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Timeline of the Project

Calendar Year 2020 2021 2022 2023 2024 2025 2026
Calendar Quarter Q2 03 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 04 Q1 02 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 a1
Project Year Year 1 Year 2 Year 3 Year 4 Year 5 Year 6

Task 1: Development of an efficient single-objectivef
optimization procedure for cost-effective BMP allocation

1.1: Understanding CAST modules and effect of BMPs on
objectives and constraints

1.2: Development of a simplified point-based structured single-
objective optimization procedure

1.3: Development of a hybrid customized single-objective
optimization procedure

1.4: Verification and validation with CBP users and decision-makers
and update of optimization procedure

Task 2: Development of an efficient multi-objective (MO)
optimization procedure for cost-loading trade-off BMP
allocation

2.1: Develop generative MO optimization using hybrid optimization
procedure developed at Task 1

2.2: Develop simultaneous MO customized optimization using
population-based evolutionary algorithms

2.3: Comparison of generative & simultaneous procedures and
validation with CBP users & decision-makers

2.4: Develop an interactive multi-criterion decision-making aid for
choosing a single preferred solution

Task 3: Multi-state implementation using machine learning
and parallel computing platforms

3.1: Comparative study to choose a few best performing methods

3.2: Scalability to State and Watershed level Scenarios

3.3: “Innovization” approach for improving scalability

4.4: Distributed computing approach for improving scalability

Task 4: Interactive optimization and decision-making using
user-friendly dashboard
4.1: User-friendly optimization through a dashboard

4.2: Surrogate-assisted optimization procedures

4.3: Robust optimization method for handling uncertainties in
variables and parameters

4.4: Sustainable watershed management practices

We are here



Task 3: Multi-state implementation using machine learning and
parallel computing platforms

3.1 Comparative study to choose a few best performing
methods

3.2 Scalability to state and watershed level scenarios
3.3 “Innovization” approach for improving scalability

3.4 Distributed computing approach for improving scalability

Timeline of the Project



Presenting the improved
optimization platiform

BY GREGORIO TOSCANO
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An Application to the
Entire Chesapeake Bay
Watershed

Total variables: 2,224,135
Total constraints: 297,951
A large-scale optimization problem
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Looking at a Specific County from the
Watershed

.
WU A o et T Emipats Ny

bensburg

“ : /! ‘ La;Jrelda!e
gj/j : /T‘\’\‘A\ngeé;gilng
el L FR i I i N F P I = 3 Bl & / S

Chesapeake Bay -

N420295L2 2480 0001

Chester, PA

Acres: 43682

Cost: $1,470,367 . | SESBRL
Load Type Ibslyr % Reduction " | m’e‘i
Nitrogen 742340 37% =
Phosphorus 38,879 16%

Sediments 82802640 3% : ,_|/ !

"
[ P
o= eake 8
@ ich
1,
i 1-6:/’)
flde
P / 4
¥ £ A ik i



Chesapeake
Bay
Optimization
Webinars

COMING UP
IN 2024

Join experts in the discussion
of bay preservation.




Goal of the Webinar

Our goal is to test and evaluate the opfimization strategies
of the Chesapeake Bay watershed opfimization project
against real-world conditions.

» Discuss all capabilities and flexibilities of the optimization
software

« Demonsirate how o set-up a county, counties, state or
states for finding optimal BMP allocations for cost/loading

 Demonsirate how o use the optimization routfines
» Discuss how o evaluate the optimization results



Initial Discussions Towards the Webinar

We had an initial meeting with Olivia Devereux, Lew Linker, Jessica
Rigelman, Helen Golimowski to discuss the location and point of
contact for development of webinarseries.

* We shall discuss further and finalize a suitable day of the seminarin
2024

» Besides demonstration of the opfimization software, participants will
have a hands-on experience in setting up an opfimization run and
analyze optimization results



Analyzing
Optimization Results



Study Area

« Pennsylvania’s Phase 3
Watershed
Implementation Plan

* Lancaster county
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Delivered yield (load per area) is the amount
of nutrient that is generated locally for each
stream reach and weighted by the amount of
in-stream loss that would occur with transport

Ontario

" wncsapeake Bay Watershed in Pennsylvania

from the reach to Chesapeake Bay. The
cumulative loss of nutrients from generation to
delivery to the Bay is dependent on the
traveltime and instream-loss rate of each
individual reach. This map shows estimates
based on mean conditions for the late 1990's
time period.
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Scenarios for NSGA-111 Optimization
Study Area: Lancaster County, PA

