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a354. New discoveries, inventions, or patent disclosures to report for this period?

This question is required.
e Yes

a355. Changes in research objectives (if any):
N/A

a356. Change in AFOSR Program Officer, if any:
Dr. James Lawton retired at the end of April, 2021, Dr. Hal S. Greenwald is the new Program Office.

Q357. Extensions granted or milestones slipped, if any:
The Pl's school was reformed in 2018, the Pl was forced to take unexpected teaching duty by the new dean in 2019
(which violets the project contact). Also due to the impact of the Covid-19, the Pl's request for extension was denied by
the dean in 2020, the third milestone, i.e. Task 3 in the project, is slipped.

as12. Abstract

Please submit your report abstract below.

Supported by this AFOSR grant, the PI and his co-Pl, post-doctor and co-workers have successfully developed a
breakthrough canonical duality theory and its associated algorithms for solving a large class of challenging problems in
global optimization and decision science. Within three years, his team has published 2 books and about 19 research
papers.

The most significant achievement of this project is the solution to the well-known NP-complete knapsack problem.
Application of this solution to engineering science leads to a correct math model and a powerful algorithm for structural
topology optimization.

Additional achievements include a new global optimal method for solving chaotic dynamical systems, an efficient
deterministic algorithm for solving huge-sized sensor network problems, a unified modelling and complete solutions to
d.c. programming and general fixpoint problems in multi-scale systems. The relation between chaos in complex
systems and NP-hardness in computer science is discovered for the first time.

However, due to the facts that the Pl was forced to take unexpected teaching duty in 2019 (which violets the program
contract), and his request for the program extension was denied by the new school dean in 2020, the Pl is not able to
complete the project for the first time.
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AFOSR Grant FA9550-17-1-0151 Final Report
February 1, 2017 — December 31, 2020

PI: David Y Gao, Co-PI: N. Ruan, Federation University Australia
Title: Canonical Duality Theory and Algorithm for Solving 'NP-Hard Problems' in
Decision Science and Complex Systems

Personnel Supported:
Post-doctor: Vittorio Latorre
Visiting Scientists:

1. Professor Peter Olver, University of Minnesota
Professor Z.C. Cai, Purdue University
Professor Zhi-Li Liao, Hong Kong Baptist University
Professor Jun Wang, Hong Kong City University
A/Professor Justin Wang, Latrobe University

nhkwn

Other Senior Collaborators:
1. Dr. Eldar Hajilarov, Federation University

Accomplishments/New Findings:

Research and Education Activities

Supported by this AFOSR grant, the PI and his Co-PI, student, post-doctor and co-
workers have successfully applied the canonical duality theory and its associated
algorithms for solving a large class of challenging problems in global optimization and
decision science. He’s group has published 2 books and about 26 papers. The most
significant achievements of this project are the analytical solution to the linear knapsack
problem and its applications to structural topology optimization. The knapsack problems
are well-known “NP-Hard” problems in computer science and global optimization. Due
to the integer constraint, traditional theories and methods can’t be applied to obtain global
optimal solution in polynomial time. Even the simplest linear knapsack problem is listed
as one of Karp’s 21 NP-complete problems. However, by using the canonical duality
theory, the integer constrained global optimization problems in n-dimensional space can
be equivalently converted to a unified concave maximization problem in ONE
dimensional continuous space, which can be solved to obtain global optimal solution in
polynomial time. Particularly, the linear knapsack problem can be solved analytically.
Results show that as long as the knapsack problem has a unique solution, it is not NP-
hard and its solution can be obtained analytically by the canonical duality theory.

This research reveals, for the first time, the reason for NP-Hardness, i.e. the so-
called NP-hardness is mainly due to certain symmetry such that the problem may
have multiple solutions. Therefore, most of NP-hard problems are artificially
proposed since the perfect symmetry does not exist in real world. Applications to
topology optimization leads to a correct mathematical model and a powerful algorithm
for 3-D structural optimal design. A powerful deterministic method and algorithm have
been developed, which can be used for lightweight design of aircrafts and armored
vehicles.
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The main results have been published in Computational Methods in Applied Mechanics
and Engineering, the top journal in computational mechanics and engineering sciences,
and two papers have been accepted by the top rank IEEE journals. Additionally, a series
of challenging problems have been solved, such as the well-known NP-hard sensor
location problem in network optimization, a complete set of analytical solutions to
nonconvex mechanics, and nonconvex/mixed integer optimization problems in chaotic
dynamics, computational biology, decision science, machine learning, neural networks,
post-buckling of large deformed structures, industrial and systems engineering, etc. A
powerful deterministic method and algorithm have been developed, which can be used
for solving efficiently large scale nonconvex/nonsmooth/discrete optimization problems.
The first two milestones, i.e. Task 1 and 2, proposed in the proposal are accomplished.

