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DECISION

|.RmS' W e-Conference 2020 HOME TO THE
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PROGRAMME OF EVENTS
CAT OPENING SESSION
12:00 - 12:05 Conference Opening - 2nd stanza of National Anthem / Anchor welcome participant
12:05 - 12:15 Chairman 2020 conference committee- Gbenga Oso, FNCS
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Guest Speaker: Prof. Adedeji B. Badiru
Operational Research methods & tools for online Education amidst
13:05 - 13:30 .
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AT (25mins)
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AIR FORCE INSTITUTE o TECHNOLOGY
OHIO, USA
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Polytechnic llaro
E. Agunloye & M. Usman 0. Ogunsanwo & H. Akinwale
University of Lagos Federal Polytechnic llaro
12:50 - 13:00 Q/A Q/A
continue next page
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PROGRAMME OF EVENTS
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PROGRAMME OF EVENTS
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PROGRAMME OF EVENTS
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| 13:40-14:00 BREAK-OUT FOR NEXT SESSION /OR AWARENESS

ROOM A2 (combined)
Chairman:
14:00-14:05 Mr. Okesola Moses
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14:05-14:20 Enumerative numerical
solution for optimal control using treatment and
vaccination for an SIS
epidemic models

Prof. Christopher Thron
Texas A & M University
Central Texas, USA

e e ee
14:20-14:30 Questions and Answer session
INDUCTION OF NEW MEMBERS
14:30-14:50 -Welcome Remark:

President IORMS - Professor Rasheed Ojikutu

- Professional Ethics & Discipline Remarks:
- Presentation of Candidates for Induction Pledge
- Issuance of Membership Certificate

Registrar IORMS- Okesola Moses, CMC

Response by representative of Inductees

Closing/Vote of Thanks
Mr. Felix Amadi 2nd Vice President IORMS
NATIONAL ANTHEM

- — ANNUAL GENERAL MEETING




Proceedings of the 3rd International Conference of IORMS, 2020

Fellowship Category
Oso Olugbenga Ayoola

FULL Member Category

Ighomedreho O. Salome(Ph.D)
Ofuani, Barbara Aiwanehi(Ph.D)
Adebola, Glorious Adekoya
Abraham Jighjigh .Tamber Victor
Effiong Ekpo

Kingsley Mordi

Okoh Godwin Luke

Adewusi Adewale

Edu Semiu Olatunde

Associate Member Category

Ogbechi Daniel Chinaedum Ayo.

Student Member Category

PROGRAMME OF EVENTS

2020 Conference Inductees

F2020001

M2020001
M2020002
M2020003
M2020004

M2020005.

M2020006.
M2020007
M2020008
M2020009

A2020001

Ogbechi Valentino Olisemeka O. S2020001
Ogbechi Naomi Olulu Boluwatife  $2020002

IORMS Officials

National Organising Committee Members

Professor R. K. Ojikutu President

Dr. O. S Asaolu 1st Vice President
Chief Felix Amadi 2nd Vice President
Dr. Dixon-Ogbechi B. N. (Mrs.) Treasurer

Dr. S. Adewoye Secretary

Mr. M. Okesola Registrar

Mr. S.Marshal Pro

Dr. I. Etukudo South-South Coordinator
Mr. I. Shehu North West Coordinator
Mr. Gbenga Oso South West Coordinator

Local Organising Committee Members

Mr. Gbenga Oso Chairman
Dr. O. S Asaolu Member
Dr. Dixon-Ogbechi B. N.(Mrs.) Member
Mr. M. Okesola Member
Mr. S.Marshal Member

END OF CONFERENCE 2020




Proceedings of the 3rd International Conference of IORMS, 2020

IORMS 2020 Conference Schedule
DAY 1

IORMS Conference is inviting you to a scheduled Zoom meeting.