2019 Base Scenario (lbs)
Nitrogen 30,448,456
Phosphorus 1,537,509
Sediments 1,166,578,352



"T'wo Scenarios:

Scenario 1: Scenario 2:
Lancaster county

» Lancaster county
« Al BMPs (306) Preferred BMPs (206)

 Constraint: 25-50% N reductions, no cost Constraint: 25-50% N reductions, no cost
constraint constraint

- 22,346 variables, 3,103 constraints 20,122 variables, 2,180 constraints

. 4

Priority BMPs include:

Livestock exclusion fenci Nutrient ol g LANCASTER COUNTY
e Livestock exclusion fencing ¢ Nutrient management plans and manure
e Stream-side buffers management plans COMMUNITY CLEAN WATER
e Streambank restoration e Conservation plans or agricultural erosion IMPLEMENTATION TOOLBOX
e Barnyard and feedlot runoff abatement and sedimentation plans . .

e , Implementing a County-Based Action Plan
e Stream crossings o Cover crops

. . . for Clean Water

e Off-stream watering e Any other priority practices approved by
L]

Manure storage facilities the Commission January 2020




Alternate Trade-off Solutions Nitrogen

Solution 1 Reduction (%)
Cost ($) 1,822,750
Nitrogen (Lbs) 29,523,075 3.04
Phosphorus
(Lbs) 1,511,147 1.71
Sediments
(Lbs) 1,160,023,276 0.56
2019 Base
—_— 30M [ ] ‘2 1
n E @
@) s @3
—  28M e "o
~— [ = @ 4
N e by
Zg 26M ..5. 93'5 ]
Oor " ‘9 0
c5 24M b
cE
"©E 2
GE_) 20M
e
18M
0 5 10M
Base Scenario
Cost ($)
Nitrogen (Lbs) 30,448,457
Phosphorus
(Lbs) 1,537,509
Sediments

(Lbs)

1,166,578,353

Lancaster County, PA

Base Scenario (Ibs)

30,448,456.91

Phosphorus 1,537,509.50
Sediments 1,166,578,352.85
Solution 11 Reduction (%)
Cost ($) 10,397,900
Nitrogen (Lbs) 22,929,671 24.69
Phosphorus a5
(Lbs) 1,424,719 7.34 @ Scenario 1
Sediments ® Scenario 2
(Lbs) 1,126,937,969 Sk ) ]
Solution 22 Reduction (%)
Cost ($) 21,537,200
Nitrogen (Lbs) 19,599,773 35.63
Phosphorus
(Lbs) 1,411,003 8.23
8 Sediments
& 13 (Lbs) 1,108,726,198 4.95
*® o ﬁ 328 3 3 4 -
L] L) L @ o ".é
150 20M 25M 30M 35M
costusns)  COSt ($)
Solution 1 Reduction (%) Solution 11  Reduction (%)  Solution 22  Reduction (%)
1,822,750 10,397,900 21,537,200
925,382 3.04 7,518,786 24.69 10,848,684 35.63
26,362 1.71 112,790 7.34 126,506 8.23
6,555,077 0.56 39,640,384 3.40 57,852,155 4.96



Lancaster County, PA

Alternate Trade-off Solutions Using Multi-
objective Optimization

Trade-off Analysis
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Lancaster County, PA

Alternate Trade-off Solutions for
Scenario 2 (Well Optimized)

Parallel Coordinates Plot

Nitrogen (lbs/yr) Phosphorus (Ibs/yr) Sediments (lbs/yr) Cost (USD)

29.523M 1.51115M 1.160023B 36.882M
1=16B

35M

30M

25M

20M

15M

10M

5M

18.338M 1.33004M 1.081264B 1.823M

Loads are correlated, but have a trade-off with cost



Comparison of Three Alternate BMP Allocatio

Schemes having Different Costs

& \caiy Cyyepoy

'Red Lion

% DW
e
Conesilic
7 S
We.