However, since the PI’s school was reformed again in 2018, the PI was forced to take
unexpected teaching duty by the new school dean in 2019, this violets the program
contract listed in Budget Justification (the PI has reported this case to Program Office
James Lawton via email in 2019). Also the school failed to provide the promised
scholarships for two PhD students to support this program, the new dean of the school
denied the PI’s requests for the continuation of the Co-PI’s appointment and the
extension for the program, the third milestone, i.e. the Task 3 in the program, is slipped.
This is the first time in PI’s career that he could not finish his granted project.

Contributions:

Contributions within Discipline:

The canonical duality theory and algorithm can be used for solving a large class of
challenging problems in decision science and complex systems.

Contributions to Other Disciplines:

Canonical duality theory has been used successfully in neural networks optimization,
sensor communication systems, filter design, signal processing, machine learning, chaotic
dynamical systems, decision making, supply chain, scheduling problems, and
computational mechanics, etc.

Impacts to the Communities:

Supported by grants from AFOSR since 2010, the PI’s Applied Mathematics research
program at Federation University has been ranked a perfect 5 (well above world
standard) in 2018 ERA outcomes by Australian Research Council (ARC), which is even
higher than those top universities such as Univ. Melbourne and Univ. Sydney (both of
them are only ranked as 4, https://dataportal.arc.gov.au/ERA/Web/Outcomes#/for/0102).
Since the PI arrived this university in 2010, the ranking of this applied math program has
been increased from NA (Not assessed due to low volume) in 2010 to 2 in 2012, 3 in
2015 and jumped to 5 in 2018.

Also, due to the PI and Co-PI’s breakthrough contributions in structural mechanics and
topology optimal design, the ERA ranking of the Civil Engineering program at
Federation University has jumped from 3 in 2015 to 5 in 2018,

see https://dataportal.arc.gov.au/ERA/Web/Outcomes#/for/0905.

The continuous support from AFOSR played an important role for this key achievement!
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The following international conference was organized successfully.

1.

Chair, International Symposium of Control and Optimization for
Multidisciplinary Studies, February 6-9, 2017, Federation University Australia

Distinguished, Plenary, and Invited Lectures at International Conferences.

1.

Invited speaker, Symposium of Defense Industry and Security, December 4-5,
2019, Deakin University. Title: Decision making for multi-target, multi-level
complex systems.

IEEE SMC Special Lecturer, Deakin University, Thursday, 9 May 2019. Title:
Triality: God Image for Natural Phenomena and Solutions to NP-Hard Knapsack
Problems

Distinguished Lecture, 2" International Conference on Modern Mathematical
Methods and High Performance Computing in Science and Technology, 4-6
January, 2018, New Delhi, India.

Plenary Lecture, The 5" IFAC Workshop on Mining, Mineral and Metal
Processing, Shanghai, China, August 23-25, 2018.

Plenary Lecture, International Conference in Mathematics Trends and
Developments 2017 ( ICMTD-17), 28 — 30 Dec. 2017, Cairo, Egypt.

Plenary Lecture, Frontier Forum on Intelligent Control and Decision
Optimization, 23-25 August, 2017, Central South University, Changsha, China
Invited Lecture, Symposia on Intelligent Technologies for Advancing and
Safeguarding Australia. 15 August 2017, Deakin University, Geelong, Australia.
Invited Lecture, 12% International Symposium on Health Informatics and
Management, 2-3 June, 2017, National Chiao Tung University, Taiwan.
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1. Gao, DY, Latorre, V. and Ruan, N. Canonical Duality Theory: Unified Methodology for
Multidisciplinary Study, July, Springer. 2017, 377p.

2. V.K. Singh, D.Y. Gao, and A. Fisher (2019). Advances in Mathematical Methods and High
Performance Computing, Advances in Mechanics and Mathematics 41, Springer Nature
Switzerland AG 2019, 503p.

Papers Published:

1. Gao, D.Y. (2019). Canonical Duality Theory and Algorithm for Solving Bilevel Knapsack Problems
with Applications, IEEE Transactions on Systems, Man, and Cybernetics: Systems (published
online first at IEEE, Impact Factor: 7.351), IEEE Transactions on Systems, Man, and
Cybernetics: Systems ( Volume: 51, Issue: 2, Feb. 2021) DOI:10.1109/TSMC.2018.2882792
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Other Senior Collaborators:
1. Dr. Eldar Hajilarov, Federation University

Accomplishments/New Findings:

Research and Education Activities

Supported by this AFOSR grant, the PI and his Co-PI, student, post-doctor and co-
workers have successfully applied the canonical duality theory and its associated
algorithms for solving a large class of challenging problems in global optimization and
decision science. He’s group has published 2 books and about 26 papers. The most
significant achievements of this project are the analytical solution to the linear knapsack
problem and its applications to structural topology optimization. The knapsack problems
are well-known “NP-Hard” problems in computer science and global optimization. Due
to the integer constraint, traditional theories and methods can’t be applied to obtain global
optimal solution in polynomial time. Even the simplest linear knapsack problem is listed
as one of Karp’s 21 NP-complete problems. However, by using the canonical duality
theory, the integer constrained global optimization problems in n-dimensional space can
be equivalently converted to a unified concave maximization problem in ONE
dimensional continuous space, which can be solved to obtain global optimal solution in
polynomial time. Particularly, the linear knapsack problem can be solved analytically.
Results show that as long as the knapsack problem has a unique solution, it is not NP-
hard and its solution can be obtained analytically by the canonical duality theory.