Topic: IORMS 2020 Virtual Conference Opening Day 1

Time: Nov 17, 2020 12:00 PM Africa/Lagos

Join Zoom Meeting
https://us02web.zoom.us/j/7982166519?pwd=WVpGSThCQWNKUDIJME5xVHppQOtYdz09
Meeting ID: 798 216 6519

Passcode: bzN025

DAY 2

MAIN EVENT

Topic: IORMS 2020 Virtual Conference Day 2 Main
Time: Nov 18, 2020 12:00 PM Africa/Lagos

Join Zoom Meeting
https://us02web.zoom.us/j/7982166519?pwd=WVpGSThCQWNKUDIJME5xVHppQOtYdz09

Meeting ID: 798 216 6519
Passcode: bzN025

PARALLEL SESSIONS

ROOM Al

Topic: IORMS 2020 Virtual Conference Day 2 Room Al
Time: Nov 18, 2020 12:00 PM Africa/Lagos

Join Zoom Meeting
https://us02web.zoom.us/j/85890136942?pwd=T1JOK2d2c1IPRGx5K092N1NUa2tyUT09

Meeting ID: 858 9013 6942
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Passcode: 929854

ROOM B1

Topic: IORMS 2020 Virtual Conference Day 2 Room B1
Time: Nov 18, 2020 12:00 PM Africa/Lagos

Join Zoom Meeting
https://us02web.zoom.us/}/87299386031?pwd=VUdYbTFLUMMxQXc2bm4yN05WUG14dz09

Meeting ID: 872 9938 6031
Passcode: 391355

DAY 3

MAIN EVENT

Topic: IORMS 2020 Virtual Conference Day 3 Closing
Time: Nov 19, 2020 12:00 PM Africa/Lagos

Join Zoom Meeting
https://us02web.zoom.us/}/7982166519?pwd=WVpGSThCQWNkUDIJME5xVHppQOtYdz09

Meeting ID: 798 216 6519
Passcode: bzN025

PARALLEL SESIONS

ROOM A2

Topic: IORMS 2020 Virtual Conference Day 3 Room A2
Time: Nov 19, 2020 12:00 PM Africa/Lagos

Join Zoom Meeting
https://us02web.zoom.us/}/87596289555?pwd=cldhRzZRHMHErRG9ZTHBBCcExBL0JHdz09

Meeting ID: 875 9628 9555

10



Proceedings of the 3rd International Conference of IORMS, 2020

Passcode: 235574

ROOM B2

Topic: IORMS 2020 Virtual Conference Day 3 Room B2
Time: Nov 19, 2020 12:00 PM Africa/Lagos

Join Zoom Meeting

https://us02web.zoom.us/}/85982217375?pwd=eHZYMEdONmMY5YIBheWNGam54M3hJQT09

Meeting ID: 859 8221 7375
Passcode: 168838

11
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President’s Welcome Address

The Governor of Lagos State, Mr. Olusola Babajide Sanwolu,

The Chairman of Governor’s Forum and Governor of Ekiti State, Dr Kayode Fayemi ,
Our Host, the Vice Chancellor of the University of Lagos, Prof Oluwatoyin Ogundipe,
The Vice Chairman of IORMS, Dr Asaolu,

Distinguished Members of IORMS,

Members of the Press,

Ladies and Gentlemen.

I welcome you all to the third International Conference of the Institute of Operational Research
and Management Sciences of Nigeria. The role of Operational Research in resource management
cannot be over-emphasized . Therefore, experts in this unique area of human endeavor and
professional unigqueness are expected to raise the intellectual bar by rising to the occasion in
defense of the people of the world whenever random shocks attack the commonwealth , scarce
resources and endowments bestowed on humanity. It is in this regard that the theme of this
year’s conference titled “OVERCOMING the impact of COVID 19 pandemic: An Operational
Research optimization approach” is contemporary, timely and most appropriate.

Humanity has faced serious and dangerous challenges since the emergence of Coronavirus in
Wuhan, China in  February 2019. The epidemic that emerged from that remote corner of the
world has transformed into a global pandemic with immense effect and with such rapidity that
has left humanity with its mouth agape. The fact that the research world with its huge intellectual
endowment and human capital have not been able to emerge from the rubbles of the devastation
and wanton damage unleashed on it by the virus with a positive cure almost two years after its
discovery shows the level of unpreparedness and confusion to which the human community had

12
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been subjected during the period. Unfortunately, the virus continues to rides freely over the
global terrain damaging without serious check the human and material resources of the world.