$1,000,000 - $1,500,000
$1,500,000 - $2,000,000

Nitrogen Reduction (%) f
0% - 12.5%

- I $500,000 - $1,000,000

S

: = | eaflet | Map dala © OpenStreeth ‘!ap CAST data © Cl

12.5% - 25%
25% - 37.5%
37.5% - 50%
= Braoksider oy

E
H

n 3 T
Progvam Office, Decision making © Michigan State University

1
l—'\/\ _/\F A
; Legend B
Cost ($) |
$0 - $500,000 -
7z

— Efficiency and Land Animal BMPs Manure Transport BMPs Loads
Conversion BMPs
Id County Bmp Amount Actions
1 Lancaster, PA Off Stream Watering Without Fencing 1395.44 III
2 Lancaster, PA Nutrient Management Plan High Risk Lawn 141.80 ﬂl
3 Lancaster, PA Land Retirement to Ag Open Space 22.46 m
4 Lancaster, PA Grass Buffer 239.19 m
5  Lancaster, PA Forest Buffer 93.22 m
6 Lancaster, PA Nutrient Management N Rate 2392.91 EI

More BMPs are used for more

reduction of N,
L RSs use different BMPs and costs

yebanon)

ollwm(:i

mk* Luuv,

I.aureldale

‘]
Readlngﬁ

Chester
County

Legend
L Cost (S)
$0 - $500,000

$1,500,000 - $2,000,000
Nitrogen Reduction (%)
0% - 12.5%
12.5% - 25%
_— 25% - 37.5%

N 37.5% - 50%

=

5
=

$500,000 - $1,000,000 J
465 I $1,000,000 - $1,500,000 |

ST

= | eafiet | Map data © OuenStree(Map contributors, CAST data © Cheapenkehay Program O1\ce Declsron making © Michigan State Umversuy

Id County

1 Lancaster, PA
2 Lancaster, PA
3 Lancaster, PA
4 Lancaster, PA
5 Lancaster, PA
6 Lancaster, PA
7 Lancaster, PA
8 Lancaster, PA

L) Lancaster, PA

10

Lancaster, PA

Efficiency and Land Animal BMPs

Conversion BMPs

Bmp

Nutrient Management N Rate

Off Stream Watering Without Fencing

Barnyard Runoff Control

Nutrient Management Plan High Risk Lawn

Land Retirement to Ag Open Space

Grass Buffer

Nutrient Management N Timing

Nutrient Management N Placement

Cover Crop Traditional Rye Early Drilled

Forest Buffer

R B
Manure Transport BMPs  Loads
Amount Actions
2392.91 m
1395.44 m
61.60 m
141.80 m
22.46 m
239.19 m
2150.33 m
2645.13 m
422.28 m
93.22 m

achester “aa

Red Lion
Jacobus

Shrewsbury.
S

Lancaster County, PA

N

/ Lalraidale
ot

e
Myerstown ~ +

Reading/” "

Shillington

e
Downingtow
Se g
Coatesville C
"x—\ (€

Legend L
Cost (8) |
| Bl $0- $500,000 wn
$500,000 - $1,000,000 ]
$1,000,000 - $1,500,000 &

$1,500,000 - $2,000,000 fi

Nitrogen Reduction (%) B
0% - 12.5%
12.5% - 25% B
N | || 25%-37.5% g

| 1 37.5%-50%
TEEREASC AT AT

| = Leaflet | Map data © Oper

Id County

1 Lancaster, PA
2 Lancaster, PA
3 Lancaster, PA
4 Lancaster, PA
5 Lancaster, PA
6 Lancaster, PA
7 Lancaster, PA

8 Lancaster, PA

10

Lancaster, PA

Lancaster, PA

CAST data © Ct Program Office, Decision making © Michigan State Um\fersny
Efficiency and Land Animal BMPs Manure Transport BMPs Loads

Conversion BMPs

Bmp Amount Actions
Nutrient Management N Rate 422.28 m
Cover Crop Traditional Rye Early Drilled 2150.33 I!l

Off Stream Watering Without Fencing 1395.44 m
Barnyard Runoff Control 61.60 Ill
Nutrient Management Plan High Risk Lawn 141.80 IIl

Land Retirement to Ag Open Space 126.62 ll

Grass Buffer 462.36 m
Nutrient Management N Placement 2392.91 m
Nutrient Management N Timing 2150.33 III
Forest Buffer 330.49 m



Lancaster County, PA

Summary of Comparison of Three
Alternate Solutions

|mp|ememed BMPs Forest Buﬂer_ B Agriculture
SOI ut|0n 1 Nutrien:ManagememNT|ming_ B Developed
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B Agriculture
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g Barnyard RunoffCDntruI.
Off Stream Watering Without Fer |clr1g_
Cover Crop Traditional Rye Early Drllled_
MNutrient Management N Rate_
Mutrient Management Plan High Risk Lawn-

100 1k

Implemented BMPs

Solution 3

Mutrient Management N Rate

Forest Buffer

Grass Buffer

BMP

Land Retirement to Ag Open Space

Off Stream Watering Without Fencing

Nutrient Management Plan High Risk Lawn| Implemented BMPs

Acres (log scale)

