposes of obstacle avoidance, further underscoring the use of sensors to detect
points on objects. Id., [0104]. However, Beardsley does not disclose which specific
sensors would be suitable. Castellanos discloses a robot “equipped with a rotating
two-dimensional (2-D) laser rangefinder.” Thus, a POSITA would have been
motivated to combine these methods to design an improved complete method for
autonomous robotic navigation that could efficiently use the same sensors and sensor
data for localization (Castellanos) and obstacle avoidance and navigation
(Beardsley).

59. A POSITA would have reasonably expected success in combining
Beardsley and Castellanos. Beardsley’s method of obstacle avoidance combined
with Castellanos’s SLAM method provide solutions to complementary sub-

problems for a complete navigation system. See, e.g., Ex1009, 323; Ex1005, 44.
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And further, both methods rely on the use of sensors and sensor data. See supra §
IV.B, D.

2. Independent Claim 1

60. It is my opinion that the limitations of claim 1 are rendered obvious by
Beardsley in view of Castellanos.

a. 1[pre]: “A robot comprising:”

61. To the extent the preamble is limiting, the Beardsley/Castellanos
combination teaches “a robot. Indeed, because both disclose a robot, the combined
version of Beardsley that includes Castellanos’ map feature, discloses a robot.
Namely, Beardsley discloses a system 100, which is a robot, and which includes
vehicle 110 and a control system 120 for controlling the vehicle 110. Ex1004,
[0045], Fig. 1; Fig. 2 (illustrating a “robotic wheelchair” or vehicle 210). See also
Id. at [0082] (“[T]he algorithms have been extensively tested in simulation with

larger groups of robots/agents.”).
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Ex1004, Fig. 1.

62. Castellanos also discloses a robot. See Ex1007, 952 (“We have
presented a complete experiment, where a LabMate™ mobile robot equipped with a
rotating 2-D laser rangefinder navigated indoors.”).

b. 1[a]: “one or more sensors configured to collect data

about an environment including detected points on one
or more objects in the environment; and”

63. The Beardsley/Castellanos combination discloses this limitation.
Beardsley discloses that local controller 116 of vehicle 110 transmits “sensor or
tracking system data [119] . . . for determining the present location of
other/neighboring vehicles.” Ex1004, [0045], Figure 1. Vehicle 110 relies on

“sensor data 119” “to determine present locations of [other] vehicles 110 in the drive
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space,” which allows vehicle 110 to avoid collisions. Id. [0048]. Beardsley also
discloses accounting for “sensor noise” in determining distance to objects for
purposes of obstacle avoidance, further underscoring the use of sensors to detect
points on objects. Ex1004, [0104]. Beardsley also discloses storing “sensor data []
from the vehicle” in memory. Id. [0047].

64. A POSITA would have understood that Beardley’s sensor data is
obtained from sensors on vehicle 110, which correspond to the claimed “one or more
sensors.” Moreover, a POSITA would have understood that Beardley’s sensors
collect data at “detected points on one or more objects in the environment,” as was
commonly known.

65. To the extent a POSITA would not have understood Beardsley to have
disclosed sensors on the robot, it would have been obvious to modify Beardsley to
use Castellanos’ sensors to generate a map of the environment. Castellanos discloses
a robot “equipped with a rotating two-dimensional (2-D) laser rangefinder,” which
corresponds to the claimed “sensor.” Ex1007, 948. The robot “was programmed to
follow a trajectory (53 m approximately), stopping at regular intervals to take
measurements.” Id. at 950. Castellanos further discloses that its “SPmap
consistently formulates the representation and integration of sensorial information
gathered by different sensors.” Id. at 948. Figure 1 depicts the use of sensor data to

construct a map of the environment:
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66. Castellanos further discloses that its “approach can include different

more objects in the environment.
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types of features obtained by different types of sensors, and thus it is suitable to deal
with a multisensory system.” Id. at 949. This multisensory system, which can obtain

information on “different types of features,” constitutes detecting “points” on one or

Avidbots Ex1003
Page 51 of 207



c. 1[b]: “a controller configured to:”

67. The Beardsley/Castellanos combination discloses this limitation.
Beardsley discloses that system 100 includes (1) “a processor 112 running a local
controller 116 that controls operations of a drive mechanism(s)/actuator 118 to cause
the vehicle 110 to move in a particular direction and velocity within the space 105,”
and (i1) a “central control system 120 that may take the form of a computer or
computer-based system specially configured to control the vehicles 110 via motion
control signals 138.” Ex1004, [0044], [0046]. The central control system 120 and
local controller correspond to the claimed “controller.”

d. 1[b][1]: “create a map of the environment based at
least in part on the collected data;”

68. The Beardsley/Castellanos combination discloses this limitation.
Beardsley discloses a “roadmap or grid map” 400 of drive space 410, which
“includes several rooms and corridors with these available spaces/areas for driving
shown at 426 (with lighter or no shading) and occupied spaces or physical/virtual
objects shown at 420 (with darker shading).” Ex1004, [0017], [0060], Fig. 4. Grid

map 400 corresponds to the “map of the environment.”
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69. Grid map 400 is generated by system 100 using the method 300 of
Figure 3. Id. [0057]-[0060], [0160], Figure 3. At step 310 of method 300, “the
method 300 continues at 310 by providing a static map of the selected drive space
that includes locations, shapes, and sizes of obstacles.” Id. [0057].

70.  Bearsley further explains that grid map 400 is “e.g., an image[] of space
that defines locations of obstacles in the space (physical objects such as walls and
also, in some cases, virtual objects that may be projected into the space or be
displayed on a monitor/display device in the vehicle).” Id. [0012], see also, id.

[0047]-[0048] (explaining that “grid map 152 . . . maps physical obstacles 154”
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based on “sensor data 119 from the vehicle 110.”). A POSITA would have
understood that the image that forms the grid map 400 is generated using data
collected by an image sensor.

71.  To the extent a POSITA would not have understood Beardsley to have
disclosed map creation by the robot, it would have been obvious to modify Beardsley
to use Castellanos’ map building process, as discussed above, which would allow
the robot of Beardsley to create a “static map of the selected drive space that includes
locations, shapes, and sizes of obstacles,” as required by step 310 of method 300.
Castellanos discloses a method for “automatic construction of [a] map of the
environment in which the robot navigates.” Ex1007, 948. Figure 1 of Castellanos
illustrates a flow chart for using 2D laser data, which is data collected by the laser

sensor, to create a local map and a global map (i.e., map of the environment):
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Castellanos also discloses a method of creating a map of an

46

SPmap method disclosed in Castellanos is depicted in Figure 5(b).

environment based on collected sensor data, which it refers to as a “symmetries and
perturbations map” or “SPmap.” Id. at 948. Castellanos discloses that its “SPmap
[method] consistently formulates the representation and integration of sensorial

information gathered by different sensors.” Id. at 948. A map generated using the
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Id. Fig. 5 (b).

e. 1[b][2]: “determine a route in the map in which the
robot will travel;”

73. The Beardsley/Castellanos combination discloses this limitation.
Beardsley discloses a method 300 for “creating a roadmap or set of guidance
trajectories,” which correspond to the claimed “route in the map in which the robot
will travel.” Ex1004, [0057], Fig. 3. The set of guidance trajectories “(1) guide the
motion of the vehicle; (2) limit its movements; (3) guarantee that the vehicle has a

certain performance even in the case where the driver does not specify a velocity;
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and (4) control the throughput of vehicles throughout a drive space or ride area.” 1d.,

[0051].
300
START GUIDANCE TRAJECTORIES e 305
GENERATION
PROVIDE STATIC MAP OF DRIVE 310
SPACE WITH OBSTACLES T
DEFINE SET OF WAY POINTS INCLUDING | 320
ARRIVAL TIMES AND ACTIVE AREAS
ASSOCIATED WITH WAY POINT
¥
| CONNECT WAY POINTS o~ 340
¥
| DEFINE THE GUIDANCE TRAJECTORY 350
¥
Id., Fig. 3.

74.  Method 300 includes steps 305, 310, 320, 340, and 350, which illustrate
the process for determining the set of guidance trajectories. Id. [0057]-[0059].

f. 1[b][3]: ‘“generate one or more route poses on the
route, wherein each route pose comprises a footprint
indicative of poses of the robot along the route and
each route pose has a plurality of points disposed
therein;”
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75. The Beardsley/Castellanos combination discloses this limitation. As
explained above (Element 1[b][2]), Beardsley discloses a method 300 for “creating
a roadmap or set of guidance trajectories.” Ex1004, [0057], Figs. 3, 4 (illustrating
exemplary waypoints 430). The roadmap is “created via waypoints connected by
straight lines.” Id. [0057]. At step 320 of method 300, “set of waypoints is specified,
and, for each waypoint, an arrival time, T;, (or, alternatively, a speed over the
segment) and an active area (where the vehicle is allowed to freely move) of a
predefined radius, p;, around the waypoint is provided.” Id. [0058]. This is
illustrated in Figure 4, which shows “nine waypoints, w;” (labeled 1 through 9),
“with arrival times, T;, and a number of different radii, pi, for their associated active

areas 434.” 1d. [0060].
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Id., Fig. 4.

76.  Each waypoint and/or “active area” corresponds to the claimed “route
poses on the route.” The “active area” associated with each waypoint corresponds
to the claimed “footprint indicative of poses of the robot along the route.”

77. Moreover, as illustrated in Figure 2, each waypoint “has a plurality of
points disposed therein,” as claimed. In particular, Beardsley discloses that “[w]ith
regard to wheelchair (vehicle, in this example) kinematics, the unicycle model is
used, with p the point in-between both tractor wheels, 0 the orientation of the vehicle,
and v/, v2 the linear and angular speed of the platform.” Moreover, the “local
trajectory is applied at this point [p], and a circle of radius r is considered as the
enveloping shape of the vehicle.” Id. [0056]; see also Id. [0050] (A disk, D(p,r), of
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radius ri centered at pi defines its enveloping shape. The enlarged obstacle map is
given by a static grid map Or of the positions p where a disk D(p,r) is in collision

with a static obstacle.”).

200

Id., Fig. 2.

78.  As such, a POSITA would have understood that each waypoint has
multiple points, including point p, and points around the circle of the radius r that
envelopes the shape of the vehicle.

79.  To the extent a POSITA would not have understood Beardsley to have
disclosed route poses on the route, it would have been obvious to modify Beardsley
to use Castellanos’ route poses. Castellanos discloses “estimation of the mobile
robot location and . . . the estimation of the map features [] from a common set of
observations.” Ex1007, 951. Each such robot location constitutes a route pose

indicative of the footprint of a robot pose. Castellanos further depicts poses for the
51
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mobile robot along the route in Figures 2, 3, and 5, each of which also depicts the
route pose comprising a footprint of the robot along the route. See infra. As
illustrated in the figures, a POSITA would have understood that each pose comprises

a plurality of points on the map.

-----

Ex1007, Figs. 2-3 (illustrating route pose associated with “Mobile Robot.”)
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Ex1007, Figs. 5(a)-(b).
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g. 1[b][4]: “determine forces on each of the plurality of
points of each route pose, the forces comprising
repulsive forces from one or more of the detected
points on the one or more objects and attractive forces
from one or more of the plurality of points on others of
the one or more route poses;”

80. The Beardsley/Castellanos combination discloses this limitation.
Beardsley discloses determining “repulsive forces from one or more of the detected
points on the one or more objects,” as claimed. For example, Beardsley discloses
computing a “repulsive velocity u/#” for each time step, for each vehicle i, using “a
potential field approach that pushes the vehicle away from both static and dynamic
obstacles.” Ex1004, [0061]. Beardsley’s Equation (8) provides an example of such
a function. Beardsley further explains that “[t]o appropriately maintain a minimum
inter-agent distance, the preferred velocity, 1, is corrected by adding a repulsive
velocity [] given by a vector field such as those shown in one of the two examples
of repulsive velocities shown in the graph 1400 of FIG. 14 and that pushes agents
apart from each other when at a certain distance.” Id. [0104], Figures 5 (illustrating
repulsive force u™P) and 14. A POSITA would have understood that Figure 14
illustrates examples of repulsive velocities “from one or more of the detected points
on the one or more objects,” which affect “each of the plurality of points of each

route pose,” as claimed.
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Id. Fig. 14.

81. Beardsley also discloses determining “attractive forces from one or
more of the plurality of points on others of the one or more route poses,” as claimed.
Beardsley discloses computing a “preferred velocity 1, for each time step, for each
vehicle i, and “guidance velocity u”¥”. Beardsley’s Equations (6) and (7) provide
examples of such a function. Id. [0061]. A shown in Equation (6), the preferred
velocity 1i; is based on the guidance velocity and the repulsive velocity, amongst
other variables. Id. Moreover, Figure 5 (shown above) illustrates the guidance
velocity u”#” for a particular snapshot in time. Id., [0063]-[0064].

h. 1[b][5]: “reposition one or more route poses in

response to the forces on each point of the one or more
route poses; and”

82. The Beardsley/Castellanos combination discloses this limitation.
Beardsley discloses using the “potential field approach that pushes the vehicle away
from both static and dynamic obstacles.” Ex1004, [0061]. Beardsley applies this
approach to “local motion planning,” id. [0096], including through “selectively
adjusting the velocity and direction . . . to generate a trajectory . .. for the vehicle
in the space,” id. [0011]. A POSITA would have understood that the use of potential
fields to adjust velocity would result in the repositioning of the route poses in

response to the forces on each point of the route poses.
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i. 1[b][6]: “perform interpolation between one or more
route poses to generate a collision-free path between
the one or more route poses for the robot to travel.”

83. The Beardsley/Castellanos combination discloses this limitation.
Beardsley’s Figure 4 illustrates “a grid map 400 of a drive space 410 that may be
generated with the method 300 of Fig. 3”. Ex1004, [0060], Fig. 4. Step 350 of
method 300 “involves generating or defining the guidance trajectory along with the
active area around it (e.g., by interpolation or the like).” Id. [0058]. Beardsley
further explains that “waypoints 430 [marked 1 through 9] are connected by straight
lines as shown at 438, and, in between waypoints, the ideal trajectory and active area
is given by interpolation.” Id. The trajectory generated is a collision-free path
between the route poses for the robot to travel because it avoids “occupied spaces or

physical/virtual objects shown at 420 (with darker shading).” Id.
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438 S 430
426

Id. Fig. 4.

3. Dependent Claim 2

84. It is my opinion that limitations of claim 2 are rendered obvious by
Beardsley in view of Castellanos.
Je 2[a]: “The robot of claim 1, wherein: the one or more

route poses form a sequence in which the robot travels
along the route; and”

85. The Beardsley/Castellanos combination discloses this limitation. See
supra §§ VILA.2 (Element 1[b][3], incorporated by reference). Additionally,

Beardsley discloses that its method comprises “connecting consecutive waypoints.”
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Ex1004, [0058]. Beardsley’s association of “arrival times” “for each waypoint”
further discloses that they form a sequence in which the robot travels the route. /d.
Beardsley’s Figure 4 also shows the waypoints as the sequence of travel for the

robot.

400

Id. Fig. 4.

86. To the extent a POSITA would not have understood Beardsley to
have disclosed route poses on the route, it would have been obvious to modify
Beardsley to use Castellanos’ route poses. Castellanos at Figure 5 depicts the route

poses forming a sequence in which the robot travels along the route. Ex1007, Fig. 5.
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(b)

1d.
k. 2[b]: “the interpolation comprises a linear

interpolation between sequential ones of the one or
more route poses.”

87. The Beardsley/Castellanos combination discloses this limitation.

Beardsley discloses this limitation. Beardsley discloses this limitation because the
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trajectory between the sequential waypoints, see supra § VI.A.2 (Element 1[b][6]),
can be given by “interpolation or the like.” Id., [0058]. Moreover, Beardsley
explains that the “[t]he waypoints 430 are connected by straight lines as shown at
438, and, in between waypoints, the ideal trajectory and active area is given by
interpolation.” Id., [0060]. A POSITA would have understood that Beardsley
discloses using a “linear interpolation between sequential ones of the one or more
route poses” because it discloses that trajectory is given by “interpolation or the
like,” where waypoints are “connected by straight lines.”

4. Dependent Claim 3

88. It is my opinion that limitations of claim 3 are rendered obvious by
Beardsley in view of Castellanos.

Claim 3: “The robot of claim 1, wherein the interpolation generates one or more
interpolation route poses having substantially similar footprints to the footprint
of each route pose.”

89. The Beardsley/Castellanos combination discloses this limitation. See
supra §§ VI.A.3 (Claim 2). Beardsley also teaches that active areas can be generated
by interpolation. Ex1004, [0058]. Active areas define “where the vehicle is allowed
to freely move” “for each waypoint,” and is therefore “substantially similar
footprints to the footprint of each route pose.” Id. Moreover, Figure 4 depicts active

areas associated with waypoints 1, 2, 3b, 6, 9, and 8 that are substantially similar in

size to the robot.
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90. To the extent a POSITA would not have understood Beardsley to have
disclosed route poses on the route, it would have been obvious to modify Beardsley
to use Castellanos’ route poses, which as illustrated in Figures 2 and 3 are
“substantially similar footprints to the he footprint of each route pose.” See supra
§§ VILA.2 (Element 1[b][3]).

5. Dependent Claim 4

91. It is my opinion that limitations of claim 4 are rendered obvious by

Beardsley in view of Castellanos.
Claim 4: The robot of claim 1, wherein the determination of the forces on each
point of the one or more route poses further comprises a computation of a force
function that associates, at least in part, the forces on each point of each route
pose with one or more characteristics of objects in the environment.

92. The Beardsley/Castellanos combination discloses this limitation. This
limitation is disclosed for the same reasons provided under Element 1[b][4].
Beardsley discloses a function for calculating repulsive velocity (Equation (8)), that
takes as input, “the distance to the closest static obstacle within the map” and the
“normal vector from it.” Ex1004, [0061]. Equation (8) therefore computes forces
based on “characteristics of objects in the environment,” as claimed. Beardsley also
discloses alternate formulations where the “[t]he position p; and velocity v; of

neighboring agents is known” where the neighboring agents, other semi-autonomous

vehicles, are obstacles. Id. [0065]-[0066].
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93. As explained above (supra §§ VI.A.2 (Element 1[b][4])), a POSITA
would have understood that forces could be calculated for any given point on a robot
and any given point in a route pose, as shown in Figure 14. Id. [0061].

6. Dependent Claim 5

94. It is my opinion that limitations of claim 5 are rendered obvious by

Beardsley in view of Castellanos.

Claim 5: “The robot of claim 4, wherein the one or more characteristics
includes one or more of distance, shape, material, and color.”

95. The Beardsley/Castellanos combination discloses this limitation for the
same reasons as provided under Claim 4. As demonstrated above (supra, VI.A.5
(Claim 4)) Beardsley utilizes information about dynamic obstacles such as “current
position, velocity, and shape” to optimize trajectory. Ex1004, [0101]. A POSITA
would have understood that this information constitutes one or more of the
“characteristics”—in this case at least distance and shape—disclosed in Claim 5 of
>780 patent.

7. Dependent Claim 6

96. It is my opinion that limitations of claim 6 are rendered obvious by

Beardsley in view of Castellanos.

Claim 6: “The robot of claim 4, wherein: the force function associates zero
repulsive force exerted by a first detected point on a first object where a
distance between the first detected point and a second point of a first route pose
is above a predetermined distance threshold.”
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97. The Beardsley/Castellanos combination discloses this limitation. The
above disclosure for Claims 1 and 4 also applies to this limitation. See supra
§§ VILA.2.a-i, m. Beardsley teaches the creation of guidance trajectories utilizing
force functions, wherein repulsive forces from objects are measured at zero (i.e.,
zero repulsive force) beyond a certain distance threshold. Ex1004, [0061] (“The
repulsive velocity u/? is computed with a potential field approach that pushes the
vehicle away from both static and dynamic obstacles. A linear function weighting

the distance to other vehicles isused . . . where V., is the maximum repulsive velocity,

D and D are the maximum distance from which a repulsive force is added.”)
(emphasis added); see also id. (“[T]he guidance trajectory, and the neighboring
obstacles as follows . . . where u>=1 if the vehicle is inside the active area and u>=0
otherwise, and =1 if q is in line of sight of the vehicle and p1=0 otherwise.”
(emphasis added)). Beardsley’s incorporation of a distance threshold beyond which
no repulsive force is added constitutes the “predetermined distance threshold” of
Claim 6 beyond which the “force function associates zero repulsive force exerted by
a first detected point on a first object.”

8. Dependent Claim 7

98. It is my opinion that limitations of claim 7 are rendered obvious by
Beardsley in view of Castellanos.

7: “The robot of claim 1, wherein the footprint of each route pose has
substantially similar size and shape as the footprint of the robot.”
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99. The Beardsley/Castellanos combination discloses this limitation. The
above disclosure for Claim 1 also applies to this limitation. See supra §§ VI.A.2.