This research reveals, for the first time, the reason for NP-Hardness, i.e. the so-
called NP-hardness is mainly due to certain symmetry such that the problem may
have multiple solutions. Therefore, most of NP-hard problems are artificially
proposed since the perfect symmetry does not exist in real world. Applications to
topology optimization leads to a correct mathematical model and a powerful algorithm
for 3-D structural optimal design. A powerful deterministic method and algorithm have
been developed, which can be used for lightweight design of aircrafts and armored
vehicles.
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The main results have been published in Computational Methods in Applied Mechanics
and Engineering, the top journal in computational mechanics and engineering sciences,
and two papers have been accepted by the top rank IEEE journals. Additionally, a series
of challenging problems have been solved, such as the well-known NP-hard sensor
location problem in network optimization, a complete set of analytical solutions to
nonconvex mechanics, and nonconvex/mixed integer optimization problems in chaotic
dynamics, computational biology, decision science, machine learning, neural networks,
post-buckling of large deformed structures, industrial and systems engineering, etc. A
powerful deterministic method and algorithm have been developed, which can be used
for solving efficiently large scale nonconvex/nonsmooth/discrete optimization problems.
The first two milestones, i.e. Task 1 and 2, proposed in the proposal are accomplished.

However, since the PI’s school was reformed again in 2018, the PI was forced to take
unexpected teaching duty by the new school dean in 2019, this violets the program
contract listed in Budget Justification (the PI has reported this case to Program Office
James Lawton via email in 2019). Also the school failed to provide the promised
scholarships for two PhD students to support this program, the new dean of the school
denied the PI’s requests for the continuation of the Co-PI’s appointment and the
extension for the program, the third milestone, i.e. the Task 3 in the program, is slipped.
This is the first time in PI’s career that he could not finish his granted project.

Contributions:

Contributions within Discipline:

The canonical duality theory and algorithm can be used for solving a large class of
challenging problems in decision science and complex systems.

Contributions to Other Disciplines:

Canonical duality theory has been used successfully in neural networks optimization,
sensor communication systems, filter design, signal processing, machine learning, chaotic
dynamical systems, decision making, supply chain, scheduling problems, and
computational mechanics, etc.

Impacts to the Communities:

Supported by grants from AFOSR since 2010, the PI’s Applied Mathematics research
program at Federation University has been ranked a perfect 5 (well above world
standard) in 2018 ERA outcomes by Australian Research Council (ARC), which is even
higher than those top universities such as Univ. Melbourne and Univ. Sydney (both of
them are only ranked as 4, https://dataportal.arc.gov.au/ERA/Web/Outcomes#/for/0102).
Since the PI arrived this university in 2010, the ranking of this applied math program has
been increased from NA (Not assessed due to low volume) in 2010 to 2 in 2012, 3 in
2015 and jumped to 5 in 2018.

Also, due to the PI and Co-PI’s breakthrough contributions in structural mechanics and
topology optimal design, the ERA ranking of the Civil Engineering program at
Federation University has jumped from 3 in 2015 to 5 in 2018,

see https://dataportal.arc.gov.au/ERA/Web/Outcomes#/for/0905.

The continuous support from AFOSR played an important role for this key achievement!
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The following international conference was organized successfully.

1.

Chair, International Symposium of Control and Optimization for
Multidisciplinary Studies, February 6-9, 2017, Federation University Australia

Distinguished, Plenary, and Invited Lectures at International Conferences.

1.

Invited speaker, Symposium of Defense Industry and Security, December 4-5,
2019, Deakin University. Title: Decision making for multi-target, multi-level
complex systems.

IEEE SMC Special Lecturer, Deakin University, Thursday, 9 May 2019. Title:
Triality: God Image for Natural Phenomena and Solutions to NP-Hard Knapsack
Problems

Distinguished Lecture, 2" International Conference on Modern Mathematical
Methods and High Performance Computing in Science and Technology, 4-6
January, 2018, New Delhi, India.

Plenary Lecture, The 5" IFAC Workshop on Mining, Mineral and Metal
Processing, Shanghai, China, August 23-25, 2018.

Plenary Lecture, International Conference in Mathematics Trends and
Developments 2017 ( ICMTD-17), 28 — 30 Dec. 2017, Cairo, Egypt.

Plenary Lecture, Frontier Forum on Intelligent Control and Decision
Optimization, 23-25 August, 2017, Central South University, Changsha, China
Invited Lecture, Symposia on Intelligent Technologies for Advancing and
Safeguarding Australia. 15 August 2017, Deakin University, Geelong, Australia.
Invited Lecture, 12% International Symposium on Health Informatics and
Management, 2-3 June, 2017, National Chiao Tung University, Taiwan.
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