100 i« Solution 2

Acres (log scale) suffer | B Agriculture
Cover Crop Traditional Rye Early DriHed_ B Developed
MNutrient Management N Placement_ .
| . The BMP allocation schemes
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Acres (log scale)
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Comparison of Three Alternate Solutions in
Terms of Loads on LRS-1
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Comparison of Three Alternate
Terms of Loads on LRS-2
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Agricultural Stormwater Management
Barnyard Runoff Control

Cover Crop

Forest Harvesting Practices
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IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS: SYSTEMS

Large-Scale Multiobjective Optimization for
Watershed Planning and Assessment

Gregorio Toscano-Pulido™, Hoda Razavi™, Graduate Student Member, IEEE, A. Pouyan Nejadhashemi™,
Kalyanmoy Deb™, Fellow, IEEE, and Lewis Linker

Abstract—Selecting the appropriate best management prac-
tices (BMPs) is crucial for reducing pollution levels and
improving the watershed’s water quality. However, identify-
ing cost-effective BMP combinations for various locations is
challenging, especially when using computationally expensive
evaluation procedures like the Chesapeake A it Scenario
Tool (CAST). This study presents a customized and hybrid
evolutionary multiobjective optimization (EMO) algorithm aimed
at enhancing the water quality in the Chesapeake Bay Watershed
for two conflicting objectives: 1) cost of BMP implementation
and 2) the amount of resulting nitrogen loading to streams.
First, we present a surrogate model-based optimization approach
and evaluate its accuracy and execution time against the CAST
evaluation system. Then, we present a hybrid two-stage EMO
procedure, which is initialized with solutions obtained from a
point-based e-constraint procedure and works with a repair oper-
ator to satisfy equality constraints. The hybrid EMO procedure
yields a set of nondominated tradeoff solutions for problems with
as few as 1012 variables (West Virginia’s Tucker County) to as
large as 153818 variables (the whole state of West Virginia).
Alternate tradeoff solutions provide a knowledge of different
possible options and also importantly provide a flexible method of
arriving at a single preferred solution for deployment. The EMO
procedure is then integrated with CAST using recent RESTful
API approaches, and interesting accuracy versus computational
tradeoffs are discussed. Finally, a number of interesting insights
of the scale-up optimization study reveal promising strategies to
scale the application to multiple counties and the watershed level.

Index Terms—Best management practices (BMPs), Chesapeake
Bay Watershed (CBW), evolutionary multiobjective optimization
(EMO), hybrid approach, large-scale optimization, watershed
optimization.

I. INTRODUCTION
ANY anthropogenic activities are directly or indi-
rectly affecting water quality and aquatic habitats. For

Manuscript received 15 September 2023; accepted 20 January 2024. This
work was supported by the U.S. Environmental Protection Agency under

example, agriculture requires the application of fertilizers and
manures that produce crops, but when applied in excess,
can ultimately discharge into waterbodies, resulting in water
quality degradation in the form of eutrophication and hypoxia
in the Chesapeake Bay, Gulf of Mexico [2], and other coastal
waters [20]. This is a concern as most nutrient pollution in
the Chesapeake and Gulf of Mexico is from nonpoint sources,
and their control and regulation are challenging [11]. Nutrient
export from agricultural lands can be due to many reasons,
including the heterogeneity of the agricultural landscape,
the lack of regulatory enforcement to control fertilizer or
manure application rate and amount, climate variability, and
groundwater and surface water interactions [10], [11].

In order to control agrochemical discharge to waterbod-
ies, both structural and nonstructural measures known as
best management practices (BMPs) have been introduced
and standardized by many agencies, including the Natural
Resources Conservation Service (NRCS) [14]. However, their
performance level varies by both physiographical (e.g., soil
type and slope) and climatological (e.g., rainfall intensity,
dry spell) factors. Therefore, BMP performance not only
depends on the design characteristics but is also influenced
by the location of the implementation site. Meanwhile, the
level of complexity can exponentially increase as many types
of BMPs can be implemented on the same parcel of land
and in thousands of locations throughout a watershed [21].
Furthermore, considering all these factors in developing a
watershed restoration plan can be a massive undertaking as
numerous factors must be simultaneously considered [21].