100. Beardsley discloses a method for obstacle avoidance through the use of
a force function that includes the “kinematic constraints of the vehicle,” such as the
“vehicle’s radius.” Ex1004, [0065]. Beardsley discloses modeling the shape of each
vehicle in several possible ways. In one example, Beardsley models the shape of the
vehicle through an enveloping cylinder with a given radius centered at the vehicle,
id. [0095] (“The shape of each agent or vehicle is modeled by an enveloping cylinder
of radius, 1, and height, 2h;, centered at the agent or vehicle”), and in another
example Beardsley considers an enveloping circle, id. [0056] (““a circle of radius r is
considered as the enveloping shape of the vehicle”). Beardsley’s enveloping
cylinder or circle is a “substantially similar size and shape as the footprint of the
robot, and coupled with Beardsley’s use of waypoints and “active areas,” supra §
IV.A.2.e (element 1(b)(2)), constitute the use of these footprints in the selection of
waypoints (i.e., route poses). Beardsley also discloses an active area, “where the
vehicle is allowed to freely move”, and explains that “[a]t least some of the active
areas differ in size or shape.” Id. [0013], [0058]. A POSITA would have understood
that the active area could be used to reflect the shape and size of the robot and that

the robot could be modeled with a shape reflecting the footprint of the robot.
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101. To the extent a POSITA would not have understood Beardsley to have
disclosed this limitation, it would have been obvious to modify Beardsley to use
Castellanos’ route poses that are substantially of similar size and shape as the
footprint of the robot. Castellanos’ Figures 2, 3, and 5 all depict poses on a route
wherein the footprints of route poses have substantially similar size and shape as the

footprint of the robot. Ex1007, Figs. 2-3, 5.
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1d. Figs. 5(a)-(b).
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9. Dependent Claim 8

102. It is my opinion that the limitations of claim 7 are rendered obvious by
Beardsley in view of Castellanos.
Claim 8: “The robot of claim 1, wherein the robot comprises a floor cleaner.”

103. The Beardsley/Castellanos combination discloses this limitation. The
above disclosure for Claim 1 also applies to this limitation. See supra § VI.A.2.a.
Beardsley teaches that its method may be used in numerous contexts, including
“with autonomous control (e.g., robotic character, a cleaning robot, a surveillance
drone, and so on).” Ex1004, [0221] (emphasis added).

10. Independent Claim 9

104. It is my opinion that limitations of claim 9 are rendered obvious by
Beardsley in view of Castellanos.

a. 9[pre]: “A method for dynamic navigation of a robot
in an environment, comprising:”

105. To the extent the preamble is limiting, the Beardsley/Castellanos
combination discloses this limitation for the reasons explained for I[pre]. See
supra VI.A.2; see also Ex1004, [0160],[0221], [0008], [0010].

b. 9[a]: “generating a map of the environment using data
from one or more sensors;”

106. The Beardsley/Castellanos combination discloses this limitation for the

reasons explained for elements 1(a) and 1(b)(1) § IV.A.2.
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c. 9[b]: “determining a route on the map, the route
including one or more route poses, each route pose
comprising a footprint indicative at least in part of a
pose and a shape of the robot along the route and each
route pose having a plurality of points disposed
therein;”

107. The Beardsley/Castellanos combination discloses this limitation for
the reasons explained for elements 1(b)(2) and 1(b)(3). See supra § VI.A.2.
d. 9[c]: “computing repulsive forces from a point on an

object in the environment onto the plurality of points
of a first route pose of the one or more route poses;”

108. Beardsley/Castellanos discloses this limitation for the reasons
explained for element 1(b)(4). See supra § VI.A.2.

e. 9[d]: “repositioning the first route pose in response to
at least the repulsive forces; and”

109. The Beardsley/Castellanos combination discloses this limitation for the
reasons explained for element 1(b)(5). See supra § IV.A.2.
f. Ole]: “performing an interpolation between the

repositioned first route pose and another of the one or
more route poses.”

110. The Beardsley/Castellanos combination discloses this limitation for

the reasons explained for element 1(b)(6). See supra § VI.A.
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11. Dependent Claim 10

111. It is my opinion that limitations of claim 10 are rendered obvious by
Beardsley in view of Castellanos.
Claim 10: “The method of claim 9, further comprising determining attractive
forces from a point on another of the one or more route poses exerted on the
plurality of points of the first route pose.”

112. The Beardsley/Castellanos combination discloses this limitation for the

reasons explained for element 1(b)(4). See supra § VI.A.2.

12. Dependent Claim 11

113. It is my opinion that limitations of claim 11 are rendered obvious by
Beardsley in view of Castellanos.
11[a]: “The method of claim 9, further comprising: detecting a plurality of
objects in the environment with the one or more sensors, each of the plurality
of objects having detected points; and”

114. The Beardsley/Castellanos combination discloses this limitation for the
reasons explained for element 1(b)(a). See supra § VI.A.
11[b]: “defining a force function, the force function computing repulsive forces
exerted by each of the detected points of the plurality of objects on the plurality
of points of the first route pose, wherein each repulsive force comprises a
vector.”

115. The Beardsley/Castellanos combination discloses this limitation for the

reasons explained for element 1(b)(4). See supra § VI.A.2. Among other things that

disclosure describes the calculation of a repulsive vector (i.e., repulsive velocity as
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defined by a vector field) by means of force function from obstacles (i.e., objects)
onto the waypoints (i.e., route poses) where the robot travels.

13. Dependent Claim 12

116. It is my opinion that the limitations of claim 12 are rendered obvious
by Beardsley in view of Castellanos.

Claim 12: “The method of claim 11, wherein the repositioning of the first route
pose comprises calculating a minimum of the force function.”

117. The Beardsley/Castellanos combination discloses this limitation for the
reasons explained for Claim 11 and elements 1(b)(4) and 1(b)(5). See supra §§
VI.A.2, 12. Beardsley further discloses developing a local trajectory through an
“optimization in which a joint quadratic cost function is minimized.” Ex1004,
[0090]. In the context of the repulsive and attractive forces employed by Beardsley,
see, e.g., id. Fig. 14, this cost minimization constitutes the minimization of a force
function.

14. Dependent Claim 13

118. It is my opinion that limitations of claim 13 are rendered obvious by
Beardsley in view of Castellanos.

Claim 13: “The method of claim 9, wherein the repositioning of the first route
pose comprises translating and rotating the first route pose.”

119. The Beardsley/Castellanos combination discloses this limitation.

Beardsley discloses applying its method to quadrotors and accounting for translation
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and rotation. Ex1004, [0135] (defining a rotation matrix Rj). In the context of an
obstacle avoidance method such as Beardsley, this translation and rotation constitute
the translation and rotation of route poses. See supra § VI.A.2 (Element 1(b)(5);
incorporated herein by reference). A POSITA would have understood that this
technique could also be applied to ground robots to also determine translation and
rotation.

15. Dependent Claim 14

120. It is my opinion that limitations of claim 14 are rendered obvious by
Beardsley in view of Castellanos.

14[a]: “The method of claim 9, wherein the performing of the interpolation
comprises: generating an interpolation route pose having a footprint
substantially similar to the shape of the robot; and”

121. The Beardsley/Castellanos combination discloses this limitation for the
reasons explained for Element 1(b)(6), and Claims 3, 7, and 9. See supra §§ VI.A.2,
4,8, 10. As explained in those sections, the Beardsley/Castellanos combination
discloses using interpolation between route poses to generate a collision-free path,
including utilizing route poses with a footprint similar to the size and shape of the
robot.

14[b]: “determining a translation and rotation of the interpolation route pose

based at least on a collision-free path between the translated and rotated first
route pose and the another of the one or more route poses.”
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122. The Beardsley/Castellanos combination discloses this limitation. It
would have been obvious to a POSITA to determine the translation and rotation of
a route pose given by interpolation to achieve a collision-free path, between an
already translated and rotated route pose and another route pose. See also supra
§§ VILA.2, 4, 8, 14 (Element 1(b)(6), Claims 3, 7, 13, all incorporated herein by
reference).

16. Dependent Claim 15

123. It is my opinion that limitations of claim 15 are rendered obvious by

Beardsley in view of Castellanos.
Claim 15: “The method of claim 9, further comprising computing a magnitude
of the repulsive forces as proportional to a distance between the point on the
object and each of the plurality of points of the first route pose if the point on
the object is outside of the footprint of the first route pose.”

124. The Beardsley/Castellanos combination discloses this limitation for the
reasons explained for Claim 9 and element 1(b)(4). See supra §§ VI.LA.2, 12
(Element 1[g], Claim 11). Beardsley discloses the use of the potential field method
to calculate a repulsive force, and discloses Equation (8) for computing a repulsive
velocity which a POSITA would have understood to apply “if the point on the object
is outside of the footprint of the first route pose.” Ex1004, [0061]. Moreover,
Equation (8) is based on “the distance to the closest static obstacle.” Id. Beardsley

therefore computes the magnitude of repulsive force proportionally to the distance

of an object.
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17. Dependent Claim 16

125. It is my opinion that limitations of claim 16 are rendered obvious by

Beardsley in view of Castellanos.
16: “The method of claim 9, further comprising computing a magnitude of the
repulsive forces as inversely proportional to a distance between the point on the
object and each of the plurality of points of the first route pose if the point on
the object is inside the footprint of the first route pose.”

126. The Beardsley/Castellanos combination discloses this limitation for the
reasons explained for Claim 9 and element 1(b)(4). See supra §§ VI.LA.2, 12
(Element 1[g], Claim 11). It would have been obvious to a POSITA that Beardsley
would apply the potential field method to calculate a higher magnitude of repulsive
force as there is less distance between the position and the obstacle, especially if the
obstacle is within the estimated position of the robot. A POSITA would also have
found it obvious for this to hold true when the obstacle is within the footprint of the

route pose, such as that of Castellanos.

18. Dependent Claim 17

127. It is my opinion that limitations of claim 17 are rendered obvious by
Beardsley in view of Castellanos.
Claim 17: “The method of claim 9, further comprising computing torque forces
onto the plurality of points of the first route pose due to the repulsive forces.”
128. The Beardsley/Castellanos combination discloses this limitation for the
reasons explained for Claim 9 and element 1(b)(4). See supra §§ VI.A.2, 12
75
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(Element 1[g], Claim 11). The *780 patent defines torque forces as those that apply
a rotational force on a route pose. 780 patent at 14:15-17. Beardsley’s depiction of
its force calculations in Figure 5 depicts how rotational force may adjust a robot in
obstacle avoidance. Ex1004, Fig. 5. A POSITA would have found it obvious to
execute the same calculation as depicted in Beardsley Fig. 5 and apply the same
rotational force from the equation in Figure 5 to a route pose.

129. To the extent a POSITA would not have understood Beardsley to have
disclosed route poses on the route, it would have been obvious to modify Beardsley
to use Castellanos’s disclosure. For example, Castellanos depicts how route poses
may be rotated during the course of navigation. Ex1007, Fig. 5. A POSITA would
have found it to apply the forces of Beardsley to cause a rotation of the route poses
as depicted in Castellanos.

19. Independent Claim 18

130. It is my opinion that the limitations of claim 18 are rendered obvious
by Beardsley in view of Castellanos.

a. 18[pre]: “A non-transitory computer-readable storage
apparatus having a plurality of instructions stored
thereon, the instructions being executable by a
processing apparatus to operate a robot, the
instructions configured to, when executed by the
processing apparatus, cause the processing apparatus
to:”
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131. To the extent the preamble is limiting, the Beardsley/Castellanos
combination discloses this limitation. Beardsley discloses there are several means
to implement its teachings including “digital computer systems, microprocessors,
application-specific integrated circuits (ASIC), general purpose computers,
programmable controllers, and field programmable gate arrays (FPGAs).” Ex1004,
[0223]. Beardsley explains these means may be generically referred to as
“processors.” Id. Beardsley also discloses that it can be implemented via “program
instructions resident on computer readable media which when implemented by such
means enable them to implement various embodiments.” Id. Beardsley explains
that “[c]omputer readable media include[s] any form of a non-transient physical
computer memory device.” Id. Beardsley also discloses that “[p]rogram instructions
(such as those in controllers 116, 132 in Fig. 1) include, but are not limited to,
computer-executable instructions executed by computer system processors and
hardware description languages.” 1d.

b. 18[a]: “generate a map of an environment using data
from one or more sensors;”

132. The Beardsley/Castellanos combination discloses this limitation for the
reasons explained for elements 1[a] and 1[b][1]. See supra §§ VI.A.2.

c. 18[b]: “determine a route on the map, the route
comprising one or more route poses, each route pose
comprising a footprint indicative at least in part of a
pose and a shape of the robot along the route and each
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route pose having a plurality of points disposed
therein; and”

133. The Beardsley/Castellanos combination discloses this limitation for the
reasons explained for Claim 7 and elements 1[b][2], 1[b][3], and 9[b]. See supra
§§ VLLA.2, 10.

d. 18[c]: “compute repulsive forces from a point on an

object in the environment onto the plurality of points
of a first route pose of the one or more route poses.”

134. The Beardsley/Castellanos combination discloses this limitation for the
reasons explained for element 9(c). See supra § VI.A.10.

20. Dependent Claim 19

135. It is my opinion that limitations of claim 19 are rendered obvious by
Beardsley in view of Castellanos.
Claim 19: “The non-transitory computer-readable storage apparatus of claim
18, further comprising one or more instructions, which when executed by the
processing apparatus, further cause the processing apparatus to determine
attractive forces from a point on another of the one or more route poses exerted
on the plurality of points of the first route pose.”

136. The Beardsley/Castellanos combination discloses this limitation for the

reasons explained for Claims 10 and 18. See supra §§ VI.A.11,19.

21. Dependent Claim 20

137. It is my opinion that limitations of claim 20 are rendered obvious by

Beardsley in view of Castellanos.
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Claim 20: “The non-transitory computer-readable storage apparatus of claim
18, further comprising one or more instructions, which when executed by the
processing apparatus, further cause the processing apparatus to determine
torque forces from a point on another of the one or more route poses exerted
on the plurality of points of the first route pose.”

138. The Beardsley/Castellanos combination discloses this limitation for the
reasons explained for Claims 17 and 18. See supra §§ VI.A.18, 19.

B. Ground 2: Claims 1-20 are Rendered Obvious by Beardsley in view
of Castellanos and Khatib

1. Motivation to Combine Beardsley, Castellanos, and Khatib

139. As discussed in Ground 1 (§ VI.LA.2), a POSITA would have been
motivated to combine Beardsley with Castellanos. A POSITA would have further
been motivated to modify that combination further in view of Khatib.

140. Specifically, A POSITA would have recognized that Khatib’s use of
“PSPs” (see supra VI.A.2) for every point of a manipulator (robot) and Beardsley’s
use of waypoints and “active areas” (see supra VI.A.2) were complimentary
solutions to the problem of accounting for the footprint of a robot in obstacle
avoidance. Khatib discloses computing forces at each PSP of the manipulator
(which is a type of robot with a fixed base) and further discloses that “n PSPs have
to be considered” to reposition the manipulator, which are essential to protect all

parts of the manipulator. Ex1006, 94. In other words, Khatib discloses computing
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the potential field at multiple points to “enable protection of all of the manipulator’s
part.” Id., 94. Khatib presents “this method in the context of manipulator collision
avoidance,” and explains that the “application to mobile robots is straightforward.”
Id. at 91. Afterall, Khatib discloses a “real-time obstacle avoidance approach for
manipulators and mobile robots.” Ex1006, 90 (emphasis added). Indeed, in a 2005
textbook, Choset disclosed an application of Khatib’s method to “rigid-body robots”
using “control points.” Ex1013, 80, 101-104, 582. In the context of a rigid-body
robot, a POSITA would have found it advantageous to compute forces at multiple
points to account for the entire body of the robot and to enable protection of the
entire body. Khatib’s PSPs provide a more granular method of accounting for a
robot’s footprint for use in Beardsley, because additional PSPs can be specified to
accurately account for, and protect, a particular robot’s components. Ex1006, 94.
Moreover, a POSITA would have found it obvious to apply Khatib’s teachings
concerning computing forces for an adequate number of PSPs, including at each
pose, to Beardsley’s robot so as to ensure all parts of Beardsley’s robot are protected
at each pose along its route.

141. Moreover, a POSITA would have found it obvious and beneficial to
apply Khatib’s forces computation on the plurality of points of a route pose of
Beardsley’s robot. For example, while Khatib explains that doing so would

“require[] the solution of a complicated system of equations,” it also presents a
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technique that “avoids this costly computation.” Id. at 94. This technique would
therefore provide the benefits of improved obstacle avoidance whilst avoiding costly
computations. Moreover, Khatib is a seminal paper from 1986. A POSITA would
have known that computing power has increased significantly between 1986 and the
filing of the *780 patent 30 years later in 2016 and therefore could accommodate the
computations of forces using the techniques proposed by Khatib.

142. A POSITA would have been motivated to combine Beardsley and
Khatib with Castellanos because, as noted above, supra § VI.A.2 (incorporated by
reference) solutions for a complete navigation system in autonomous robotics
requires utilizing a method of localization, like that disclosed in Castellanos. A
POSITA seeking improved solutions for a complete navigation system in the field
of autonomous robots would need to combine methods of obstacle avoidance, map
building, and localization, see Ex1009, 323, for which the combination of Beardsley,
Khatib, and Castellanos would provide a possible solution.

143. Finally, Khatib, like Beardsley and Castellanos, discloses the use of
sensors and sensor data. Ex1006, 96 (“producing the appropriate commands . . .
[involves] making use of real time obstacle sensing (low level vision and proximity
sensors)”). See also supra § VI.A.2 (describing use of sensors by methods in

Beardsley and Castellanos).
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144. A POSITA would have had an expectation of success combining
Beardsley, Khatib, and Castellanos. As noted, while both Khatib and Beardsley
disclose the use of potential field methods for obstacle avoidance, Khatib provides
additional granularity as to accounting for the robot’s footprint, and Castellanos
provides a method of localization. These methods collectively thus provide a
promising combination to seek improved solutions for a complete navigation
system. And further, all three methods utilize sensors and sensor data, further
underscoring the reasonable likelihood of success in combining these methods to
discover an improved solution for a complete navigation system.

2. Claims 1-8

145. It is my opinion that limitations of claims 1-8 are rendered obvious by
Beardsley in view of Castellanos and Khatib. See supra § VI.LA.2 (Claim 1),
§§ VI.LA.3-9 (Claims 2 to 8).

Element 1[b][4]

146. Khatib discloses a PUMA 560 robot that implements methods for real-
time collision avoidance, where there are moving obstacles, using “visual sensing.”
Ex1006, 90, Abstract. The equations for a manipulator and mobile robot are very
similar. The main difference between the two, is that the frame of the manipulator is
fixed and in the case of the mobile robot, the base moves. A POSITA would have

understood the modification required would have been to apply an equation for a
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manipulator to a mobile robot. In this case, a velocity vector for movement of the
mobile robot base should be included. I have routinely instructed this modification
in my introductory robotics undergraduate courses and a POSITA would have found
this modification obvious at the time of the 780 patent. See Ex1011 Fig. 12
(depicting mobile robot with manipulator in 1999). Khatib also discloses “taking
into account the detailed geometry and motion of manipulator and obstacle, and
making use of real-time obstacle sensing (low level vision and proximity sensors).”
1d., 96.

147. Khatib discloses implementation of its technique on a “Control System

Architecture,” in Fig. 3 (shown below), which is a controller. Ex1006, Fig. 3.
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148. Khatib discloses that its controller determines forces on a
robot/manipulator, including repulsive forces from a detected point on an object and
attractive forces. Ex1006, 91 (“The manipulator moves in a field of forces. The
position to be reached is an attractive pole for the end-effector, and obstacles are
repulsive surfaces for the manipulator parts.”). Specifically, Fxa in Equation (10) is
the attractive force from a goal point and F, in Equation (10) is the repulsive force
originating from the surface of the obstacle—thus Khatib discloses “determining
forces.” Id. at 92. Khatib also discloses that the potential field approach “enables
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the control of a given point of the robot with respect to the obstacle by using the sum
of the relevant gradients.” Id. at 94. Khatib discloses that it is possible to control a
given point of a robot with respect to several obstacles, or to control different points
of the robot with respect to different obstacles. For example, Khatib explains that
“[a]ny point of the robot can be subjected to the artificial potential field,” and defines
a “Point Subjected to the Potential” as “PSP.” Id. at 93. Khatib discloses equations
for calculating the potential field at each PSP. See e.g., Equations (18), (23), (24),
and (25). Id.at 93-94. Further, Khatib recommends that “specifying an adequate
number of PSPs enables the protection of all of the manipulator’s parts.” Id. at 93.

149. A POSITA would have found it obvious to apply Khatib’s teachings
concerning the manipulator, which is a type of robot with a fixed base, to a mobile
robot. A POSITA would have therefore understood Khatib to disclose this claim
element. In particular, Khatib recommends calculating the forces for “an adequate
number of PSP” to protect all of the manipulators parts at each position of the
manipulator (Fig. 2). Thus, a POSITA would also have found it desirable and
obvious to apply this technique to Beardsley’s robot to calculate forces for the
plurality of points on a route pose of the Beardsley robot to protect all parts of the
robot.

Element 1[b][5]
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150. To the extent the Board finds that the Beardsley/Castellanos
combination does not teach this element, the Beardsley/Castellanos/Khatib
combination teaches it.

151. Khatib discloses computing forces at each PSP of the manipulator
(which is a type of robot) and further discloses that “n PSPs have to be considered”
to reposition the manipulator. See supra § VI.B.2.h (Element 1[b][5]); Ex1006, 94.
Khatib further discloses the “displacement of a 4 dof manipulator” (see id. Fig. 2) to
avoid moving obstacles—i.e., “repositioning one or more route poses in response to

the force on each point of the one or more route poses,” as claimed.

ld., Fig. 2.
152. A POSITA would have found it obvious to modify a robot according to
the Beardsley/Castellanos teachings to apply Khatib’s forces onto each point of

Beardsley’s robot to ensure that all points of the robot are protected from collisions.
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3. Dependent Claim 4

153. To the extent the Board finds that the Beardsley/Castellanos

combination does not teach this claim, it is my opinion that the limitations of claim
4 are rendered obvious by Beardsley in view of Castellanos and Khatib. To the
extent this element is not disclosed in Ground 1, supra § VI.A.2 (incorporated by
reference), Ground 2 discloses this limitation.
Claim 4: The robot of claim 1, wherein the determination of the forces on each
point of the one or more route poses further comprises a computation of a force
function that associates, at least in part, the forces on each point of each route
pose with one or more characteristics of objects in the environment.

154. Khatib discloses calculating repulsive forces based on the shape of the
surface of an obstacle in the environment. Ex1006, 93 (“Obstacles are described by
the composition of primitives. A typical geometric model base includes primitives
such as a point, line, plane, ellipsoid, parallelepiped, cone, and cylinder. The first
artificial potential field (Eq. 16) requires analytic equations for the description of
obstacles. We have developed analytic equations representing envelopes which best
approximate the shapes of primitives such as a parallelepiped, finite cylinder, and

cone...”). Khatib’s Figure 1, for example, depicts geometric modeling of an

obstacle surface with an ellipsoid.
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155. Khatib also discloses calculating forces for a specified number of points
on a robot. Id. at 93 (“Any point of the robot can be subjected to the artificial
potential field.”).

156. A POSITA would have found it obvious and beneficial to apply
Khatib’s forces computation that is based on “one or more characteristics of objects
in the environment,” on the plurality of points of a route pose, such as the route poses
of a robot that implements the teachings of Beardsley/Castellanos. For example,
while Khatib explains that doing so would “require[] the solution of a complicated
system of equations,” Khatib also presents a technique that “avoids this costly
computation.” Id. at 94. This technique would therefore provide the benefits of

improved obstacle avoidance whilst avoiding costly computations. Moreover,
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Khatib is a seminal paper from 1986. A POSITA would have known that computing
power has increased significantly between 1986 and the filing of the *780 patent 30
years later in 2016 and therefore could accommodate the computations of forces
using the techniques proposed by Khatib.

4. Dependent Claim 6

157. To the extent the Board finds that the Beardsley/Castellanos

combination does not teach this claim, it is my opinion that the limitations of claim
6 are rendered obvious by Beardsley in view of Castellanos and Khatib.
Claim 6: “The robot of claim 4, wherein: the force function associates zero
repulsive force exerted by a first detected point on a first object where a
distance between the first detected point and a second point of a first route pose
is above a predetermined distance threshold.”

158. Khatib discloses setting repulsive force as zero where the distance to an

obstacle is greater than the “limit distance of the potential field influence.” Ex1006,

93; see also id. Equations (16) and (17).

1 (1 12
a1 (i~ 7o) 1/ <10

0 if /(x) > f(xo).

(16)

1d. Equation (16).
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Id. Equation (17).

159. The “limit distance” and Equation (17) constitute a force function
wherein the repulsive force from a first detected point (an obstacle) is “zero” on a
point on a route pose (i.c., the robot) beyond the limit distance. Ex1006, 92 (“the
influence of this potential field must be limited to a given region surrounding the
obstacle”).

160. A POSITA would have found it obvious and beneficial to apply
Khatib’s technique for computing forces to a robot that implements the teachings of
Beardsley/Castellanos. As Khatib explains, “[t]his potential function can be

obtained very simply in real-time since it does not require any distance calculations.”

5. Claims 9-17

161. It is my opinion that limitations of claims 9-17 are rendered obvious by
Beardsley in view of Castellanos and Khatib for the reasons explained for Ground
1. See supra §§ VI.LA.10-18.

9[c]: “computing repulsive forces from a point on an object in the environment
onto the plurality of points of a first route pose of the one or more route poses;”
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162. To the extent the Board finds that the Beardsley/Castellanos
combination does not teach this claim, the Beardsley/Castellanos/Khatib
combination teaches it for the reasons explained for elements 1(b)(4). See supra
§ VLB.2.

6. Dependent Claim 10

163. To the extent the Board finds that the Beardsley/Castellanos
combination does not teach this element, it is my opinion that claim 10 is rendered
obvious by Beardsley in view of Castellanos and Khatib for the reasons explained
for element 1(b)(4). See supra § VI.B.2 (Element 1(b)(4); see also Ex1006, 91-92,
94, Equation (25).

7. Dependent Claim 11

164. To the extent the Board finds that the Beardsley/Castellanos
combination does not teach this element, it is my opinion that limitations of claim
11 are rendered obvious by Beardsley in view of Castellanos and Khatib for the
reasons explained for elements 1(b)(4) and 1(b)(5). Supra § 1V.B.2. Khatib
discloses “defining a force function, the force function computing repulsive forces
exerted by each of the detected points of the plurality of objects on the plurality of

points of the first route pose, wherein each repulsive force comprises a vector.”
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8. Dependent Claim 15

165. To the extent the Board finds that the Beardsley/Castellanos
combination does not teach this element, it is my opinion that the limitations of claim
15 are rendered obvious by Beardsley in view of Castellanos and Khatib for the
reasons explained for elements 1(b)(4) and 1(b)(5). Supra § VI.B.2. Moreover, to
the extent Beardsley does not disclose this limitation, a POSITA would have found
it obvious to apply Khatib’s repulsive forces calculation. Khatib discloses that the
magnitude of repulsive force “t[r]ends to infinity as the end-effector approaches the
obstacle’s surface.” Ex1006, 92. As such, the magnitude of the repulsive force is
proportional to the distance between the obstacle and the robot if the point on the
object is outside of the footprint of the first route pose.

9. Dependent Claim 16

166. To the extent the Board finds that the Beardsley/Castellanos
combination does not teach this element, it is my opinion that the limitations of claim
16 are rendered obvious by Beardsley in view of Castellanos and Khatib for the
reasons explained for elements 1(b)(4) and 1(b)(5). Supra § VII.B.2 (incorporated
by reference). Khatib discloses that as the end-effector approaches the obstacle’s
surface, the repulsive force trends towards infinity. Ex1006, 92. A POSITA would
have understood this to mean that the smaller the distance between the obstacle and

the robot, the greater the magnitude of repulsive force.
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10. Dependent Claims 18-20

167. It is my opinion that limitations of claims 18-20 are rendered obvious
by Beardsley in view of Castellanos and Khatib for the reasons explained in Ground
1. See supra § VII.LA.19-21.

11. Element 18]c]

168. It is my opinion that limitations of claim 18 are rendered obvious by
Beardsley in view of Castellanos and Khatib for the reasons it discloses Element
9(c). See supra § 1IV.B.5.

12. Dependent Claim 19

169. To the extent this element is not disclosed in Ground 1, supra
§ IV.A.20., it 1s my opinion that limitations of claim 19 are rendered obvious by
Beardsley in view of Castellanos and Khatib for the reasons explained for Claims 10
and 18 See supra §§ IV.B.6, 11.

13. Dependent Claim 20

170. To the extent this element is not disclosed in Ground 1, it is my opinion
that claim 20 1s rendered obvious by Beardsley in view of Castellanos and Khatib

for the reasons explained in Claims 17 and 18. See supra §§ IV.A.17, 1IV.B.11.
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C. Ground 3: Claims 1-20 are Rendered Obvious by Yamamoto in
view of Khatib

1. Motivation to Combine Yamamoto and Khatib

171. A POSITA would have been motivated to combine Yamamoto and
Khatib. Yamamoto cites Khatib and uses Khatib’s technique in its proposed method
in a robot. Ex1010, 421 (“In this paper, we propose a hybrid path planner . . .. The
hybrid path planner is composed of potential field method (Khatib, 1986)); id. at
433-434; Fig. 24 (showing a “real robot in an environment where two circular
obstacles are located as to generate artificial potentials . . . 7). Indeed, because
Yamamoto relies on Khatib’s technique, a POSITA would have studied Khatib and
applied its techniques for computing forces to the Yamamoto robot, as Yamamoto’s

authors did.
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172. Yamamoto describes Khatib as “straightforward” and that it
“guarantees a safe navigation under dynamic environment[s].” Ex1010, 421.
Yamamoto explains Khatib is “widely used in decades for autonomous mobile robot
planning because of its simplicity.” Ex1010, 425. A POSITA familiar with
Yamamoto would be inclined to combine Khatib not only because Khatib is cited
and used by Yamamoto, but also because it is a well-known, seminal paper that
provides a simple solution for obstacle avoidance in dynamic environments.

173. Moreover, it would have been obvious to modify Yamamoto to use
Khatib’s route poses. Khatib discloses route poses that have substantially similar
footprints to the footprint of each route pose in Figure 2 thereof, which shows a
“dynamic simulation for a redundant 4 dof manipulator operating.” Ex1006, 94. As
explained by Khatib, this would “enables the protection of all of the manipulator’s
parts.” Id. As such, a POSITA would have been motivated to apply Khatib’s route
poses to Yamamoto’s robot’s planning trajectory to ensure that all parts of
Yamamoto’s robot can avoid collisions.

174. A POSITA would have reasonably expected success in combining
Yamamoto and Khatib. Yamamoto successfully experimented using Khatib’s
potential field approach. Ex1010, 433 (“The collision avoidance algorithm
presented has demonstrated its flexibility in both dynamically controlling the output

equation and changing the shape of the repulsive potential field.”). Accordingly, a
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POSITA would also have reasonably expected success in combining Yamamoto and
Khatib.

2. Independent Claim 1

175. It is my opinion that the limitations of claim 1 are rendered obvious by
Yamamoto in view of Khatib.
Element 1[pre]

176. To the extent the preamble is limiting, it is my opinion that it is
disclosed by Yamamoto/Khatib. Yamamoto discloses a real robot, the Pioneer 3-
DX. Ex1010, 423 (“The mobile robot we use for experiments is an ActivMedia

product, Pioneer 3-DX™).

Ex1010 Fig. 4.
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a. Element 1[a]

177. Yamamoto/Khatib discloses this limitation. Yamamoto discloses that
its “robot localizes its position while generating a map model of its environment via
sensory data simultaneously.” Ex1010, 421. Yamamoto further discloses that it
uses “the closest sensory measurement from the obstacle surface, and define[s] a
smallish particle obstacle at the closest location which generates a small repulsive
potential as well.” Ex1010, 426. Yamamoto’s sensory measurement of the obstacle
surface and definition of a small particle corresponds to this limitation’s “collecting
data about an environment including detected points on one or more objects in the
environment.” Additionally, the real robot is equipped with a laser, which is a

sensor. Ex1010 Fig. 4 (“Pioneer 3 with SICK laser”).

Ex1010 Fig. 4.
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b. Element 1[b]

178. Yamamoto/Khatib discloses this limitation. Yamamoto discloses a

system controller for its robot, which discloses the controller required by this

limitation. Ex1010, 422 (“Section 2 introduces our system controller.”). Yamamoto

Figure 3 (shown below) depicts Yamamoto’s controller.
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179. Yamamoto further discloses a real robot, which a POSITA would have

understood to use a controller. See Ex1010, 423 (“The mobile robot we use for

experiments is an ActivMedia product, Pioneer 3-DX”).

c. Element 1[b][1]

180. Yamamoto/Khatib discloses this limitation for the reasons discussed

above for element 1[a]. See supra §1V.C.2 Yamamoto additionally discloses
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creating a map of the environment using the collected sensory data. Ex1010, Fig. 1

(illustrating “Map construction”).

Environment
exploration

!

Finding a path

Map construction.

Path finding techniques:
A¥* search algonthm,

for a target . .
- Dyjkstra's algorithm, etc.
Autonomous Path planning strategy
maneuvers versus moving obstacles
(a)
Environment Finding a path
exploration for a target
Autonomous
maneuvers
(b)

Ex1010 Fig. 1.
181. Yamamoto discloses a “path planner with both navigation and map
building abilities.” Ex1010, 424. Yamamoto further discloses that “[b]ased on the

constructed map, the robot is able to seamlessly start autonomous maneuvers
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between any targets in the explored area as well as starting a new exploration to an

b

unvisited region.” Id. Yamamoto discloses that it uses sensory information to
construct the map. Ex1010, 429 (“we approximate the sensory data to allow the
robot to generate an approximate Voronoi structure such as a representation of free
space of its environment.”). Yamamoto discloses that “[f]irst, the robot gathers
information of its vicinity and creates a finite set P of points which approximates the
sensory data from each laser scan” and then “[bJased on each local scan, the robot

accumulates the approximate sensory data for incrementally building an

approximate Voronoi structure of its workspace while moving towards a target.” Id.

Ex1010, Fig. 16.

100

Avidbots Ex1003
Page 109 of 207



d. Element 1[b][2]

182. Yamamoto/Khatib discloses this limitation. Yamamoto Figure 1
(shown below) discloses determining a path (route) in the map for the robot to travel,

“Finding a path for a target.”

Environment
exploration

|

Finding a path

Map construction.

Path finding techniques:
A* search algonithm,

for a target . .
- Dyjkstra's algorithm, etc.
Autonomous Path planning strategy
maneuvers versus moving obstacles
(@)
Environment Finding a path
exploration for a target
Autonomous
maneuvers
(b)

Ex1010 Figure 15 (shown below) depicts the determined route traveled by the robot.
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183. Yamamoto Figure 18 (shown below) similarly depicts the determined

route in the map in which the robot will travel.
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Ex1010, Fig. 18.
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e. Element 1[b][3]

184. Yamamoto/Khatib discloses this limitation. Yamamoto discloses

99 ¢¢

creating “sub-goals,” “target positions,” “Voronoi edges,” and “reference points” on
the map which represent potential positions of the robot along the route and comprise
route poses and footprints indicative of poses of the robot along the route. Ex1010,
423 (“reference Point P,”); 429 (“After an exploration towards a target, the robot
can perform autonomous maneuvers immediately by setting up sub-goals on the
constructed map.”); id. (“By selecting an edge point which is unvisited and is closest

to a predefined goal as an edge for tracing, the mobile robot is able to accomplish an

exploration towards the target™); see also, e.g., Figures 2, 15, 18,19, 5,9, 12.

Figure 2 System model

1d., Fig. 2 (illustrating reference point Po).
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Ex1010 Fig. 15.

185. Yamamoto discloses that each potential robot position is comprised of
a plurality of points because Yamamoto discloses that each position is constructed
by collecting a plurality of points of sensory data. Ex1010, 429 (“First, the robot
gathers information of its vicinity and creates a finite set P of points which
approximates the sensory data from each laser scan. Clustering of each point is done
by perceiving the change of distance between two successive laser readings. Based
on each local scan, the robot accumulates the approximate sensory data for
incrementally building an approximate Voronoi structure of its workspace while
moving towards a target”). Yamamoto also discloses that the robot’s position, and
therefore Voronoi edges and sub-goals, are modeled using a plurality of points
because each robot’s position accounts for “distance between two driving wheels”

among other physical constraints such the radius of the wheels. Ex1010, 422.
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Ex1010, Fig. 2.

f. Element 1[b][4]

186. It is my opinion that Yamamoto/Khatib discloses this limitation.
Yamamoto discloses calculating attractive forces. Ex1010, 425 (“an attractive
potential which drives the mobile robot to its destination can be described by:

[Equation (12)]”).

Uue(%) = 44/ (%, = %)% + (3 — 3)° (12)

where A is a positive constant, (x,, y,) is the coordinates of the
reference point, and (x,, V,) 1s the coordinates of the
destination.

Ex1010, Equation (12).
187. Yamamoto discloses calculating repulsive forces. [Id. (“Also a
repulsive potential well which prevents the mobile robot from collisions can be

written as: [Equation 13]).
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U rep ( K)=B K

(13)

Ex1010, Equation (13).

188. Yamamoto discloses calculating the potential field based on a detected
point of an object. Ex1010, 426 (“We use the closest sensory measurement from the
obstacle surface, and define a smallish particle obstacle at the closest location which
generates a small repulsive potential as well”). Yamamoto discloses using the
potential field method to calculate forces for a given reference point. Ex1010 426

(“also the momentary force F' which the reference point receives can be given by:

[equation (15)]”).
F=-W=|"% ~%] (15)

Ex1010, Equation (15).
189. Yamamoto also explains that its controller “use[s] the closest sensory
measurement from the obstacle surface, and define[s] a smallish particle obstacle at

the closest location which generates a small repulsive potential as well,” as

illustrated in Figure 8(b). Id., 426; Fig. 8(b).
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Ex1010, Fig. 8.

Figure 8 Simulation results for comparison: (a) conventional approach;

(b) our approach

Path of
Reference Point

X (m)
(a)
Path of
Reference Point
&
Obstacle *\
i
Particle I‘.
Obstacle |
1

COM of Robot
0 1 2 3 4 5 6 7 8 9
X (m)
(b)

Element 1[b][5]

190. It is my opinion that Yamamoto/Khatib discloses this limitation. As

explained above (Element 1[b][3]), Yamamoto discloses projected route poses by

constructing a Voronoi diagram. Ex1010, Fig. 15 (shown below).
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Ex1010 Fig. 15.

191. Yamamoto also discloses repositioning the robot based on potential
forces. Ex1010, Fig. 12 (shown below). “Figure 12(a) to (e) thoroughly plot the
obstacle avoidance path of the mobile robot in discrete time while it is maneuvered

in a dynamic environment where three rectangular shapes of obstacles are moving

in different directions.” Id., 427.
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Ex1010, Fig. 12.
192. Yamamoto discloses that “as to path planning, instead of scheming the
path of the mobile robot directly we plan on calculating the path to reach the target
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position for the reference. As a result, the mobile robot will attain the target position
as we expect by following the motion of the reference point.” Ex1010, 424.

h. Element 1[b][6]

193. Yamamoto/Khatib discloses this limitation. Yamamoto discloses
“based on our collision avoidance algorithm by predefining start and goal positions
the mobile robot can find a safe and smooth path for attaining the target position
autonomously whether in a static or dynamic environment.” Ex1010, 427.
Yamamoto further explains “The system controller . . . is based on feedback
linearization technique in which linearization is achieved between the control inputs
and appropriate outputs . . . to create a very smooth trajectory during obstacle
avoidance.” 1d., 422; see also, id., Equation (10) (“linearization between the control
input and output.”)

194. Yamamoto therefore discloses determining a “safe and smooth path”
using linearization between the “predefine[ed] start and goal positions.” A POSITA
would understood that Yamamoto generates the path by interpolating a path between
the start and goal positions. Yamamoto’s Figure 9 also illustrates an “obstacle
avoidance path” between a reference point (i.e., a route pose) and an obstacle to
generate a collision-free path during a look-ahead process. Yamamoto’s Figure 5
also illustrates an “[iJmplementation of look-ahead control system,” comparing the

actual path travelled by the robot to a path that is determined by interpolating
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between multiple “reference points.” /d. 424. A POSITA would have understood

that Figures 9 and 5 illustrate an interpolation between a sequence of route poses in

which the robot travels along the route, to generate a collision free path.
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Ex1010 Figs. 9, 5.

Yamamoto in view of Khatib.

3. Dependent Claim 2

Figure 5 Experimental result: trajectory of mobile robot: (a) 45° (b)

225°

Y (m)

Y (m)

| SRR R S

195. It is my opinion that the limitations of claim 2 are rendered obvious by
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Element 2[a]

196. The Yamamoto/Khatib combination discloses this limitation for the
reasons explained for elements 1[b][1]-1[b][3], and 1[b][5]. See supra § VII.C.2.
The disclosure for these elements together shows that Yamamoto/Khatib discloses
route poses that form a sequence in which the robot travels along the route.
Yamamoto’s reference points, Voronoi edges, and sub-goals, (route poses and
footprints) comprise a sequence in which the robot travels. This is depicted in

Yamamoto Figures 5 and 15.
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Ex1010 Fig. 15.
Element 2[b]

197. The Yamamoto/Khatib combination discloses this limitation for the
reasons explained for elements 1[b][6] and 2[a] See supra §§ VII.C.2, 3. The
incorporated analysis shows that Yamamoto/Khatib performs interpolation between
route poses and discloses a sequence of route poses. Combined, the analysis shows
that Yamamoto/Khatib discloses performing linear interpolation between sequential
route poses. In particular, a POSITA would have understood that Figure 5 illustrates
a linear interpolation between a sequence of route poses in which the robot travels
along the route, to generate a collision free path.