To address these issues, watershed and water quality mod-
els have been widely adopted by water resource managers.
However, despite their effectiveness in handling large and
complex watershed planning through model scenarios, each
scenario can only consider a single large-scale BMP imple-
mentation strategy. Evaluating the most cost-effective strategy
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Abstract—Innovization is a task for analyzing multiple Pareto-
optimal i btained by an i ¥y Iti-objective
i (EMO) i to extract Teatures in the
decision variables, leading to design rules or solution principles.
The principles derived from innovized principles can provide
valuable insights to the users about “how to create an opti-
mal solution?”. Manual or automated machine learning-based
innovization methods were proposed in the literature to extract
il i inciples in a probl Although different problems
may demand different structures of the rules, the innovized rules
«can also be utilized to improve the performance of the subsequent
iterations of the optimization algorithm or help in executing an
efficient re-optimization of the same problem. In this paper, we
consider a large-scale and multi-objective complex optimization
task of minimizing cost and nitrogen loading in certain counties
within the Chesapeake Bay Watershed (CBW) and find multiple
trade-off solutions using the NSGA-III approach applied to
the CBW’s real evaluator tool (The Chesapeake Assessment
Scenario Tool-CAST). 205 Best Management Practices (BMPs)
are considered to be implemented at each land-river segment
within a county, leading to as many as 65,260 variables for the
i lti-objective imization procedure. First, hundreds
of trade-off solutions found by the CAST-NSGA-III procedure
are analyzed manually to find the top-most BMPs used in them.
After that, a re-optimization of CAST-NSGA-III is run with a
few critical BMPs (resulting in a decrease of the variable to
a range between 3% and 33%) found to commonly appear in
the trade-off solution set of the previous runs. Interestingly, the
resulting trade-off front with reduced BMPs is similar to the
original run achieved with tens of thousands of variables. The
findings are intriguing and rate the efficacy of i i
in addressing intricate, real-world issues at a significant scale.

Index Te T izati Wi hed M: Large-
scale Optimization, Multi-objective Optimization

I. INTRODUCTION

Most practical search and optimization problems involve
more than one conflicting objective. By definition, these
problems have not one but multiple trade-off Pareto-optimal
solutions. While conventional methods scalarize multiple ob-
jectives into a single criterion [1], these methods suffer from
several shortcomings. First, the scalarization method requires
additional preference information of objectives over the entire

T Biosystems and Agricultural Eng.
Michigan State University
East Lansing, U.S.A.
{razavi,pouyan} @msu.edu

+ Chesapeake Bay Program Office
Environmental Protection Agency
Annapolis, U.S.A.
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with a different parameter setting without any gain in compu-
tational effort from multiple runs.

Recent population-based optimization methods, such as
evolutionary multi-objective optimization (EMO) algorithms,
have been shown to find and store multiple Pareto-optimal
solutions in a single application [2], [3]. This is one sole
reason why these methods have become increasingly popular.
A by-product of finding multiple Pareto-optimal solutions
is that, being optimal. these solutions are likely to possess
certain common properties among their variables, objective,
and constraint values. Finding Pareto-optimal solutions and
analyzing them to reveal common properties was termed as the
task of innovization [4]. The name is so given due to the fact
that the common properties often lead to new and innovative
properties involving problem parameters [5]-[7]. When the
Pareto-optimal solutions are analyzed to unveil such common
hidden properties (or rules), the rules are helpful as knowledge,
which can then be used to enhance future optimizations of
similar problems.

The Chesapeake Bay is the largest estuary in the United
States and the third-largest in the world. As a result, the
Bay has enormous historical, social, economic, and ecological
importance, with natural benefits estimated at more than $100
billion per year [8]. With a drainage area of about 166,000
km?, the Chesapeake Bay Watershed (CBW) includes parts of
six states in the Mid-Atlantic region and is home to more than
18 million people. Since the middle of the twentieth century,
human activities such as livestock and crop production, urban
development, and stream alteration have resulted in nutrients
and sediment excess in waterbodies throughout the watershed,
causing water quality impairment, freshwater ecosystems”
degradation, and loss of recreational values. To address these
issues, the Chesapeake Bay Program (CBP) partnership has
coordinated restoration efforts since 1984 [9]. During the last
decade, these efforts have been guided by the Chesapeake
Bay Total Maximum Daily Load (TMDL), which established
limits to nutrients and sediment loadings. The TMDL has been
used to formulate comprehensive restoration plans known as
‘Watershed Implementation Plans (WIPs) and outline major
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- Using artificial intelligence to enhance
optimization

- Parallel computing platform for faster execution

)

- Workshops with CBP users for feedback and
Improvement of our approaches
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