4. Dependent Claim 3

198. It is my opinion that the limitations of claim 3 are rendered obvious by
Yamamoto in view of Khatib for the reasons explained for elements 1[b][6], 2[a],

and 2[b]. See supra §§ VII.C.2-3. Yamamoto/Khatib discloses this limitation. To
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the extent a POSITA would not have understood Yamamoto to have disclosed route
poses that have substantially similar footprints to the footprint of each route pose, it
would have been obvious to modify Yamamoto to use Khatib’s route poses. Khatib
discloses route poses that have substantially similar footprints to the footprint of each
route pose in Figure 2 thereof, which shows a “dynamic simulation for a redundant

9

4 dof manipulator operating.” Ex1006, 94. Each simulation of the manipulator
generates an “interpolation route pose[ ]| having substantially similar footprints to the

footprint of each route pose,” as claimed. As explained by Khatib, this “enables the

protection of all of the manipulator’s parts.” /d.

ld., Fig. 2.
5. Dependent Claim 4
199. It is my opinion that the limitations of claim 4 are rendered obvious by
Yamamoto in view of Khatib. See supra § VII.C.2 (incorporating above analysis

for element 1[b][4]). Yamamoto/Khatib discloses that it incorporates obstacle shape
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as part of its obstacle avoidance technique. Ex1010, 422 (“to estimate the space
between the obstacles [] for modifying repulsive potential shapes, the shapes of the
obstacles causing the robot halt are detected by adopting the Hough transformation
(Hough, 1962)”); Id., 431 (“to conduct our dead-lock avoidance technique for
solving such type of deadlock problem, we need to acquire the actual shapes of
obstacles that cause the robot to stop”); see also Figs. 8, 20, 23 (illustrating potential
fields around an obstacle).

6. Dependent Claim 5

200. It is my opinion that the limitations of claim 5 are rendered obvious by
Yamamoto in view of Khatib for the reasons explained for Claim 4. See supra
§ VIL.C.5.

7. Dependent Claim 6

201. It is my opinion that the limitations of claim 6 are rendered obvious by
Yamamoto in view of Khatib for the reasons explained for Claim 4. See supra
§ IV.C.5. To the extent a POSITA would not have understood Yamamoto to have
disclosed a “zero repulsive force exerted . . . where a distance between the first
detected point and a second point of a first route pose is above a predetermined
distance threshold,” it would have been obvious to modify Yamamoto to use
Khatib’s computation of repulsive forces. This limitation is also rendered obvious

for the same reasons as Ground 2, Claim 6. See supra § VII.B.7. As Khatib explains,

117
Avidbots Ex1003
Page 126 of 207



“[t]his potential function can be obtained very simply in real-time since it does not
require any distance calculations.”. Ex1006, 93.

8. Dependent Claim 7

202. It is my opinion that limitations of claim 7 are rendered obvious by
Yamamoto in view of Khatib for the reasons explained for Claim 3. See supra
§ VII.C 4.

9. Dependent Claim 8

203. It is my opinion that limitations of claim 8 are rendered obvious by
Yamamoto in view of Khatib.

204. Yamamoto provides an obstacle avoidance and path planning solution
for indoor robots, which a POSITA would understand would include cleaning robots
because at the time cleaning robots were common instances of indoor robots.
Ex1010, 421 (“for use of autonomous vehicles in indoor environments.”); see e.g.,
Ex1004, [0221]. A POSITA would have found it obvious that one such application
of an indoor robot would be for cleaning and that a floor cleaner component would
be part of the robot.

10. Independent Claim 9

205. It is my opinion that the limitations of claim 9 are rendered obvious by

Yamamoto in view of Khatib.

118
Avidbots Ex1003
Page 127 of 207



a. Element 9[pre]

206. To the extent the preamble is limiting, it is my opinion that the
Yamamoto/Khatib combination discloses this limitation for the reasons explained
for Claim 1. See supra § VII.C.2.

b. Element 9[b]

207. The Yamamoto/Khatib combination discloses this limitation for the
reasons explained for elements 1[b][2]-1[b][3], 2[a], and claims 3 and 7. See supra
§§ VII.C.2-4, 8.

c. Element 9|c]

208. The Yamamoto/Khatib combination discloses this limitation for the
reasons explained for element 1[b][4]. See supra § VIL.C.2.

d. Element 9([d]

209. The Yamamoto/Khatib combination discloses this limitation for the
reasons explained for element 1[b][5]. See supra § VII.C.2.

e. Element 9|e]

210. The Yamamoto/Khatib combination discloses this limitation for the
reasons explained for elements 1[b][5] and 1[b][6]. See supra § VII.C.2.

11. Dependent Claim 10

211. It is my opinion that the limitations of claim 10 are rendered obvious
by Yamamoto in view of Khatib for the reasons explained for element 1[b][4]. See
supra § VIL.C.2.
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12. Dependent Claim 11
212. It is my opinion that the limitations of claim 11 are rendered obvious
by Yamamoto in view of Khatib.

a. Element 11]a]

213. The Yamamoto/Khatib combination discloses this limitation for the
reasons explained for element 1[a]. See supra § VII.C.2. Yamamoto additionally
discloses that its sensors detect a plurality of objects in the environment, as depicted

in Figures 10, 21-23 where the robot controller considers multiple obstacles.

1. Is there 2. Are there 3. Are there 4. Are there
enough space any other any obstacles  any obstacles
for robot to surrounding  that exist that exist
pass through obstacles in Area 3? in Area 1?
between the in a certain
obstacles that area?

Obstacles cause dead-lock? No ’

Linel —
-
(//
Line2 - -
= R
(a) (b)

Ex1010 Fig. 22.

b. Element 11[b]

214. The Yamamoto/Khatib combination discloses this limitation for the

reasons explained for element 1[b][4]. See supra § VII.C.2. A POSITA would have
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understood that the Yamamoto’s Equation (13) for determining the repulsive
potential field computes a “vector,” as claimed.

13. Dependent Claim 12

215. It is my opinion that the limitations of claim 12 are rendered obvious
by Yamamoto in view of Khatib.
Claim 12: “The method of claim 11, wherein the repositioning of the first route
pose comprises calculating a minimum of the force function.”

216. Yamamoto/Khatib discloses this limitation. Khatib provides Equation
16 for calculating repulsive force where the minimum of the force function is zero.
Ex. 1006, 92 (“Uo(X) is selected such that the artificial potential field Ua(X) is a
positive continuous and differentiable function which attains its zero minimum when

X =Xx4.”).

1 1\ .
'2( ) if /(x) < f(xo),

Uglx) = fX)  f(xo)
if f(x) >f(xo)-

(16)

O N -

Id. Equation (16).
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14. Dependent Claim 13

217. It is my opinion that the limitations of claim 13 are rendered obvious
by Yamamoto in view of Khatib for the reasons explained for elements 1[b][4],
1[b][5]. See supra § VII.C.2.

Claim 13: “The method of claim 9, wherein the repositioning of the first route
pose comprises translating and rotating the first route pose.”

218. Yamamoto additionally discloses that repositioning of the route poses
comprises translating and rotating the first route pose, as depicted in Figure 24(b),
which  “shows the results of applying our technique in different deadlock

conditions.” Ex1010, 433.
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Ex1010, Fig. 24 (illustrating “translating and rotating the first route pose”

between X=1 and 1.5).
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15. Dependent Claim 14

219. It is my opinion that the limitations of claim 14 are rendered obvious
by Yamamoto in view of Khatib for the reasons explained for element 1[b][6] and
Claims 3 and 13. See supra §§ VII.C.4, 14.

16. Dependent Claim 15

220. It is my opinion that thee limitations of claim 15 are rendered obvious

by Yamamoto in view of Khatib for the reasons explained for element 1[b][4]. See
supra §§ VIL.C.2.
Claim 15: “The method of claim 9, further comprising computing a magnitude
of the repulsive forces as proportional to a distance between the point on the
object and each of the plurality of points of the first route pose if the point on
the object is outside of the footprint of the first route pose.”

221. Yamamoto’s Equation (13) is a formula for computing repulsive forces

relative to the distance to the obstacle.

—aK

K

€

Urep(K) =B

Ex1010, Equation (13).
222. In particular, variable “K” in Equation (13) “acts as a pseudo-distance
from the obstacle, becoming zero at the surface and increasing with successive
contours away from the surface.” Ex1010, 425. As such, the magnitude of the

repulsive force is proportional to the distance ““if the point on the object is outside of
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the footprint of the first route pose”; the greater the distance, the less the repulsive
force.

17. Dependent Claim 16

223. It is my opinion that the limitations of claim 16 are rendered obvious

by Yamamoto in view of Khatib for the reasons explained for element 1[b][4] and
Claim 15. See supra §§ VII.C.2, 16.
16: “The method of claim 9, further comprising computing a magnitude of the
repulsive forces as inversely proportional to a distance between the point on the
object and each of the plurality of points of the first route pose if the point on
the object is inside the footprint of the first route pose.”

224. It is my opinion that the limitations of claim 17 are rendered obvious
by Yamamoto in view of Khatib.

225. Yamamoto discloses the situation where the closer the distance to the
obstacle, the greater the magnitude of repulsive force, including “if the point on the
object is inside the footprint of the first route pose,” as claimed. Ex1010 Equation

(13).

e~ aK

Urwep(K) =B (13)
Ex1010 Equation (13).
226. A POSITA would have found it obvious to apply this equation when an

obstacle is inside the footprint of the robot.
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18. Dependent Claim 17

227. It is my opinion that the limitations of claim 17 are rendered obvious
by Yamamoto in view of Khatib for the reasons explained for element 1[b][4] and
Claim 13. See supra §§ VII.C.2, 14.

Claim 17: “The method of claim 9, further comprising computing torque forces
onto the plurality of points of the first route pose due to the repulsive forces.”

228. As shown in Figure 24, the computed repulsive forces result in a torque
being applied onto the robot. A POSITA would have understood torque would be
required for the robot to make a turn and a change in direction such as that depicted
As such, Yamamoto discloses “computing torque forces onto the

in Figure 24.

plurality of points of the first route pose due to the repulsive forces.”
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Ex1010 Fig. 24.
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19. Independent Claim 18

229. It is my opinion that the limitations of claim 18 are rendered obvious
by Yamamoto in view of Khatib.

a. Element 18[pre]

230. To the extent the preamble is limiting, the Yamamoto/Khatib
combination discloses this limitation for the reasons explained. The above
disclosure for Claim 1 is incorporated by reference here. See supra §§ VII.C.2.

b. Element 18[a]

231. The Yamamoto/Khatib combination discloses this limitation for the
reasons explained for elements 1[a] and 1[b][1]. See supra §§ VII.C.2.

c. Element 18[b]

232. The Yamamoto/Khatib combination discloses this limitation for the
reasons explained for Claim 7 and elements 1[b][2], 1[b][3], and 9[b]. See supra §§
VII.C.2, 8, 10.

d. Element 18|c]

233. The Yamamoto/Khatib combination discloses this limitation for the
reasons explained for element 9[c]. See supra § VII.C.10.

20. Dependent Claim 19

234. It is my opinion that the limitations of claim 19 are rendered obvious
by Yamamoto in view of Khatib for the reasons explained for Claims 10 and 18. See

supra §§ VII.C.11, 19.
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21. Dependent Claim 20

235. It is my opinion that the limitations of claim 20 are rendered obvious
by Yamamoto in view of Khatib for the reasons explained for Claims 17 and 18. See
supra §§ VII.C.18, 19.

D. Ground 4: Claim 8 is Rendered Obvious by Yamamoto in View of

Khatib and Beardsley
1. Motivation to Combine Yamamoto, Khatib, and Beardsley
236. A POSITA would be motivated to combine Yamamoto with

Khatib for the reasons discussed above. See supra § VII.C.1. A POSITA would be
further motivated to combine these references with Beardsley because Beardsley
also uses the potential field method for autonomous vehicle navigation. See Ex1004,
[0061] (“a potential field approach [] pushes the vehicle away from both static and
dynamic obstacles.”). Indeed, because Beardsley also implements the technique
used by Yamamoto and Khatib, a POSITA would have been motivated to study its
implementation and application of the same technique. Accordingly, a POSITA
would have recognized that Beardsley’s application for a cleaning robot (“For
example, in addition to the test cases described herein, a test case may involve . . . a
cleaning robot”) would have been advantageous to combine with Yamamoto, itself
intended for robots in indoor environments. A POSITA would have found it obvious
that a floor cleaner would be a useful and beneficial modification for an autonomous
robot intended for cleaning use in indoor environments. See supra § IILLA
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(discussion of Ex1011 Fig. 12 depicting a mobile robot with floor cleaning vacuum
in 1999).
2. Dependent Claim 8

237. Yamamoto/Khatib/Beardsley discloses this limitation for the reasons
discussed above. See supra §§ VII.A.9, VII.C.9. A POSITA would have modified
Yamamoto to include the cleaning robot disclosed in Beardsley for the reasons
discussed above. See supra § VIL.D.1.

VII. SECONDARY CONSIDERATIONS OF NON-OBVIOUSNESS

238. My opinions are based upon the information that I have considered to
date. I am unaware of any evidence of secondary considerations with respect to the
780 Patent that would render any of the challenged claims non-obvious. I
understand that Patent Owner asserted that this patent (along with four other patents)
generally solves a long-felt need, allowing it to become an industry leader in
autonomous robots and artificial intelligence. I understand that Patent Owner
identified a number of awards and recognition in the industry and alleged that its
products achieved commercial success and industry recognition. Further, I
understand that Patent Owner alleges that Petitioners willfully infringed the asserted

patents and copied Patent Owner’s technology. Ex1014, 11-14.
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239. In my opinion, Patent Owner’s vague allegations on long-felt need,
commercial success, industry recognition, and copying are untethered to the specific
claims at issue in the Challenged Patent. In my opinion, Patent Owner establishes
no nexus between the claims and any of the alleged secondary indicia of non-
obviousness.

240. To the extent Patent Owner alleges that any secondary considerations
of non-obviousness are tied to the Challenged Claims, I may address such allegations

later.

VIII. RESERVATION OF RIGHTS

241. I reserve the right, however, to supplement my opinions in the future
to respond to any arguments raised by the Patent Owner and to take into account

new information that becomes available to me.
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I, Nikolaos Papanikolopoulos, declare that all statements made herein of my
knowledge are true, and that all statements made on information and belief are
believed to be true, and that these statements were made with the knowledge that
willful false statements and the like so made are punishable by fine or imprisonment,

or both, under Section 1001 of Title 18 of the United States Code.

Executed on October 30, 2025.

")

Nikolaos Papanikolopoulos
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the 1996 Int. Symposium on Robotics and Manufacturing, Montpellier, France, May 27-30,
1996.

253. Smith, C., and Papanikolopoulos, N. P., “Vision-guided Robotic Grasping: Issues and
Experiments”, Proceedings of the 1996 IEEE Int. Conference on Robotics and
Automation, pp 3203-3208, Minneapolis, MN, April 22-28, 1996.

254. Sullivan, M., and Papanikolopoulos, N. P., “Using Active Deformable to Track Deformable Objects
in Robotic Visual Servoing Experiments”, Proceedings of the 1996 IEEE Int. Conference on
Robotics and Automation, pp 2929-2934, Minneapolis, MN, April 22-28, 1996.

255. Pavlidis, I., and Papanikolopoulos, N. P., “Automatic Selection of Control Points for Deformable-
Model-Based Target Tracking”, Proceedings of the 1996 IEEE Int. Conference on Robotics and
Automation, pp 2915-2920, Minneapolis, MN, April 22-28, 1996.

256.Du, Y., and Papanikolopoulos, N. P., "Symmetry-based Real-time Vehicle Detection in Vehicle-
Following Applications”, Proceedings of the ITS America Sixth Annual Meeting, Houston, TX,
April 15-18, 1996.

257. Smith, C., and Papanikolopoulos, N. P., “Theory and Experiments in Vision-Based Grasping”,
Proceedings of the 34th IEEE Conference on Decision and Control (34th CDC), pp 4053-4058,
New Orleans, LA, December 13-15, 1995.

258. Lau, P., and Papanikolopoulos, N.P., “Adaptive Gabor Image Transformation: Application in
Scientific Visualization”, Proceedings of the Second International Conference on Image
Processing, Washington, DC, October 23-26, 1995.

259. Richards, C., and Papanikolopoulos, N. P., “A System for Automatically Detecting and Tracking
Objects Using a Visually-Guided Manipulator”, Proceedings of the 1995 IEEE International
Conference on Systems, Man and Cybernetics, pp 4452-4457, Vancouver, CA, October 22-25,
1995.

260. Smith, C., and Papanikolopoulos, N. P., “Using Vision-Based Control Techniques for Grasping
Objects”, Proceedings of the 1995 IEEE International Conference on Systems, Man and
Cybernetics, pp 4434-4439, Vancouver, CA, October 22-25, 1995.

261. Sullivan, M., Richards, C., Smith, C., Masoud, O., and Papanikolopoulos, N. P., “Pedestrian
Tracking from a Stationary Camera Using Active Deformable Models", Proceedings of the 1995
Intelligent Vehicles Symposium, pp 90-95, Detroit, MI, September 25-26,1995.

262. Richards, C., Smith, C., Papanikolopoulos, N. P., and Brandt, S., “Vision-based Intelligent Control
of Transportation Systems", Proceedings of the 10th IEEE International Symposium on
Intelligent Control, pp 519-524, Monterey, CA, August 27-29,1995.
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272.

273.

274,

275.

Richards, C., and Papanikolopoulos, N. P., “The Automatic Detection and Visual Tracking of
Moving Objects by Eye-in-hand Robotic Systems”, Proceedings of the 1995 IEEE/RSJ
International Conference on Intelligent Robots and Systems (IROS '95), Volume lll, pp 228-233,
Pittsburgh, PA, August 5-9, 1995.

Smith, C., and Papanikolopoulos, N. P., “Grasping of Static and Moving Objects Using a Vision-
based Control Approach”, Proceedings of the 1995 IEEE/RSJ International Conference on
Intelligent Robots and Systems (IROS '95), Volume |, pp 329-334, Pittsburgh, PA, August 5-9,
1995.

Papanikolopoulos, N.P., “Controlled Active Vision and Vision-Based Control of Robotic
Manipulators”, Proceedings 3rd IEEE Mediterranean Symposium on New Directions in Control and
Automation, pp 38-45, Limassol, Cyprus, July 11-13, 1995.

Pavlidis, |., and Papanikolopoulos, N. P., “Application of Deformable Structures to Signature
Identification”, Proceedings of DSP95 International Conference on Digital Signal Processing,
pp 578-583, Limassol, Cyprus, June 26-28, 1995.

Papanikolopoulos, N.P., “Integrating Computer Vision with Control for Vision Assisted Robotic
Tasks”, Proceedings 1995 American Control Conference, pp 904-908, Seattle, Washington, June
21-23, 1995.

Papanikolopoulos, N.P., Couvignou, P.A., and Khosla, P.K., “Model-based Robotic Visual
Servoing”, Proceedings 1995 American Control Conference, pp 898-903, Seattle,
Washington, June 21-23, 1995.

Papanikolopoulos, N. P., and Smith, C., “Vision Issues During Eye-in-Hand Robotic Tasks”,
Proceedings of the 1995 IEEE Int. Conference on Robotics and Automation, pp 2989-2995,
Nagoya, Japan, May 23-26, 1995.

Richards, C., Smith, C., and Papanikolopoulos, N. P., "Detection and Tracking of Traffic Objects
in IVHS Vision Sensing Modalities”, Proceedings of the Fifth Annual ITS America Conference,
pp 453-461, Washington, DC, March 15-17, 1995.

Lau, P., and Papanikolopoulos, N.P., “A Variance-based Basis Selection Scheme for the Gabor
Image Transformation”, Proceedings of the 1995 International Conference on Acoustics, Speech
and Signal Processing, pp 2205-2208, Detroit, Michigan, May 8-12, 1995.

Smith, C., Brandt, S., and Papanikolopoulos, N. P., “Robotic Exploration Under the Controlled
Active Vision Framework”, Proceedings 33rd IEEE Conference on Decision and Control (33rd
CDC), pp 3796-3801, Orlando, Florida, December 14-16, 1994.

Smith, C., Papanikolopoulos, N. P., and Brandt, S., “Application of the Controlled Active Vision
Framework to Robotic and Transportation Problem”, Proceedings of the Second IEEE Workshop
on Applications of Computer Vision, pp 213-220, Sarasota, Florida, December 5-7, 1994.

Lau, P., Papanikolopoulos, N.P., and Boley, D., “A Note on the Gabor-QR Decomposition”,
Proceedings of the First International Conference on Image Processing, pp 815-819, Austin,
TX, November 13-16, 1994.

Smith, C., Papanikolopoulos, N. P., Brandt, S., and Richards, C., “Visual Tracking Strategies for
Intelligent Vehicle-Highway Systems”, Proceedings of the SPIE's International Symposium on
Photonics for Industrial Applications, Intelligent Vehicle Highway Systems, Boston, MA, October
31 November 4, 1994.
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276. Smith, C., Brandt, S., and Papanikolopoulos, N. P., “Vision Sensing for Intelligent Vehicle and
Highway Systems”, Proceedings of the 1994 IEEE International Conference on Multisensor
Fusion and Integration for Intelligent Systems, pp 784-791, Las Vegas, Nevada, October 2-
5,1994.

277. Brandt, S., Smith, C., and Papanikolopoulos, N. P., “The Minnesota Robotic Visual Tracker: a
Flexible Testbed for Vision-Guided Robotic Research", Proceedings of the 1994 |IEEE
International Conference on Systems, Man and Cybernetics, pp 1363-1368, San Antonio,
October 2-5,1994.

278. Pavlidis, I., Mavuduru, R., and Papanikolopoulos, N. P., “Off-line Recognition of Signatures
Using Revolving Active Deformable Models", Proceedings of the 1994 |EEE International
Conference on Systems, Man and Cybernetics, pp 771-776, San Antonio, October 2-
5,1994.

279. Smith, C., Brandt, S., and Papanikolopoulos, N. P., “Controlled Active Exploration of Uncalibrated
Environments”, Proceedings of the 1994 IEEE Conference on Computer Vision and Pattern
Recognition, pp 792-796, Seattle, WA, June 21-23, 1994.

280. Papanikolopoulos, N. P., Nelson, B., and Khosla, P.K., “Six Degree-of-Freedom Hand/Eye
Visual Tracking with Uncertain Parameters”, Proceedings of the 1994 IEEE Int.
Conference on Robotics and Automation, pp 174 - 179, San Diego, CA, May 8 - 12, 1994,

281. Smith, C., and Papanikolopoulos, N. P., “Computation of Shape Through Controlled Active
Exploration”, Proceedings of the 1994 IEEE Int. Conference on Robotics and Automation, pp
2516-2521, San Diego, CA, May 8 - 12, 1994.

282. Papanikolopoulos, N.P., “Pedestrian Control at Intersections By Using CCD Cameras”,
Proceedings of the Fifth Annual Transportation Research Conference, Minneapolis, MN, May 12
- May 13, 1994.

283. Smith, C., and Papanikolopoulos, N. P., “Derivation of Depth Maps Through Controlled Active
Exploration”, Proceedings Allerton Conference, pp 1029-1038, Champaign, lllinois, September
27 October 1, 1994,

284. Papanikolopoulos, N.P., “Selection of Features and Evaluation of Visual Measurements for 3-D
Robotic Visual Tracking”, Proceedings 1993 IEEE International Symposium on Intelligent Control,
pp 320 - 325, Chicago, lllinois, August 25 - 27,1993.

285. Papanikolopoulos, N.P., and Khosla, P.K., “Integration of the Human Operator with Autonomous
Robotic Visual Tracking Modules”, Proceedings Fifth Topical Meeting on Robotic and Remote
Systems, pp 869 - 876, Oak Ridge, TN, April 25 - 30, 1993.

286. Couvignou, P., Papanikolopoulos, N.P., and Khosla, P.K., “On the Use of Snakes for 3-D Robotic
Visual Tracking”, Proceedings 1993 IEEE Conference on Vision and Pattern Recognition, pp 750
- 751, New York, NY, June 15 - 17,1993.

287. Nelson, B., Papanikolopoulos, N.P., and Khosla, P.K., “Dynamic Sensor Placement Using
Controlled Active Vision”, Proceedings IFAC 1993 World Congress, Sydney, Australia, July, 1993.

288. Papanikolopoulos, N.P., and Khosla, P.K., “Applying the Controlled Active Vision Framework to
the Visual Servoing Problem”, Proceedings 1993 American Control Conference, pp 1332 - 1338,
San Francisco, California, June 2 - 4, 1993.

289. Papanikolopoulos, N.P., Nelson, B., and Khosla, P.K., “Monocular 3-D Visual Tracking of a Moving
Target by an Eye-in-Hand Robotic System”, Proceedings 31st IEEE Conference on Decision and
Control (31st CDC), pp 3805 - 3810, Tuscon, Arizona, December 16 - 18,1992.
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301.
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303.

Papanikolopoulos, N.P., and Khosla, P.K., “Adaptive Control Techniques for Dynamic Visual
Repositioning of Hand-Eye Robotic Systems”, Proceedings IEEE Workshop on Applications of
Computer Vision, pp 110 - 117, Palm Springs, CA, November 30 - December 2, 1992.

Papanikolopoulos, N.P., Nelson, B., and Khosla, P.K., “Full 3-D Tracking Using the Controlled
Active Vision Paradigm”, Proceedings 1992 International Symposium on Intelligent Control (ISIC
'92), pp 267 - 274, Glasgow, UK, August 11 - 13, 1992.

Couvignou, P., Papanikolopoulos, N.P., and Khosla, P.K., “Hand-Eye Robotic Visual Servoing
Around Moving Objects Using Active Deformable Models”, Proceedings 1992 IEEE/RSJ
International Conference on Intelligent Robots and Systems (IROS '92), pp 1855 - 1862, Raleigh,
North Carolina, July 7 - 10, 1992.

Papanikolopoulos, N.P., and Khosla, P.K., “Robotic Visual Servoing Around a Static Target: an
Example of Controlled Active Vision”, Proceedings 1992 American Control Conference, pp 1489 -
1494, Chicago, June 24 - 26, 1992.

Papanikolopoulos, N.P., and Khosla, P.K., “Shared and Traded Telerobotic Visual Control”,
Proceedings of the 1992 IEEE Int. Conference on Robotics and Automation, pp 878 - 885, Nice,
France, May 10 -15, 1992.

Papanikolopoulos, N. P., and Khosla, P. K., “Feature Based Robotic Visual Tracking of 3-D
Translational Motion”, Proceedings of the 30th IEEE Conference on Decision and Control
(30th CDC), pp 1877 - 1882, Brighton, United Kingdom, December 11 - 13, 1991.

Papanikolopoulos, N. P., and Khosla, P. K., “Using Control and Vision for Space Applications”,
Proceedings of the Third Annual Conference on Intelligent Robotic Systems for Space
Exploration, pp 46 - 60, Troy, NY, November 18 - 19, 1991.

Papanikolopoulos, N. P., and Khosla, P. K., “Real-Time LQG Robotic Visual Tracking”, Proceedings
of the European Robotics and Intelligent Systems Conference, pp 305-312, Corfu, Greece, June 23
- 28, 1991.

Papanikolopoulos, N. P., Khosla, P. K., and Kanade, T., “Adaptive Robotic Visual Tracking”,
Proceedings of the American Control Conference, pp 962 - 967, Boston, June 26 - 28, 1991.

Papanikolopoulos, N. P., Khosla, P. K., and Kanade, T., “Vision and Control Techniques for
Robotic Visual Tracking”, Proceedings of the 1996 IEEE Int. Conference on Robotics and
Automation, pp 857 - 864, Sacramento, April 7 - 13, 1991. Finalist for the Anton Philips
Award for Best Student Paper.

Papanikolopoulos, N. P., “FORS: A System for Flexible Design”, Proceedings of the IEEE
Systems, Man and Cybernetics Conference, pp 724 - 726, Los Angeles, November 4 - 7, 1990.

Papanikolopoulos, N. P., “FORS: A Flexible Design Environment”, Proceedings of the HICSS-23,
IEEE Hawaii International Conference on System Sciences, pp 463 - 470, Hawaii, January 2 - 5,
1990.

Papanikolopoulos, N. P., “A Graph Based Design Environment”, Proceedings of the IEEE Second
International Conference on Computer Integrated Manufacturing, pp 124 - 130, Rensselaer
Polytechnic Institute, Troy, May 21 -23, 1990.

Stoa, P., Talukdar, S. N., Christie, R. D., Hou, L., Papanikolopoulos, N. P., “Environments for
Security Assessment and Enhancement”, Proceedings of the Second Symposium on Expert
Systems Applications to Power Systems, pp 183-188, University of Washington, Seattle, July 17 -
20, 1989.
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304. Talukdar, S., Elfes, A., and Papanikolopoulos, N. P., “Concurrent Design, Simultaneous
Engineering and Distributed Problem Solving”, presented in the AAAI Seventh National
Conference on Artificial Intelligence / Al in Design Workshop, Minneapolis, August, 1988. Also
available as an EDRC Technical Report, May 1988.

305. Tzafestas, S., and Papanikolopoulos, N. P., “Intelligent PID Control Based on Fuzzy Logic”,
Proceedings of IFAC / IMACS International Symposium on Distributed Intelligence Systems,
Varna, Bulgaria, June 27 - July 1, 1988.

Selected Recent Grants

» “Kidney Cancer Radiomics Data Collection and Processing”, Johnson & Johnson, December 19, 2022
— April 30, 2024.

* “NRI: INT: COLLAB: Cooperative Robotic Systems for Precision Agriculture and Plant Health
Management” (with Co-Pls D. Mulla, D. Kaiser, and C. Yang), USDA-NIFA, May 1, 2020 — April 30,
2025.

* “Phase Il IUCRC University of Minnesota: Center for Robots and Sensors for the Human Well-being”
(Co-PI, PI: V. Morellas), NSF, March 15, 2020 — February 28, 2025.

* “MRI: Development of Real-time 3D Social Signal Imaging System (SSIS)” (Co-PI, PI: H.S. Park), NSF,
October 1, 2019 — September 30, 2024.

* “Using Non-Expert Crowds to Quickly and Efficiently Collect High-Quality Segmentations of Renal
Anatomy and Tumors in Cross-Sectional Imaging”, Intuitive Foundation, January 1, 2021 — December
31, 2021.

* “MRI: Development of an Instrument that Performs Behavioral Analysis for Neuropsychiatric Disorders
like Tourette Syndrome” (with Co-PlIs V. Interrante, D. Keefe, G. Bernstein, C. Conelea, and S. Guy),
NSF, October 1, 2019 — September 30, 2025.

« “CPS: TTP Option: Synergy: Collaborative Research: Dynamic Methods of Traffic Control that Impact
Quality of Life in Smart Cities” (with Co-Pls J. Hourdos, M. Jovanovic, and S. Guy), NSF, September
15, 2015 — February 28, 2021.

* “Autonomous Mobile Pavement Density Profiling Robot to Reduce Worker Risk”, Mn\DOT, March 14,
2019 — June 30, 2021.

* “SCH: Active Learning for Medical Applications” (with Co-PIs R. Kuang, S. Truskinovsky, and C.
Weight), NIH/NCI, February 1, 2018 — January 31, 2022.

* “Maintenance for the Truck Parking Availability System of the State of Kansas,” KDOT, January 1, 2019
— December 31, 2023.

* “Cloud Computing for Kansas Truck Parking Detection and Information System and Verification Tool
Development”, KDOT, July 1, 2019 — October 31, 2021.

* “A Real-Time Truck Parking Availability System for the State of Wisconsin”, MnDOT, June 30, 2016 —
December 31, 2019.

* “A Real-time Truck Parking Availability System for the State of Kansas”, KDOT, October 1, 2016 —
August 31, 2021.

* “MRI: Development of a Solar UAV Instrument” (with Co-Pls M. Hondzo, F. Sotiropoulos, and J. Hong),
NSF, October 1, 2015 — March 31, 2022.

* “NRI: Collaborative Research: Robotics 2.0 for Disaster Response and Relief Operations” (with Co-Pls
M. Hondzo, and J. Hong), NSF, August 15, 2014 — July 31, 2019.

* “l/lUCRC FRP: Collaborative Research: Autonomous Perception and Manipulation in Search and
Rescue”, NSF, August 15, 2014 — July 31, 2016.

* “MRI: Development of an Instrument that Monitors Behaviors Associated with Obsessive-Compulsive
Behaviors and Schizophrenia” (with Co-Pls K. Lim and G. Bernstein), NSF, October 1, 2013 —
September 30, 2021.

* “A Comprehensive System for Assessing Truck Parking Availability”, FHWA and Mn\DOT, January 11,
2012 — November 30, 2016.

* “l/UCRC FRP: Collaborative Research: A Software Framework for Controlling Multi-Robot Teams”, NSF,
August 1, 2013 — July 31, 2017.
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* “MRI: Development of a Video-Based Roboatic Instrument for Behavioral Analysis and Diagnosis of At-
Risk Children” (with Co-PlIs K. Lim and G. Sapiro), NSF, October 1, 2010 — September 30, 2019.

* “Sensing for HOV/HOT Lanes Enforcement”, MN\DOT, March 11, 2014 — August 30, 2016.

« “CDI-Type II: Computational Tools for Behavioral Analysis, Diagnosis, and Intervention of at Risk
Children” (with Co-PlIs K. Lim, G. Sapiro, and A. Banerjee), NSF, September 15, 2010 — August 31,
2016.

« “Center for Safety, Security, and Rescue Robotics” (with M. Gini, T. Hadjiyanni, and S. Roumeliotis),
NSF, August 15, 2003 — July 31, 2016.

* I/UCRC Membership, Honeywell Labs, December 1, 2010 — December 30, 2014.

* I/UCRC Membership, Minnesota Corn Growers, December 1, 2013 — December 30, 2015.

Patents

» “Miniature Robotic Vehicles and Methods for Controlling Same" Patent #6,548,982 with Richard Voyles,
Bradley Nelson, Paul Rybski, and Donald Krantz.
» “Adjustable Diameter Wheel Assembly, and Methods and Vehicles Using Same" Patent #6,860,346
with lan Burt.
“Ruggedized Robotic Vehicles" Patent #7,559,385 with lan Burt.
“Crowd Counting and Monitoring" Patent #8,116,564 with Prahlad Kilambi and Osama Masoud.
“Robotic Vehicle System" Patent #8,260,459 with Sam Herbert.
“Miniature Robotic Vehicle with Ground And Flight Capability” Patent #8,342,440 with Alex Kossett.
“Determining Parking Space Occupancy Using a 3D Representation” Patent #9,858,816 with Douglas
Cook, Vassilios Morellas, and Theodore Morris.
* “Automated Detection of Nitrogen Deficiency in Crop” Patent #10,599,926 with Vassilios
Morellas, Dimitris Zermas, David Mulla, Michael Bazakos, and Daniel Kaiser.
» “Computer Vision for Cancerous Tissue” Patent #11,449,985 with Panagiotis Stanitsas,
Anoop Cherian, Vassilios Morellas, and Alexander Truskinovsky.

Courses

“Introduction to Intelligent Robotic Systems”, CS-5551, Fall 2022, evaluation: 4.1/5, registration: 79

students.

* “Introduction to Intelligent Robotic Systems”, CS-5551, Fall 2021, evaluation: 4.0/5, registration: 66
students.

* “Introduction to Intelligent Robotic Systems”, CS-5551, Fall 2020, evaluation: 4.1/5, registration: 47
students.

 “Artificial Intelligence I”, CS-5511, Fall 2019, evaluation: 4.6/5, registration: 56 students.

» “Readings in Computational Vision”, CS-8980, Spring 2019, evaluation: 4.8/5, registration:

28 students.

“Artificial Intelligence I”, CS-5511, Fall 2018, evaluation: 4.8/5, registration: 67 students.

“Computer Vision”, CS-5561, Spring 2018, evaluation: 4.5/5, registration: 54 students.

“Artificial Intelligence I”, CS-5511, Fall 2017, evaluation: 4.7/5, registration: 70 students.

“Readings in Computational Vision”, CS-8980, Spring 2017, evaluation: 4.9/5, registration: 13 students.

“Algorithms and Data Structures”, CS-4041, Fall 2016, evaluation: 4.8/5, registration: 77 students.

“Computer Vision”, CS-5561, Spring 2016, evaluation: 4.4/5, registration: 46 students.

“Introduction to Intelligent Robotic Systems”, CS-5551, Fall 2015, evaluation: 4.2/5, registration: 38

students.

“Algorithms and Data Structures”, CS-4041H, Fall 2014, evaluation: 4.7/5, registration: 13 students.

“Readings in Computational Vision”, CS-8980, Spring 2014, evaluation: 4.8/5, registration: 12 students.

“Artificial Intelligence I”, CS-5511, Fall 2013, evaluation: 4.3/5, registration: 33 students.

“Computer Vision”, CS-5561, Spring 2013, evaluation: 4.0/5, registration: 32 students.

“Artificial Intelligence I”, CS-5511, Fall 2012, evaluation: 4.2/5, registration: 47 students.
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“Computer Vision”, CS-5561, Spring 2012, evaluation: 4.6/5, registration: 24 students.
“Artificial Intelligence I”, CS-5511, Fall 2011, evaluation: 4.4/5, registration: 53 students.
“Readings in Computational Vision”, CS-8980, Spring 2011, evaluation: 4.6/5, registration:
20 students.

“Artificial Intelligence I”, CS-5511, Fall 2010, evaluation: 4.4/5, registration: 55 students.
“Computer Vision”, CS-5561, Spring 2010, evaluation: 4.6/5, registration: 25 students.
“Artificial Intelligence I”, CS-5511, Fall 2009, evaluation: 4.6/5, registration: 26 students.
“Readings in Computational Vision”, CS-8980, Spring 2009, evaluation: 4.6/5, registration:
24 students.

“Introduction to Intelligent Robotic Systems”, CS-5551, Fall 2008, evaluation: 4.6/5, registration: 33
students.

“Computer Vision”, CS-5561, Spring 2008, evaluation: 4.5/5, registration; 23 students.
“Readings in Computational Vision and Robotics”, CS-8980, Spring 2007, evaluation: 4.2/5,
registration: 26 students.

“Artificial Intelligence I”, CS-5511, Fall 2006, evaluation: 3.7/5, registration: 60 students.
“Computer Vision”, CS-5561, Spring 2006, evaluation: 3.5/5, registration: 50 students.
“Artificial Intelligence I”, CS-5511, Fall 2005, evaluation: 3.1/5, registration: 60 students.
“Readings in Computational Vision”, CS-8980, Spring 2005, evaluation: 4.0/5, registration:
22 students.

» “Computer Vision”, CS-5561, Spring 2004, evaluation: 3.2/5, registration: 28 students.

“Artificial Intelligence I”, CS-5511, Fall 2003, evaluation: 3.8/5, registration: 69 students.

“Readings in Computational Vision”, CS-8980, Spring 2003, evaluation: 4.4/5, registration: 19
students.

“Introduction to Intelligent Robotic Systems”, CS-5551, Fall 2002, evaluation: 4.1/5, registration: 32
students.

“Computer Vision”, CS-5561, Spring 2002, evaluation: 4.5/5, registration: 31 students.

“Artificial Intelligence I”, CS-5511, Fall 2001, evaluation: 4.1/5, registration: 68 students.

“Computer Vision”, CS-5561, Spring 2001, evaluation: 4.2/5, registration: 40 students.

“Senior Design Project”, ECE-4951, Spring 2001, registration: 5 students.

“Algorithms and Data Structures”, CS-4041, Spring 2001, evaluation: 3.5/5, registration: 137

students.

“Computer Vision”, CS-5561, Spring 2000, evaluation: 4.2/5, registration: 34 students.

“Intelligent Agents”, CS-8551, Fall 1999, evaluation: 4.5/5, registration: 32 students.

“Algorithms and Data Structures II”, CS-3322, Spring 1999, evaluation: 4.3/5, registration: 151 students.
“Computer Vision”, CS-5561, Fall 1998, evaluation: 3.3/5, registration: 25 students.

“Algorithms and Data Structures II”, CS-3322, Spring 1998, evaluation: 4.0/5, registration: 121 students.
“Readings in Computational Vision”, CS-8561, Winter 1998, evaluation: 3.9/5, registration: 12 students.
“Computer Vision”, CS-5561, Fall 1997, evaluation: 3.9/5, registration: 34 students.

“Introduction to Intelligent Robotic Systems”, CS-5551, Spring 1997, evaluation: 4.4/5, registration: 22
students.

“Algorithms and Data Structures 11", CS-3322, Winter 1997, evaluation: 4.1/5, registration: 55 students.
“Algorithms and Data Structures II”, CS-3322, Spring 1996, evaluation: 3.9/5, registration: 95

students.

“Readings in Computational Vision”, CS-8561, Winter 1996, evaluation: 4.8/5, registration: 12 students.
“Computer Vision”, CS-5561, Fall 1995, evaluation: 4.1/5, registration: 15 students.

“Algorithms and Data Structures II”, CS-3322, Spring 1995, evaluation: 3.9/5, registration: 77

students.

“Computer Vision”, CS-5561, Winter 1995, evaluation: 4.1/5, registration: 22 students.

“Introduction to Intelligent Robotic Systems”, CS-5551, Fall 1994, evaluation 3.9/5, registration:

24 students.

“Algorithms and Data Structures II”, CS-3322, Spring 1994, evaluation: 4.0/5, registration: 62

students.

“Readings in Computational Vision”, CS-8561, Winter 1994, evaluation: 4.3/5, registration: 14
students.

“Computer Vision”, CS-5561, Fall 1993, evaluation: 4.5/5, registration: 34 students.

“Problems in Artificial Intelligence”, CS-5599, Spring 1993, evaluation: 4.4/5, registration: 20

students.

“Algorithms and Data Structures II”, CS-3322, Winter 1993, evaluation: 4.2/5, registration: 71
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students.
» “Computer Vision”, CS-5561, Fall 1992, evaluation: 4.3/5, registration: 13 students.

Courses Introduced

* “Introduction to Intelligent Robotic Systems”, CS-5551.
* “Program Design and Development”, CS-3081W.

Students

 Patrick Lau, Ph.D. student (graduated, Thesis title: “A Maximum Variance
Approach to Basis Selection for Image Transformation,” National University of Singapore).

» Christopher Smith, Ph.D. student (graduated, recipient of the Graduate School Doctoral Dissertation
Fellowship, Thesis title: “Visually Guided Manipulation of Static and Moving Objects,” Associate
Professor, Lake Superior State University).

+ loannis Pavlidis, Ph.D. student (graduated, Thesis title: “Physics-Based Methodologies for Recognizing
Handwritten Signatures, Words, and Line Drawings,” Full Professor, University of Houston).

* Rahul Singh, Ph.D. student (graduated, Thesis title: “Shape Recognition by Shape Morphing and its
Applications in Vision-Based Robotics,” Professor, University of lowa).

+ Osama Masoud, Ph.D. student (graduated, Thesis title: “Tracking and Analysis of Articulated Motion
with an Application to Human Motion,” Director of Research, Vital Images Inc.).

* Doug Perrin, Ph.D. student (graduated, Thesis title: “Vision-Based Tasks and Dynamic Contours,”
Assistant Professor, Harvard Medical School).

* Sascha Stoeter, Ph.D. student (graduated, Thesis title: “Vision-based Control of Miniature Jumping
Scout Robots,” Research Scientist, Hitachi ABB, Switzerland).

* Robert Bodor, Ph.D. student (graduated, Thesis title: “Multi-camera Human Activity Recognition in
Unconstrained Indoor and Outdoor Environments,” CEO, ProtoLabs Inc.).

» Harini Veeraraghavan, Ph.D. student (graduated, Thesis title: Learning to Extract Interesting Events
from Outdoor Image Sequences,” Research Scientist, Memorial Sloan Kettering Cancer Center).

* Monica Anderson, Ph.D. student (graduated, Thesis title: “Efficient Cooperative Multi-robot
Team Search in Complex Indoor Environments,” Associate Professor, University of
Alabama).

» Esra Kadioglu-Urtis, Ph.D. student (graduated, Thesis title: “Multi-Angle Pursuit of a Moving
Target Using Mobile Robots”).

+ Andrew Drenner, Ph.D. student (graduated, Thesis title: “A Framework for Distributed Mobile Robotics,”
ReconRobotics Inc.).

« Evan Ribnick, Ph.D. student (graduated, Thesis title: “Inferring the 3D Structure of Periodic Motion in
Video,” Reveal Technology).

* Nathaniel Bird, Ph.D. student (graduated, Thesis title: “Calibration and Component Placement in
Structured Light Systems for 3D Reconstruction Tasks,” Staff Research Engineer, Abbott).

« Ajay Joshi, Ph.D. student (graduated, Thesis title: “lImage Classification with Minimal Supervision”,
Google Inc.).

* Amer Agovic, Ph.D. student (graduated, Thesis title: “Interface Issues in Robot Scrub Nurse Design”,
Upperbound Technologies Inc.).

» Brett Hemes, Ph.D. student (graduated, Thesis title: “Locomotion of Serial Multiply-Actuated Tumbling
Robots”, 3M).

» Stefan Atev, Ph.D. student (graduated, Thesis title: “Using Assymetry in the Spectral Clustering of
Trajectories”, ProtoLabs Inc.).
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Hyeun J. Min, Ph.D. student (graduated, Thesis title: “Multi-Robot Formations and Cooperation with
Visual Tracking Techniques”, Assistant Professor, Ajou University, Korea).

Guruprasad Somasundaram, Ph.D. student (graduated, Thesis title: “Global Self Similarity

and Saliency Measures Based on Sparse Representations for Classification of Objects and
Spatio-temporal Sequences”, Meta).

Anoop Cherian, Ph.D. student (graduated, Thesis title: “Similarity Search in Visual Data”, Mitsubishi
Electric Research Laboratories).

Duc Fehr, Ph.D. student (graduated, “Covariance Based Point Cloud Descriptors for Object
Detection and Classification”, The Goodyear Tire & Rubber Company).

Michael Janssen, Ph.D. student (graduated, “Robot Games: Translating Game Interaction to Robotic
Interface”, Google).

Ravishankar Sivalingam, Ph.D. student (graduated, “Sparse Models for Positive Definite Matrices”,
Qualcomm).

Jon Andersh, Ph.D. student (graduated, “Modeling the Human Visuo-Motor System for Remote-Control
Operation”).

Nicholas Walczak, Ph.D. student (graduated, “A Multi-Sensor RGB-D System for Preschool Classroom
Behavior Analysis”, BBN).

Joshua Fasching, Ph.D. student (graduated, “Behavior Monitoring Using Visual Data and Immersive
Environments”, BBN).

Panos Stanitsas, Ph.D. student (graduated, “Machine Learning Methods with Emphasis on Cancerous
Tissue Recognition”, Insitro Inc.).

D emetris Zermas, Ph.D. student (graduated, “Combining Machine Learning with Computer Vision for
Precision Agriculture Applications, Sentera).

William Beksi, Ph.D. student (graduated, “Topological Methods for 3D Cloud Processing”, Assistant
Professor, University of Texas Arlington).

Ruben D’Sa, Ph.D. student (graduated, “Design of a Transformable Unmanned Aerial Vehicle”, Talos
Robotics).

Nick Heller, Ph.D. student (graduated, “Automatic Semantic Segmentation of Kidney Tumors in
Computed Tomography Images”, Cleveland Clinic).

Athanasios Bacharis, Ph.D. student (graduated, “Active Vision for Efficient 3D Reconstruction and
Rendering”, NVIDIA).

Dario Canelon-Suarez, Ph.D. student (WPE passed and proposal competed).

Henry Nelson, Ph.D. student (WPE passed).

Robert Martin, Ph.D. student (WPE passed).

Rahul Singh, M.S. student (graduated).

Marty Kenner, M.S. student (graduated).

Yue Du, M.S. student (graduated).

Mike Sullivan, M.S. student (graduated).

loannis Pavlidis, M.S. student (graduated).

Scott Brandt, M.S. student (graduated).

Richard Nelson, M.S. student (graduated).

Charles Richards, M.S. student (graduated).

Jianzhong Xu, M.S. student (graduated).

Alex Ozerkovsky, M.S. student (graduated).

Igor Chechelnitsky, M.S. student (graduated).

Martin Eriksson, M.S. student (graduated).

Robert Sfarzo, M.S. student (graduated).

Doug Perrin, M.S. student (graduated).

Singh Kaur Sarbjit, M.S. student (graduated).

Rotherick Tan, M.S.student (graduated).

Thai Nguyen, M.S. student (graduated).

Scott Rogers, M.S. student (graduated).

Surendra Gupte, M.S. student (graduated).

Brian Chapeau, M.S. student (graduated).

Janice Pearce, M.S. student (graduated).

Justin Thomas, M.S. student (graduated).

Eric Wahlstrom, M.S. student (graduated).

Bradley Kratochvil, M.S. student (graduated).
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Robert Martin, M.S. student (graduated).

Harini Veeraraghavan, M.S. student (graduated).

Andreas Robinson, M.S. student (graduated).

Chuck Hays, M.S. student (graduated).

Wiiliam Toczyski, M.S. student (graduated).

lan Burt, M.S. student (graduated).

Nathaniel Bird, M.S. student (graduated).

Prahlad Kilambi, M.S. student (graduated).

Thanh Nguyen, M.S. student (graduated).

Stefan Atev, M.S. student (graduated).

Sushanth Rajasankar, M.S. student (graduated).

Evan Ribnick, M.S. student (graduated).

Jason Sollom, M.S. student (graduated).

Ajay Joshi, M.S. student (graduated).

Guruprasad Somasundaram, M.S. student (graduated).

Pushkar Modi, M.S. student (graduated).

Max Walter, M.S. student (graduated).

Ravishankar Sivalingam, M.S. student (graduated).

Alex Ivkin, M.S. student (graduated).

Anoop Cherian, M.S. student (graduated).

Vineet Bhatawadekar, M.S. student (graduated).

Justin Dancs, M.S. student (graduated).

Apostolos Kottas, M.S student (graduated).

Andrew Carlson, M.S. student (graduated).

Kuo-Shih Tseng, M.S. student (graduated).

Nicholas Walczak, M.S. student (graduated).

Joshua Fasching, M.S. student (graduated).

Alex Kossett, M.S student (graduated).

Alexander Popov, M.S student (graduated).

Eric Holec, M.S student (graduated).

Sydney Bergeron, M.S. student (graduated).

Paul Hed, M.S. student (graduated).

Ruben D’Sa, M.S. student (graduated).

Karthik Buddha, M.S. student (graduated).

Travis Henderson, M.S. student (graduated).

Jamsrandorj Dagvadorj, M.S. student (graduated).

Luis Guzman, M.S. student (graduated).

Matthew Tlachac, M.S. student (graduated).

Zixing Wang, M.S. student (graduated).

Zane Smith, M.S. student (graduated).

Athanasios Bacharis, M.S. student (graduated).

Haoyi Shi, M.S. student.

Haoyuan Du, M.S. student.

Nikhilanj Venkata Pelluri, M.S. student.

Scott Morton, M.S. student.

P. Lee, L. Fiore, J. Purvey, A. Kossett, S. Kristoff, E. Holec, A. Carlson, F. Bazakos, A. Hambrock, A.
Kottas, C. McMillen, C. Carlson, R. Cyrus, M. Belsky, Z. Johnson, K. Stubbs, I. Burt, G. Miller, E.
Mueller, D. Goerke, M. Eriksson, S. Morton, R. D’sa, B. Neubauer, R. Redmond, W. Krepps, D.
Tormoen, B. Bosch, A. Erickson, B. Gundrum, L. Scharber, I. Poteryakhin, Z. Stromquist, P. Wyman,
D. Jenson, J. Spruth, T. Henderson, A. Young, N. Studanski, J. Killian, B. Schulz, M. Mikkelsen, M.
Calvert, T. Heller, M. Diaz, S. Marquart, S. Paladugu, P. Leppink — Shands, C. Uebelhart, J. Dean, A.
Schwartzwald, A. Shah, I. Mitha, S. Somrock, L. McCullough, R. Smith, E. Bowe, R. Favour, M.
Sonnabend, J. Rickman, M. Smith, A. Johnson, and H. Stephenson (supported undergraduates).
Frederic Lemauff, David Boutouiller, Nicolas Bernardeau, Olivier Huet, Guillaume Gasser, Chris Dos
Santos, Nicolas Caramelli, Eric Bouteillon, Benjamin Maurin, Duc Fehr, Patrick Roessler, Arnaud
Bruyas, and Florent Nageotte (supported foreign undergraduate students).

J. Jasper, M. Smela, A. DeClue, and B. Asojo (supported high school students).
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Post-Doctoral Associates

+ Osama Masoud (currently: Director of Research, Vital Images Inc.).

» Vassilios Morellas (currently: Research Professor, UMN).

» Dean Hougen (currently: Associate Professor, University of Oklahoma).
* Yan-Bin Jia (currently: Professor, lowa State University).

Participation in M.S. and Ph.D. Thesis Committees

Falai Li (Agriculture), Paul Rybski (CS), Hemanth Arumugam (CS), Kemal Berk Yesin (ME), Tracy Denk
(EE), Don Krantz (CS), Pascal Mammasian (Psychology), Weining Zheng (EE), Huifuang Ng
(Agriculture), Dean Hougen (CS), Pamela Lechleider (CS), Dirk Edmonds (CS), Bin Zhu (EE), You Yuli
(EE), Vafa Ghazi-Moghadam (EE), Lan Tse-Hua (EE), Shaomin Peng (EE), John Chourdakis (CE), Liu
Guoqin (CE), Todd Hardwick (EE), Saad Bedros (EE), John Shackleton (CS), Keesook Han (EE), Omar
Santiago-Perez (ME), Rajeev Singh (AEM), Jennifer Treadway (Math), Bill Knecht (Psychology), Xuan
Liu (CS), Barmeshwar Vikramaditya (ME), Youngguyn Kim (EE), Praveen Gupta (Agriculture), Brad
Nelson (Carnegie Mellon University), Mike Brady (Psychology), Jeff Thompson (CS), Kihyuk Han (ECE),
Yu Zhou (ME), Paul Rybski (CS), Jianjun Zhan (CE), Matt Cruikshank (CS), Joshua Dudney (ME), Vinodh
Kumar Chandram (CS), Saed Wadi (ECE), Seth Hulst (ECE), Vahid Emamian (ECE), Thomas Naselaris
(Neuroscience), Michael Blocksome (CS), David Littau (CS), Yungian Ma (ECE), Sunghee Kim (CS), A.
Schoolcraft (CS), T. Corrigan (ME), G. Yang (ME), H. Yang (AEM), Jim Gaines (ME), Kraig Bottemiller
(ECE), M. Lahmar (ME), Blake Larson (ME), Michael Baldea (Chem. Engin.), Rahul Joshi (ECE), Corey
Bilot (CS), Dongwei Cao (CSE), Gerry Ruch (Astronomy), Rashmi Sundareswara (CSE), Yukikazu
Hidaka (CSE), Luke Ludwig (CSE), Maitreyi Nanjanath (CSE), Nicole Sprague (CSE), Diego Rother
(CompsS), Tom Whipple (CSE), Vasillios Christopoulos (CSE), Steve Tousignant (CSE), Chen-chi Chu
(AEM), Venkateshwar Korukanti (CSE), Chandra Tjhai (AEM), Ryan Lloyd (CSE), Nikhil Karnad (CSE),
Ankur Sharma (CSE), Anuraag Pakanati (CSE), Elizabeth Jensen (CSE), Ignacio Ramirez (Scientific
Computation), Xue Bai (ECE), Doug Cook (CSE), James Parker (CSE), Alexey Castrodad (ECE), Jordan
Hashemi (ECE), Liron Yatziv (Scientific Computation), David Brajkovic (ME), Pratap Tokekar (CSE),
Rodney Dockter Il (ME), Mrinal Kanti Paul (CSE), John Harwell (CSE), Leonardo Le (AEM), Ahmed
Medhat (CSE), Nikolaos Stefas (CSE), Robert Giaquinto (CSE), Kevin Mallery (ME), Baoquan Zhang
(CSE), Debraj Bhattacharjee (ECE), Aditya Salapaka (ME), Sirisha Rambhatla (ECE), Sadman Enan
(CSE), Abhinav Sambasivan (ECE), Abhinav Mehta (ME), Rostand Fezeu (CSE), Kazim Engin (CSE),
Jungseok Hong (CSE), Sara Saunders (BME), Bobby Schulz (ECE), Jonathan Lemke (ME), Thomas
Ringstrom (CSE), Udhaya Dayalan (CSE), Jared Floersch (ME), Shree Thandry Ramamurthy (ECE),
Debarati Das (CSE), Praneet Bala (CSE), Yifeng Zhang (CSE), Ross Worobel (ECE), Tejveer Maddukuri
(CSE), Angel Sylvester (CSE), Ruixuan Sun (CSE), Mo Houtti (CSE), Zhejun Liu (CE), James Klassen
(NRSM), and Rong Chen (EE).

Honors

+ UMN Award for Outstanding Contributions to Graduate and Professional Education, Distinguished
University Teacher, 2022-.

* McKnight Presidential Endowed Professor in CS, 2016-.

» IEEE RAS George Saridis Leadership Award in Robotics and Automation, 2016.

» CTS Research Partnership Award, 2016.
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» A paper co-authored with A. Cherian and V. Morellas was the winner for the Best Student paper award

at the 2012 IEEE Int. Conference on Image Processing (ICIP 2012), Orlando, FL, October 2012.

IEEE-RAS Distinguished Service Award, 2011.

Distinguished McKnight University Professor, 2007-.

IEEE Felllow, 2007-.

A paper co-authored with G. Gasser, N. Bird, and O. Masoud was finalist for the Best Vision Paper

Award, 2004 IEEE Int. Conference on Robotics and Automation, New Orleans, April 2004.

» IEEE VTS 2001 Best Land Transportation Paper Award for the paper "A Novel Method for Tracking and

Counting Pedestrians in Real-Time Using a Single Camera” (with Osama Masoud).

Best Video Award, 2000 IEEE Int. Conference on Robotics and Automation, San Francisco, May 2000.

Finalist for the 2000 Discover Magazine Award for Technological Innovation.

UMN CSE Faculty Creativity Award, March 1999.

McKnight Land-Grant Professorship Award, University of Minnesota, July 1995 - June 1997.

Best Session Paper Presentation Award, American Control Conference, Seattle, June 1995.

National Science Foundation Career Award, August 1995 - July 1998.

National Science Foundation Research Initiation Award, August 1994 - July 1997.

+ Finalist for the Anton Philips Award for Best Student Paper in the 1991 IEEE Robotics and
Automation Conference.

 Kritski Fellowship, Greece, September 1985 - August 1987.

* IKY Fellowship, Greece, August 1986 - August 1987.

 First entrant at lonidios High School, Piraeus, Greece.

+ Seventh entrant at the Department of Electrical and Computer Engineering, National Technical
University of Athens.

Presentations

» 14th Cyprus Workshop on Signal Processing and Informatics, Nicosia, Cyprus, July 2022.

+ ETH MSRL Robotics Symposium, May 2022.

* 3M Technical Forum Seminar, April 2022.

» |IEEE Southern Minnesota Section, August 2020.

+ 3M Mini Dental School Lecture Series, July 2020.

* NRI meeting, Breakout Research in Agricultural Robotics, February 2020.

* CSE Dean’s Advisory Committee, University of Minnesota, Minneapolis, MN, October 2019.

* Robotics Roadmap Workshop, Chicago, IL, September 2019.

» 12th Cyprus Workshop on Signal Processing and Informatics, Nicosia, Cyprus, July 2019.

« 271 Mediterranean Conference on Control and Automation (MED '19), Akko, Israel, July 2019.

* University of Minnesota Robotics Tech Talks, Minneapolis, MN, April 2019.

+ Electrical and Computer Engineering, University of Florida, FL, April 2019.

* Mechanical and Aerospace Engineering, University of Florida, FL, April 2019.

* Minnesota Dermatological Society Winter Meeting, Minneapolis, MN, November 2018.

* UMN IEM HS Inspire, Minneapolis, MN, November 2018.

+ Science Museum of Minnesota, St. Paul, MN, October 2018.

* “Machine Learning and Artificial Intelligence in Medical Imaging: Challenges and Opportunities”
Workshop, Arlington, VA, September 2018.

« Distinguished Lecture, Computer Science and Engineering, Texas A&M, College Station, TX, January
2018.

* Robotics Frontiers 2017 Symposium, UC San Diego, San Diego, CA, September 2017.

* Honeywell Technology Symposium, Minneapolis, MN, May 2017.

* IMA Smart Urban Transportation Forum, IMA, University of Minnesota, Minneapolis, MN, May 2017.

* Energy Explorers, Great River Energy, Maple Grove, MN, February 2017.

* Distinguished Lecture, Computer Science and Engineering, Texas A&M, College Station, TX,
December 2016.
« Institute for Robotics & Intelligent Machines (IRIM), Georgia Tech, Atlanta, GA, January 2016.
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Purdue Polytechnic Institute, Purdue University, West Lafayette, IN, September 2015.

8th Cyprus Workshop on Signal Processing and Informatics, Nicosia, Cyprus, July 2015.

2015 Heritage Society Dinner, University of Minnesota Foundation, Minneapolis, MN, June 2015.
Headliners, College of Continuing Education, University of Minnesota, St. Paul, MN, April 2015.
Department of Computer Science and Engineering, University of Nevada, Reno, NV, March 2015.
Electrical and Computer Engineering, Duke University, Durham, NC, February 2015.

Department of Computer Science, lowa State University, Ames, IA, February 2015.

7th Cyprus Workshop on Signal Processing and Informatics, Nicosia, Cyprus, July 2014.

IEEE Conference on Robotics and Automation, Hong Kong, China, June 2014.

Department of Computer Science and Engineering, Minneapolis, MN, November 2013.

Robotics Alley Conference, St. Paul, MN, November 2013.

2013 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS '13), Tokyo,
Japan, November 2013.

GOFIRST UMN, Minneapolis, MN, October 2013.

IEEE Region 4 Leadership Conference, Minneapolis, MN, October 2013.

Enterprise Minnesota, Maple Grove, MN, September 2013.

6th Cyprus Workshop on Signal Processing and Informatics, Nicosia, Cyprus, July 2013.

MN Corn Growers, Waseca, MN, March 2013.

GOFIRST UMN, Minneapolis, MN, February 2013.

2012 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS '12),
Vilamoura/Algarve, Portugal, October 2012.

ETH Distinguished Lecture, Zurich, Switzerland, October 2012.

IEEE Conference on Robotics and Automation, St. Paul, MN, May 2012.

Department of Mechanical Engineering, University of Minnesota, Minneapolis, MN, April 2012.
CSE Science and Engineering Day, University of Minnesota, Minneapolis, MN, February 2012.
University of Minnesota | Rochester, Rochester, MN, February 2012.

CTS Executive Committee Meeting, University of Minnesota, Minneapolis, MN, February 2012.

1st Robotics Alley Conference, Minneapolis, MN, November 2011.

CSE Dean’s Advisory Committee, University of Minnesota, Minneapolis, MN, October 2011.

4th Cyprus Workshop on Signal Processing and Informatics, Nicosia, Cyprus, July 2011.

19t Mediterranean Conference on Control and Automation (MED’ 11), Corfu, Greece, June 2011.
3M, St. Paul, MN, May 2011.

“Educating Robotics Engineers and Scientists” Workshop, IEEE Conference on Robotics and
Automation, Shanghai, China, May 2011.

IEEE Conference on Robotics and Automation, Shanghai, China, May 2011.

Normandale Community College, Minneapolis, MN, January 2011.

Tech Forum Electronics Chapter, 3M, St. Paul, MN, November 2010.

3rd Cyprus Workshop on Signal Processing and Informatics, Nicosia, Cyprus, July 2010.

18t Mediterranean Conference on Control and Automation (MED’ 10), Marrakech, Morocco, June
2010.

IEEE Conference on Robotics and Automation, Anchorage, Alaska, May 2010.

Tech Forum Electronics Chapter, 3M, St. Paul, MN, December 2009.

Normandale Community College, Minneapolis, MN, October 2009.

2009 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS '09), Saint Louis,
MO, August 2009.

17t Mediterranean Conference on Control and Automation (MED ’09), Salonica, Greece, June 2009.
IEEE Conference on Robotics and Automation, Kobe, Japan, May 2009.

Department of Computer Science and Engineering, Texas A&M, TX, January 2009.

IEEE Aerospace and Electronic Systems Society, Chapter of Twin Cities, Eagan, MN, December 2008.
IEEE International Conference on Advanced Video and Signal Based Surveillance, Santa Fe, NM,
September 2008.

1st International Conference on PErvasive Technologies Related to Assistive Environments (PETRA
'08), Athens, Greece, July 2008.

11t International Symposium on Experimental Robotics, Athens, Greece, July 2008.

Science Museum of Minnesota, St. Paul, MN, June 2008.

IEEE Conference on Robotics and Automation, Pasadena, CA, May 2008.

ARO/NSF Workshop on Future Directions in Visual Navigation, Pasadena, CA, May 2008.
National Science Foundation PAEMST Award Ceremony, Washington, DC, April 2008.
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Midwest Instruction and Computing Symposium, UW-La Crosse, La Crosse, WI, April 2008.
Lockheed Martin Corporation, MN, April 2008.

Center for Cognitive Sciences, MN, January 2008.

Metro Transit, MN, January 2008.

Computer Science Department, University of Southern California, CA, December 2007.
The Technical Cooperation Program (TTCP) Symposium on the Science of Autonomy and
Bio-Inspired Systems, Army Research Laboratory, MD, October 2007.

Honeywell ACS Fellows Symposium, Minneapolis, MN, October 2007.

Goodrich Corporation, MN, June 2007.

IEEE Conference on Robotics and Automation, Rome, Italy, April 2007.

Center for Cognitive Sciences, MN, March 2007.

North Dakota State University, ND, January 2007.

Digital Technology Workshop, Digital Technology Center, November 2006.

Metropolitan Airport Commission, October 2006.

Metro Transit, September 2006.

Johnson Controls Inc., May 2006.

Honeywell Labs, March 2006.

2005 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS ’05), Edmonton,
Canada, August 2005.

« 13" Mediterranean Conference on Control and Automation (MED’05), June 2005.

Tutorial “Video Surveillance”, 2005 Spring NSF SSR-RC meeting, St. Petersbourgh, FL, March 2005.
Workshop “Micro-Air-Vehicles - The Next 10 Years”, 2004 IEEE Int. Conference on Robotics and
Automation (ICRA '04), New Orleans, LA, April 2004.

Workshop “Multi-robot Search and Rescue: Current Challenges and Future Directions”, 2004 IEEE Int.
Conference on Robotics and Automation (ICRA '04), New Orleans, LA, April 2004.

Department of Electrical and Computer Engineering, University of Arizona, April 2004.

Department of Electrical, Computer, and Systems Engineering, Rensselaer Polytechnic Institute,
February 2004.

Department of Electrical and Systems Engineering, Washington University in Saint Louis, January
2004.

Department of Computer and Information Science, Ohio State University, January 2004.

Department of Computer Science, University of North Carolina, December 2003.

Workshop “Robotics in Emergency Response”, 2003 IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS '03), Las Vegas, NV, October 2003.

Workshop “Control and Cooperation of Intelligent Miniature Robots”, 2003 IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS ’03), Las Vegas, NV, October 2003.
Department of Computer Science, University of Houston, October 2003.

IEEE Conference on Robotics and Automation, Taipei, Taiwan, September 2003.

11t Mediterranean Conference on Control and Automation (MED’03), June 2003.

Department of Computer Science and Engineering, Wright State University, May 2003.

Digital Technology Center Industrial Affiliates Open House, May 2003.

Picatinny Arsenal, NJ, May 2003.

Computer and Information Science Department, University of Pennsylvania, February 2003.

3M Optical Inspection Mini-Chapter, February 2003.

Digital Technology Center Seminar, December 2002.

2002 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS '02), Lausanne,
Switzerland, October 2002.

14th International Conference on Digital Signal Processing, Santorini, Greece, 2002.

ARO Workshop on Integrated System Approaches to Future Combat Systems, Washington, DC, May
2002.

Multi-Robot Systems Workshop, Washington, DC, March 2002.

Vision Science Colloguium, University of Minnesota, Minneapolis, MN, November 2001.

Naval Research Laboratory (NRL), Washington, DC, November 2001.

2001 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS '01), Maui,

HI, October 2001.

IEEE Conference on Robotics and Automation, Seoul, Korea, May 2001.

IEEE Twin Cities Chapter, Minneapolis, MN, April 2001.

Department of Electrical and Computer Engineering, University of New Mexico, NM, March 2001.
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AHEPANS, St. Paul, MN, USA, March 2001.

Department of Electrical and Computer Engineering, University of Cyprus, Cyprus, February 2001.
2"d NASA/JPL Workshop on Biomorphic Explorers, Pasadena, CA, December 2000.

Science Coalition Day, Washington, DC, July 2000.

Department of Electrical and Computer Engineering, University of Patras, Greece, July 2000.

8t IEEE Mediterranean Conference on Control and Automation, Rio, Greece, July 2000.
Department of Mechanical Engineering, National Technical University, Athens, Greece, July 2000.
IEEE Conference on Robotics and Automation, San Francisco, CA, May 2000.

Minnesota Society of Professional Engineers, Minneapolis, USA, April 19, 2000.

Control Science and Dynamical Systems, University of Minnesota, Minneapolis, USA, March 2000.
Department of Computer Science and Engineering, University of Minnesota, Minneapolis, USA,
November 1999.

1999 IEEE/IEEJ/JSAI International Conference on Intelligent Transportation Systems, Tokyo, Japan,
October 5-8, 1999.

1999 European Control Conference, Karlsruhe, Germany, August 31-September 3, 1999

ITS Minnesota Annual Meeting and Guidestar Technology Forum, Minneapolis, MN, March 1999.
University of Minnesota Foundation, Minneapolis, MN, February 1999.

IMA Workshop on “Forging an Appropriate Immune Response as a Problem in Distributed Artificial
Intelligence”, Minneapolis, MN, October 1998.

1998 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS '98), Victoria,
Canada, October 1998.

ETH and MOVIC 98, Switzerland, August 1998.

DARPA “Distributed Robotics” Pl meeting, August 1998.

IEEE Conference on Robotics and Automation, Leuven, Belgium, May 1998.

Workshop on “Robust Vision for Vision-Based Control”, IEEE Conference on Robotics and Automation,
Leuven, Belgium, May 1998.

CTS Faculty Round Table, Minneapolis, MN, March, 1998.

Wright Patterson Base, Dayton, OH, January, 1998.

Conference on Vision for Reach and Grasp, Minneapolis, MN, October 1997.

NSF Block Island Workshop on Vision and Control, Block Island, RI, June 1997.

1997 Int. Robots and Vision Conference, Detroit, MI, May 1997.

IEEE Conference on Robotics and Automation, Albuquerque, NM, April 1997.

CTS Faculty Seminar Series, Minneapolis, MN, February, 1997.

Department of Computer Science, University of Cyprus, Nicosia, Cyprus, September 1996.
Department of Computer Science, University of Minnesota, Minneapolis, USA, March 1996.
Workshop on Mathematical Methods in Computer Vision, Geometry Center, University of Minnesota,
Minneapolis, USA, September 1995.

» 10th IEEE International Symposium on Intelligent Control, Monterey, USA, August 1995.

e o o o o

1995 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS '95), Pittsburgh,
USA, August 1995.

3rd IEEE Mediterranean Symposium on New Directions in Control and Automation, Limassol,
Cyprus, July 1995.

Department of Computer Science, University of Cyprus, Nicosia, Cyprus, July 1995.

1995 American Control Conference (Two Talks), Seattle, USA, June 1995.

IEEE Conference on Robotics and Automation, Nagoya, Japan, May 1995.

Center for Transportation Studies Faculty Seminar, University of Minnesota, Minneapolis, USA,
February 1995.

33rd IEEE Conference on Decision and Control (33rd CDC), Orlando, USA, December 1994.
Department of Mechanical Engineering, University of Minnesota, Minneapolis, USA, November 1994.
SPIE's International Symposium on Photonics for Industrial Applications, Intelligent Vehicle
Highway Systems, Boston, USA, November 1994.

IEEE International Conference on Multisensor Fusion and Integration for Intelligent Systems, Las
Vegas, USA, October 1994.

IEEE Conference on Robotics and Automation (Two Talks), San Diego, USA, May 1994.

Fifth Annual Transportation Research Conference, Minneapolis, USA, May 1994.

31st Allerton Conference, Champaign, USA, September 1993.

1993 IEEE International Symposium on Intelligent Control, Chicago, USA, August 1993.
Department of Computer Science, University of Wisconsin, Madison, USA, August 1993.
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1993 IEEE Conference on Computer Vision and Pattern Recognition, New York, USA, June 1993.
1993 American Control Conference, San Francisco, USA, June 1993.

Department of Electrical Engineering, University of Minnesota, Minneapolis, USA, May 1993.
Fifth Topical Meeting on Robotic and Remote Systems, Oak Ridge, USA, April 1993.

31st IEEE Conference on Decision and Control (31st CDC), Tucson, USA, December 1992,
IEEE Workshop on Applications of Computer Vision, Palm Springs, USA, November 1992.
Department of Computer Science, University of Minnesota, Minneapolis, USA, November 1992.
1992 American Control Conference, Chicago, USA, June 1992.

Department of Electronic Engineering, Technical University of Crete, Greece, June 1992.

Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA, March 1992.

Department of Computer Science, University of Minnesota, Minneapolis, USA, February 1992.
Center for Automation Research, University of Maryland, College Park, USA, January 1992.
European Robotics and Intelligent Systems Conference, Corfu, Greece, June 1991.

IEEE Conference on Robotics and Automation, Sacramento, USA, April 1991.

Ohio State University Control Workshop, Columbus, USA, April 1991.

IEEE Rensselaer Polytechnic Institute Second International Conference on Computer Integrated
Manufacturing, Rensselaer Polytechnic Institute, USA, May 1990.

Ohio State University Control Workshop, Columbus, USA, April 1990.

Professional

Fellow Member of IEEE.

Senior Editor, IEEE Transactions on ITS, 2016-.

Associate Editor, IEEE Transactions on ITS, 2003-2015.

Associate Editor, Transportation Research: Part C, 2006-2014.

Associate Editor, Journal of Intelligent and Robotic Systems, 2006-2019.

Honorary Chair, IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS
2020).

General Chair of the 2012 IEEE Robotics and Automation Conference.

Vice President for Conferences, RAS, 2010-2013.

Chair, Publication Ethics Committee, RAS, 2015-.

Chair, Saridis and Service Awards Evaluation Committee, RAS, 2016-2018.

ICRA-x Chair of the 2018 IEEE Robotics and Automation Conference.

2018, 2020, and 2022 IEEE CS Fellows Evaluation Committee.

Program Co-Chair, IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS
2018).

Publicity Chair, IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS 2017).
Publications Chair, IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS
2015).

Publications Chair, IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS
2014).

Member, RAS Long-Range Planning Committee, 2014-2015.

Editor, RAS Conference Editorial Board, 2006-2009.

Editor, IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS 2011),
Conference Editorial Board, 2011.

Member of the IEEE Robotics and Automation Administrative Committee, 2000-2005.

Member, RAS IEEE Fellow Nomination Committee, 2013-2014.

Chairman, RAS IEEE Fellow Nomination Committee, 2007-2008.

Chairman of the IEEE Robotics and Automation Technical Committee on Robot Vision, 2000-2006.
America Program Co-Chair of the 2009 IEEE/RSJ International Conference on Intelligent Robots and
Systems.

Awards Chair of the 2008 IEEE Robotics and Automation Conference.

Program Chair of the 2006 IEEE Robotics and Automation Conference.
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America Program Co-Chair of the 2007 IEEE/RSJ International Conference on Intelligent Robots and
Systems.

America Program Co-Chair of the 2004 IEEE Robotics and Automation Conference.

Vice-Chairman of the 2001 IEEE/RSJ International Conference on Intelligent Robots and Systems.
Chief organizing member of the Hellenic Student Association of Carnegie Mellon University.
Participation in National Science Foundation review panels for regular proposals.

Reviewer of proposals for the Department of Energy and the National Science Foundation.
Participation in an IEEE review panel for senior member candidates.

Participation in the faculty recruitment committee, Department of Electrical and Computer Engineering,
University of Cyprus.

Reviewer of proposals for the Austrian Science Fund, Europian Union, the Portuguese Ministry of
Science and Technology (FCT program), the Qatar National Research Fund, the National Centre of
Science and Technology Evaluation of Kazakhstan, the Kroatia Science Foundation, and the Hong
Kong Research Grants Council.

Member of the Technical Chamber of Greece.

Organizer of the ARO/NSF Workshop on Future Directions in Visual Navigation, Pasadena, CA, May
2008.

Editor of a special issue on "Analysis and Experiments in Distributed Multi-Robot

Systems" of the Journal Autonomous Robots (2004).

Guest Editor of a special issue on "Panoramic Robotics" of the Robotics and Automation

Magazine (2003).

Guest Editor of a special issue on "Applied Visual Servoing" of the Robotics and Automation

Magazine (December 1998).

Guest Editor of a special issue on "Modelling Issues for Visual Sensing" of the Journal Mathematical
and Computer Modelling.

Program committee member for the 2021 and 2023 International Conferences on Unmanned Aircraft
Systems (ICUAS).

Program committee member for the 315t Mediterranean Conference on Control and Automation, June
2023.

Program committee member for the 10t International Symposium on Distributed Autonomous Robotic
Systems.

Program committee member for the 13" International Conference on Computer Vision.

Program committee member for the 2010, 2011, and 2012 IEEE Conferences on Computer Vision and
Pattern Recognition.

Program committee member for the 1999, 2000, 2002, 2003, 2004, 2008, 2009, and 2014 IEEE/RSJ
International Conferences on Intelligent Robots and Systems.

Program committee member for the 2000, 2001, 2002, 2003, and 2005 IEEE Robotics and Automation
Conferences.

Program committee member for the 5th International Symposium on Visual Computing, November
20009.

Program committee member for the 17" and 20th Mediterranean Conferences on Control and
Automation, June 2009 and July 2012.

Program committee member for the 2009 IEEE Intelligent Vehicles Symposium, June 2009.

Program committee member for the 2" International Conference on Pervasive Technologies Related to
Assistive Environments, June 2009.

Program committee member for the 5th IEEE Conference on Advanced Video and Signal Based
Surveillance, September 2008.

Program committee member for the 10, 11th, 12t and 15th Annual IEEE Conferences on Intelligent
Transportation Systems, 2007, 2008, 2009, 2012, and 2013.

Program committee member for the 3@ and 4" International Symposiums on Visual Computing, 2007
and 2008.

Program committee member for the 32"¢ Annual Conference of the IEEE Industrial Electronics Society,
November 2006.

Program committee member for the 9 Annual IEEE Conference on Intelligent Transportation Systems,
September 2006.

Program committee member for the International Conference on Intelligent Systems and Computing:
Theory and Applications, July 2006.
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Program committee member of the 8" Annual IEEE Conference on Intelligent Transportation Systems,
August 2005.

Program committee member of the 13" Mediterranean Conference on Control and Automation, 2005.
Program committee member of the IASTED Int. Conference on Robotics and Applications (RA 2005),
2005.

Program committee member of the 2005 IEEE-RAS International Conference on Humanoid Robots,
2005.

Program committee member of the 23rd IASTED Int. Conference on Modeling, Identification, and
Control (MIC 2004), 2004.

Program committee member of the IEEE Intelligent Vehicles Symposium, 2004.

Program committee member for the European Workshop on Service and Humanoid Robots
(SERVICEROB-2001).

Program committee member for the International Congress on Autonomous Intelligent Systems,
February 2002.

Program committee member for the 6th Int'l Symp. on Artificial Intelligence, Robotics, & Automation in
Space, 2001.

Program committee member for the 4" Annual IEEE Conference on Intelligent Transportation Systems,
August 2001.

Program committee member of the 3@ Annual IEEE Conference on Intelligent Transportation Systems
(ITSC-2000).

Program committee member of the ISR 2000.

Publicity chairman and program committee member of the 1998 IEEE/RSJ International

Conference on Intelligent Robots and Systems (IROS '98).

Program committee member of the Third European Robotics, Intelligent Systems and Control Conf.,
1998.

Publicity chairman and program committee member of the 1997 IEEE Robotics and Automation
Conference.

Award Chairman for the IEEE Int. Joint Symposia on Intelligence and Systems, 1996.

Local arrangements chairman of the 1996 IEEE Robotics and Automation Conference.

Member of the program committee of the 1995 IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS '95).

Member of the program committee of the 1994 IEEE Robotics and Automation Conference.
Organizer of an invited session at the 1994 IEEE Robotics and Automation Conference.

Invited sessions/tutorials chairman of the 1995 Symposium on Intelligent Control.

Chairman of three sessions at the 2001 IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS '01).

Chairman of one session at the 2000, 2001, 2002, 2003, 2004, 2005, 2006, 2007, 2008, 2009, 2010,
2011, 2013, 2014, and 2015 IEEE Robotics and Automation Conferences.

Chairman of one session at the 2000 IEEE International Symposium on Intelligent Control (ISIC 2000).
Chairman of two sessions at the 11" Mediterranean Conference on Control and Automation (MED’03).
Chairman of two sessions at the 1998 IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS '98).

Chairman of one session at the 1998 IEEE Robotics and Automation Conference.

Chairman of two sessions at the 1997 IEEE Robotics and Automation Conference.

Chairman of two sessions at the 1996 IEEE Robotics and Automation Conference.

Chairman of a session at the 10th IEEE International Symposium on Intelligent Control.

Chairman of a session at the 3rd |IEEE Mediterranean Symposium on New Directions in Control and
Automation.

Chairman of a session at the 1995 IEEE Robotics and Automation Conference.

Chairman of a session at the 1995 IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS '95).

Chairman of two sessions at the 1995 American Control Conference.

Chairman of a session at the 1994 IEEE Robotics and Automation Conference.

Chairman of a session at the 1994 IEEE Conference on Systems, Man, and Cybernetics.

Chairman of two sessions at the 1994 IEEE Robotics and Automation Conference.

Chairman of a session at the 1993 IEEE International Symposium on Intelligent Control.

Chairman of a session at the 1993 American Control Conference.

Chairman of a session at the 31st IEEE Conference on Decision and Control (31st CDC).
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Chairman of a session at the 1992 American Control Conference.
Reviewer of the following journals:

IEEE Transactions on Automatic Control

IEEE Transactions on Intelligent Transportation Systems

IEEE Transactions on Vehicular Technology

IEEE Transactions on Mechatronics

IEEE Transactions on Robotics and Automation

IEEE Control Systems Magazine

IEEE Robotics and Automation Magazine

IEEE Transactions on Systems, Man, and Cybernetics

IEEE Transactions on Control Systems Technology

IEEE Transactions on Neural Networks

International Journal of Computer Vision

Journal of Intelligent Control and Systems

Journal of Intelligent and Robotic Systems: Theory and Applications

Automatica

Mathematical and Computer Modelling

IEE Proceedings in Vision, Image and Signal Processing

International Journal of Robotics and Automation

Journal of Robotic Systems

Journal of Robotics and Autonomous Systems

Optimal Control: Applications and Methods

Image and Vision Computing

Computer Vision and Image Understanding

Autonomous Robots

Mechatronics.
Reviewer for the 1990 through 2017 IEEE Conferences on Robotics and Automation.
Reviewer for the 80" Annual TRB meeting, 2001.
Reviewer for the IJCNN 2000.
Reviewer for the ISR 2000.
Reviewer for the 36th IEEE CDC, Kobe, Japan.
Reviewer for the 1995, 1998, 1999, 2002, and 2003 IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS '95, 98, '99, '02, and ‘03).
Reviewer for the 4th IEEE Mediterranean Symposium on New Directions in Control and Automation.
Reviewer for the 1995 American Control Conference.
Reviewer for the 1st IEEE Conference on Control Applications.
Reviewer for the 34th IEEE CDC, New Orleans, USA.
Reviewer for the 30th IEEE CDC, Brighton, United Kingdom.
Reviewer for the HICSS-24, Hawaii.

Contributions to Departmental and University Service

Administrative Duties

Director of the Minnesota Robotics Institute (MnRI).

Director of the Center for Distributed Robotics and SECTTRA.

Leader of the effort to attract state (MnDRIVE) and donor funding for Robotics. This has
resulted into more than $26M for the UMN Robotics.

Acting Director of Graduate Studies, MS in Robotics, Fall 2020-.

Director of Undergraduate Studies and Honors representative, Fall 2010-Spring 2013.
Chair of the Research Funding Committee, Fall 2007-.

Director of Undergraduate Studies and Honors representative, 2000-2004.
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Committee Work

Chair, CSE RSAM MnDRIVE Advising and Planning Committee, 2013-2019.
Member of the UMN Benefits Advisory Committee, 2019-Present.

CSE MnDRIVE Hiring Committee, 2013-2019.

UMN Faculty Consultative Committee, 2016-Present.

Chair, Committee for the Recruitment of the CSE Director of Strategic Sponsored Research
Activities, 2022-2023.

* Member of the University Distinguished McKnight University Professor Selection
Committee, 2014-2016.

CSE College Scholarship and Award Committee, 2012-2021.

Campus Committee on Student Behavior (CCSB), 2006-2010.

Chair, CSE Department Head Evaluation Committee, 2010.

Member of the Advisory/SPC Committee, 2009-2010.

Member of the CTS Director Search Committee, 2010.

Member of the DTC Director Search Committee, 2008.

Member of the Faculty Recruitment committee, 2007-2008.

Member of the IT P&T committee (2007-2010).

Mentoring Chair for Prof. R. Kuang and Prof. H. Park.

Mentoring committee member for Profs. V. Isler, J. Sattar, L. Yarosh, and W. Schuler.

Personal

« American Citizen
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APPENDIX B: MATERIALS CONSIDERED

Exhibit Description

1001  |U.S. Patent No. 10,001,780

1002  [File History for U.S. Patent No. 10,001,780 (Appl. No. 15/341612)

1004 |U.S. Patent Appl. Pub. No. 2015/0284010 (“Beardsley™)

1005 |J. Minguez, L. Montano, J. Santos-Victor, “Abstracting Vehicle Shape
and Kinematic Constraints from Obstacle Avoidance Methods™, 20(1)
IAutonomous Robots 43-59 (2006) (“Minguez”)

1006 (0. Khatib, “Real-Time Obstacle Avoidance For Manipulators and
Mobile Robots,” 5 Int’1 J. of Robotics Research 90-98 (1986)
(“Khatib™)

1007  J.A. Castellanos, J. Montiel, J. Neira, J.D Tardos, “The SPmap: A
probabilistic framework for simultaneous localization and map
building,” 15(5) IEEE Trans. Robotics and Automation 948-952
(1999) (“Castellanos™)

1008 |Declaration of Dr. Mary K. Bolin

1009 Maki K. Habib, “Real Time Mapping and Dynamic Navigation for
Mobile Robots,” 4(3) Int’l J. of Advanced Robotic Systems 323 (2007)
(“Habib”)

1010  |Chang, Ya-Chun, Yamamoto, Yoshio, On-line path planning strategy
integrated with collision and dead-lock voidance schemes for wheeled
mobile robot in indoor environments, Industrial Robot, An

International Journal 35(5) 421-34 (2008) (““Yamamoto™)

1011  |Oussama Khatib et al., “Robots in Human Environments: Basic
Autonomous Capabilities”, 18(7) International Journal Of Robotics
Research 684-696 (1999) (“Khatib *99)

1012 (Choset et al., “Principles of Robotic Motion Theory, Algorithms, and
Implementation”, Massachusetts Institute of Technology Press (2005)
(“Choset”)

1013 [U.S. Patent Appl. Pub. No. 2008/00059015 (“Whittaker™)

1014  Plaintiff Brain Corporaiton’s Objections And Responses To
Defendants’ First Set Of Interrogatories (NOS. 1-9) (Redacted
Excerpt)
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No.

1[pre]
1[a]

1[b]
1[b][1]
1[b][2]
1[b][3]

1[b][4]

1[b][5]

1[b][6]

APPENDIX C: CHALLENGED CLAIM LISTING

Limitation
A robot comprising:

one or more sensors configured to collect data about an environment
including detected points on one or more objects in the environment;
and

a controller configured to:

create a map of the environment based at least in part on the collected
data;

determine a route in the map in which the robot will travel;

generate one or more route poses on the route, wherein each route pose
comprises a footprint indicative of poses of the robot along the route and
each route pose has a plurality of points disposed therein;

determine forces on each of the plurality of points of each route pose,
the forces comprising repulsive forces from one or more of the detected
points on the one or more objects and attractive forces from one or more
of the plurality of points on others of the one or more route poses;

reposition one or more route poses in response to the forces on each
point of the one or more route poses; and

perform interpolation between one or more route poses to generate a
collision-free path between the one or more route poses for the robot to
travel.

The robot of claim 1, wherein: the one or more route poses form a
sequence in which the robot travels along the route; and

the interpolation comprises a linear interpolation between sequential
ones of the one or more route poses.

The robot of claim 1, wherein the interpolation generates one or more
interpolation route poses having substantially similar footprints to the
footprint of each route pose.

The robot of claim 1, wherein the determination of the forces on each
point of the one or more route poses further comprises a computation of
a force function that associates, at least in part, the forces on each point
of each route pose with one or more characteristics of objects in the
environment.
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No.

11[a]

11[b]

Limitation

The robot of claim 4, wherein the one or more characteristics includes
one or more of distance, shape, material, and color.

The robot of claim 4, wherein: the force function associates zero
repulsive force exerted by a first detected point on a first object where a
distance between the first detected point and a second point of a first
route pose is above a predetermined distance threshold.

The robot of claim 1, wherein the footprint of each route pose has
substantially similar size and shape as the footprint of the robot.

The robot of claim 1, wherein the robot comprises a floor cleaner.

A method for dynamic navigation of a robot in an environment,
comprising:

generating a map of the environment using data from one or more
Sensors;

determining a route on the map, the route including one or more route

poses, each route pose comprising a footprint indicative at least in part
of a pose and a shape of the robot along the route and each route pose

having a plurality of points disposed therein;

computing repulsive forces from a point on an object in the environment
onto the plurality of points of a first route pose of the one or more route
poses;

repositioning the first route pose in response to at least the repulsive
forces; and

performing an interpolation between the repositioned first route pose
and another of the one or more route poses.

The method of claim 9, further comprising determining attractive forces
from a point on another of the one or more route poses exerted on the
plurality of points of the first route pose.

The method of claim 9, further comprising: detecting a plurality of
objects in the environment with the one or more sensors, each of the
plurality of objects having detected points; and

defining a force function, the force function computing repulsive forces
exerted by each of the detected points of the plurality of objects on the
plurality of points of the first route pose, wherein each repulsive force
comprises a vector.
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No.
12

13

14[a]

14[b]

15

16

17

18[pre]

18[a]
18[b]

18[c]

Limitation

The method of claim 11, wherein the repositioning of the first route pose
comprises calculating a minimum of the force function.

The method of claim 9, wherein the repositioning of the first route pose
comprises translating and rotating the first route pose.

The method of claim 9, wherein the performing of the interpolation
comprises: generating an interpolation route pose having a footprint
substantially similar to the shape of the robot; and

determining a translation and rotation of the interpolation route pose
based at least on a collision-free path between the translated and rotated
first route pose and the another of the one or more route poses.

The method of claim 9, further comprising computing a magnitude of
the repulsive forces as proportional to a distance between the point on
the object and each of the plurality of points of the first route pose if the
point on the object is outside of the footprint of the first route pose.

The method of claim 9, further comprising computing a magnitude of
the repulsive forces as inversely proportional to a distance between the
point on the object and each of the plurality of points of the first route
pose if the point on the object is inside the footprint of the first route
pose.

The method of claim 9, further comprising computing torque forces onto
the plurality of points of the first route pose due to the repulsive forces.

A non-transitory computer-readable storage apparatus having a plurality
of instructions stored thereon, the instructions being executable by a
processing apparatus to operate a robot, the instructions configured to,
when executed by the processing apparatus, cause the processing
apparatus to:

generate a map of an environment using data from one or more sensors;

determine a route on the map, the route comprising one or more route
poses, each route pose comprising a footprint indicative at least in part
of a pose and a shape of the robot along the route and each route pose
having a plurality of points disposed therein; and

compute repulsive forces from a point on an object in the environment
onto the plurality of points of a first route pose of the one or more route
poses.
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No.

19

20

Limitation

The non-transitory computer-readable storage apparatus of claim 18,
further comprising one or more instructions, which when executed by
the processing apparatus, further cause the processing apparatus to
determine attractive forces from a point on another of the one or more
route poses exerted on the plurality of points of the first route pose.

The non-transitory computer-readable storage apparatus of claim 18,
further comprising one or more instructions, which when executed by
the processing apparatus, further cause the processing apparatus to
determine torque forces from a point on another of the one or more route
poses exerted on the plurality of points of the first route pose.
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APPENDIX D: UNDERSTANDING OF THE LAW

I have applied the following legal principles provided to me by counsel in
arriving at the opinions set forth in this declaration.

Legal Standard for Prior Art

[ am not an attorney. I have been informed by attorneys of the relevant legal
principles and have applied them to arrive at the opinions set forth in this
declaration.

I understand that the petitioner for inter partes review may request the cancelation
of one or more claims of a patent based on grounds available under AIA 35 U.S.C.
§ 102 and 35 U.S.C. § 103 using prior art that consists of patents and printed
publications.

Anticipation and Prior Art

I understand that § 102 specifies when a challenged claim is invalid for
lacking novelty over the prior art, and that this concept is also known as
“anticipation.” I understand that a prior art reference anticipates a challenged claim,
and thus renders it invalid by anticipation, if all elements of the challenged claim are
disclosed in the prior art reference. I understand the disclosure in the prior art
reference can be either explicit or inherent, meaning it is necessarily present or
implied. [ understand that the prior art reference does not have to use the same words

as the challenged claim, but all of the requirements of the claim must be disclosed
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so that a person of ordinary skill in the art could make and use the claimed subject
matter.

In addition, I understand that § 102 also defines what is available for use as a
prior art reference to a challenged claim.

Under § 102(a)(1), a challenged claim is anticipated if it was patented,
described in a printed publication, or in public use, on sale, or otherwise available to
the public before the effective filing date of the claimed invention.

Under § 102(b)(1), a challenged claim is anticipated if it was described in an
issued patent or published patent application, in which the patent or application
names another inventor and was effectively filed before the effective filing date of
the claimed invention.

I understand that the effective filing date of a patent or patent application is
the earlier of the actual filing date of the patent or the application for patent or, if the
patent or application for patent is entitled to claim earlier priority or the benefit of
an earlier filing, the filing date of the earliest application that describes the claimed
subject matter.

I understand that when a challenged claim covers several structures, either
generically or as alternatives, the claim is deemed anticipated if any of the structures

within the scope of the claim is found in the prior art reference.

197
Avidbots Ex1003
Page 197 of 207



I understand that when a challenged claim requires selection of an element
from a list of alternatives, the prior art teaches the element if one of the alternatives
is taught by the prior art.

Legal Standard for Obviousness

I understand that even if a challenged claim is not anticipated, it is still invalid
if the differences between the claimed subject matter and the prior art are such that
the claimed subject matter would have been obvious to a person of ordinary skill in
the pertinent art at the time the alleged invention.

I understand that, in order for a prior art reference to be proper for use in an
obviousness analysis, the reference must be analogous art. I understand that a prior
art reference is analogous art if: (1) the reference is from the same field of endeavor
as the challenged patent (even if it addresses a different problem); or (2) the
reference is reasonably pertinent to the problem faced by the inventor of the
challenged patent (even if it is not in the same field of endeavor). I understand that
the field of endeavor is determined by reference to explanations of the challenged
claims’ subject matter in the challenged patent, including the embodiments,
functions, and structures of the challenged claims. A prior art reference is
“reasonably pertinent” to a problem if it would have logically commended itself to

an inventor’s attention in considering the problem.
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I understand that obviousness must be determined with respect to the
challenged claim as a whole.

I understand that one cannot rely on hindsight in deciding whether a claim is
obvious.

I also understand that an obviousness analysis includes the consideration of
factors such as (1) the scope and content of the prior art, (2) the differences between
the prior art and the challenged claim, (3) the level of ordinary skill in the pertinent
art, and (4) “secondary” or “objective” evidence of non-obviousness.

Secondary or objective evidence of non-obviousness includes evidence of: (1)
a long felt but unmet need in the prior art that was satisfied by the claimed invention;
(2) commercial success or the lack of commercial success of the claimed invention;
(3) unexpected results achieved by the claimed invention; (4) praise of the claimed
invention by others skilled in the art; (5) taking of licenses under the patent by others;
(6) deliberate copying of the claimed invention; and (7) contemporaneous and
independent invention by others. However, I understand that there must be a
relationship between any secondary evidence of non-obviousness and the claimed
invention.

I understand that a challenged claim can be invalid for obviousness over a
combination of prior art references if a reason existed (at the time of the alleged

invention) that would have prompted a person of ordinary skill in the art to combine
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elements of the prior art in the manner required by the challenged claim. [ understand

99 ¢¢

that this requirement is also referred to as a “motivation to combine,” “suggestion to
combine,” or “reason to combine,” and that there are several rationales that meet this
requirement.

['understand that the prior art references themselves may provide a motivation
to combine, but other times simple common sense can link two or more prior art
references. I further understand that obviousness analysis recognizes that market
demand, rather than scientific literature, often drives innovation, and that a
motivation to combine references may come from market forces.

I understand obviousness to include, for instance, scenarios where known
techniques are simply applied to other devices, systems, or processes to improve
them in an expected or known way. I also understand that practical and common-
sense considerations should be applied in a proper obviousness analysis. For
instance, familiar items may have obvious uses beyond their primary purposes.

I understand that the combination of familiar elements according to known
methods is obvious when it yields predictable results. For instance, obviousness bars
patentability of a predictable variation of a technique even if the technique originated
in another field of endeavor. This is because design incentives and other market

forces can prompt variations of it, and predictable variations are not the product of

innovation, but rather ordinary skill and common sense.
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I understand that a particular combination may be obvious if it was obvious
to try the combination. For example, when there is a design need or market pressure
to solve a problem and there are a finite number of identified, predictable solutions,
a person of ordinary skill has good reason to pursue the known options within his or
her technical grasp. This would result in something obvious because the result is the
product not of innovation but of ordinary skill and common sense. However, I
understand that it may not be obvious to try a combination when it involves
unpredictable technologies.

It is further my understanding that a proper obviousness analysis focuses on
what was known or obvious to a person of ordinary skill in the art, not just the
patentee. Accordingly, I understand that any need or problem known in the field of
endeavor at the time of invention and addressed by the patent can provide a reason
for combining the elements in the manner claimed.

It is my understanding that the Manual of Patent Examining Procedure §2143
sets forth the following as exemplary rationales that support a conclusion of
obviousness:

e Combining prior art elements according to known methods to yield
predictable results;
e Simple substitution of one known element for another to obtain

predictable results;
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e Use of known technique to improve similar devices (methods, or
products) in the same way;

e Applying a known technique to a known device (method, or product)
ready for improvement to yield predictable results;

e Choosing from a finite number of identified, predictable solutions, with
a reasonable expectation of success;

e Known work in one field of endeavor may prompt variations of it for
use in either the same field or a different one based on design incentives
or other market forces if the variations are predictable to one of ordinary
skill in the art;

e Some teaching, suggestion, or motivation in the prior art that would
have led one of ordinary skill to modify the prior art reference or to
combine prior art reference teachings to arrive at the claimed invention.

A person of ordinary skill in the art looking to overcome a problem will often
use the teachings of multiple publications together. I understand that obviousness
analysis takes into account inferences, creative steps, common sense, and practical
logic and applications that a person of ordinary skill in the art would employ under

the circumstances.
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I understand that a claim can be obvious in light of a single reference, if the
elements of the challenged claim that are not explicitly or inherently disclosed in the
reference can be supplied by the common sense of one of skill in the art.

I understand that obviousness also bars the patentability of applying known
or obvious design choices to the prior art. One cannot patent merely substituting one
prior art element for another if the substitution can be made with predictable results.
Likewise, combining prior art techniques that are interoperable with respect to one
another is generally obvious and not patentable.

In order for a claim to be found invalid based upon a modification or
combination of the prior art, there must be reasonable expectation that a person of
ordinary skill would have successfully modified or combined the prior art to arrive
at the claimed arrangement. This does not mean that it must be certain that a person
of ordinary skill would have been successful—the law only requires that the person
of ordinary skill in the art would have perceived a reasonable expectation of success
in modifying or combining the prior art to arrive at the claimed invention.

In sum, my understanding is that obviousness invalidates claims that merely
recite combinations of, or obvious variations of, prior art teachings using
understanding and knowledge of one of skill in the art at the time and motivated by
the general problem facing the inventor at the time. Under this analysis, the prior art

references themselves, or any need or problem known in the field of endeavor at the
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time of the invention, can provide a reason for combining the elements of or
attempting obvious variations on prior art references in the claimed manner.

Legal Standard for Claim Construction

[ understand that before any invalidity analysis can be properly performed, the
scope and meaning of the challenged claims must be determined by claim
construction.

[ understand that a patent may include two types of claims, independent claims
and dependent claims. I understand that an independent claim stands alone and
includes only the limitations it recites. [ understand that a dependent claim depends
from an independent claim or another dependent claim. I understand that a
dependent claim includes all the limitations that it recites in addition to the
limitations recited in the claim (or claims) from which it depends.

In comparing the challenged claims to the prior art, I have carefully
considered the patent and its file history in light of the understanding of a person of
skill at the time of the alleged invention.

I understand that to determine how a person of ordinary skill would have
understood a claim term, one should look to sources available at the time of the
alleged invention that show what a person of skill in the art would have understood
disputed claim language to mean. It is my understanding that this may include what

1s called ““intrinsic” evidence as well as “extrinsic” evidence.
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I understand that, in construing a claim term, one should primarily rely on
intrinsic patent evidence, which includes the words of the claims themselves, the
remainder of the patent specification, and the prosecution history. I understand that
extrinsic evidence, which is evidence external to the patent and the prosecution
history, may also be useful in interpreting patent claims when the intrinsic evidence
itself is insufficient. I understand that extrinsic evidence may include principles,
concepts, terms, and other resources available to those of skill in the art at the time
of the invention.

I understand that words or terms should be given their ordinary and accepted
meaning unless it appears that the inventors were using them to mean something else
or something more specific. I understand that to determine whether a term has
special meaning, the claims, the patent specification, and the prosecution history are
particularly important, and may show that the inventor gave a term a particular
definition or intentionally disclaimed, disavowed, or surrendered claim scope.

I understand that the claims of a patent define the scope of the rights conferred
by the patent. [ understand that because the claims point out and distinctly claim the
subject matter which the inventors regard as their invention, claim construction
analysis must begin with and is focused on the claim language itself. I understand
that the context of the term within the claim as well as other claims of the patent can

inform the meaning of a claim term. For example, because claim terms are normally
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used consistently throughout the patent, how a term is used in one claim can often
inform the meaning of the same term in other claims. Differences among claims or
claim terms can also be a useful guide in understanding the meaning of particular
claim terms.

I understand that a claim term should be construed not only in the context of
the particular claim in which the disputed term appears, but in the context of the
entire patent, including the entire specification. I understand that because the
specification is a primary basis for construing the claims, a correct construction must
align with the specification.

I understand that the prosecution history of the patent as well as art
incorporated by reference or otherwise cited during the prosecution history are also
highly relevant in construing claim terms. For instance, art cited by or incorporated
by reference may indicate how the inventor and others of skill in the art at the time
of the invention understood certain terms and concepts. Additionally, the
prosecution history may show that the inventors disclaimed or disavowed claim
scope, or further explained the meaning of a claim term.

With regard to extrinsic evidence, I understand that all evidence external to
the patent and prosecution history, including expert and inventor testimony,
dictionaries, and learned treatises, can also be considered. For example, technical

dictionaries may indicate how one of skill in the art used or understood the claim
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terms. However, I understand that extrinsic evidence is considered to be less reliable
than intrinsic evidence, and for that reason is generally given less weight than
intrinsic evidence.

I understand that in general, a term or phrase found in the introductory words
or preamble of the claim, should be construed as a limitation if it recites essential
structure or steps, or is necessary to give meaning to the claim. For instance, |
understand preamble language may limit claim scope: (i) if dependence on a
preamble phrase for antecedent basis indicates a reliance on both the preamble and
claim body to define the claimed invention; (ii) if reference to the preamble is
necessary to understand limitations or terms in the claim body; or (ii1) if the preamble
recites additional structure or steps that the specification identifies as important.

On the other hand, I understand that a preamble term or phrase is not limiting
where a challenged claim defines a structurally complete invention in the claim body
and uses the preamble only to state a purpose or intended use for the invention. |
understand that to make this determination, one should review the entire patent to
gain an understanding of what the inventors claim they invented and intended to

encompass in the claims.
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