For months, the global productions line of the world were locked down, factories, offices ,
schools transportation and human movements and mobilities and all engines that make humanity
thrive were completely shut down . Consequently, the world economy nose-dived to near ground
zero with such rapidity that palpitates the human heart.

The World Health Organization statistics shows that as at 14thNovember 2020, over 53,174,803
confirmed cases of Coronavirus were recorded all over the world with 1,300,576 deaths. There
were 657,312 New Cases. The Americas is leading the pack with 22,707,430 confirmed cases,
followed by Europe with 14,792,945, South-East Asia has 9,964,225, the East Mediterranean
with 3,512,233, Africa has 1,393,792 and West Pacific with 793,437 confirmed cases. The
statistics of mortality in these regions are equally damning while the world is expected to face
enormous reduction in its Gross Domestic Product (GDP) which resultantly will have dare and
lasting consequences on the well- being of the people.

In all these and with the emergence of fresh cases, it doesn’t look as if public health measures
put in place to stem the tide have succeeded in completely eradicating the scourge of the
pandemic. As at today, the fear of renewal and resurgence of the virus with renew vigor all over
the world is becoming a reality. The question is “With the economy of the world already in a
prostrate position and resources at the near bottom of its container, can the world survive another
global lockdown?”

With near total collapse in human output and a consumption pattern that is not dwindling, one
can foresee a disaster to the human race if decisive management sciences tools are not quickly
employed to match production with consumption. Operational Research techniques are available
to provide answers to several questions in this area.

The three-day Conference of IORMS which comes up from November 17 to November 19,
2020 is designed to provide answers to some of the socio- economic challenges posed by
scourge of COVID 19 .The lead paper on the first day , November 17, 2020 titled “ Operational
Research Methods and tools for online education amidst COVID 19 pandemic” will be
delivered by Professor Adedeji .Badiru of the Air Force Institute of Technology, Ohio, USA.
This will be followed by four parallel sessions on day 2 in the morning and a plenary session in
the afternoon with a paper titled “ Optimal Management of COVID 19 using a combination of
distancing and testing strategy” delivered by Professor Christopher Thron of the Texas A&M
University, Central Texas, USA.

On November 19,2020, that is on day 3, Dr Paula Carroll, an Associate Professor at the
University College Dublin, Ireland and the chair of WISDOM ( Women in Society Doing OrMs)
will deliver the paper titled “ Sustainability Modeling and Optimization Contribution to

13
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affordable and Clean Energy” at the third plenary session. This will also be followed by two
parallel sessions.

| do hope that all of you present at this opening ceremony will stay glued to the Programme at it
unfolds it’s academic and intellectual contents to this challenging societal and global problems.

I cannot conclude this address without paying glowing tribute to Late Professor Olufunsho
Akingbade, the founding father of IORMS whose doggedness and resilience make it possible for
us to gather for knowledge sharing on this occasion. May his soul Rest in Peace.

Once more | welcome you to the third international annual conference of the Institute of
Operational Research and Management Sciences of Nigeria. | wish you a happy and fruitful
deliberation.

Professor Abdur Rasheed Kola Ojikutu
President IORMS.

14
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LOC Chairman’s Remarks

All Protocols observed

It gives me optimal pleasure to welcome you all to this unique, first of its kind IORMS
international conference. It is our 3" in the series but the 1% virtual due to the unprecedented and
ravaging covid-19 pandemic.

We just listened to the opening prayer by the 2" stanza of the National Anthem urging God of
creation, to direct our noble cause, and likewise, he has given us the duty to bring a positive
change to the World. One of such changes is to apply Operational Research tools like
optimisation, forecasting, and modeling to affect optimal management decisions.

So, our theme this year is “Overcoming the impact of covid-19 pandemic: An operational
research optimisation approach”.

We thank you all for finding time to attend this conference and | urge you all to stay with us
throughout to collaborate, educate, and be inspired.

I would like to thank the President of IORMS, NOC, and particularly the LOC members for
making this conference a reality. Let me now invite our ever supportive and able President,
Professor R.K. Ojikutu to declare this 2020 virtual Conference Open.

Thank you all.

Olugbenga Ayoola Oso (FNCS, MNIM)

Chairman Local Organising Committee
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INTRODUCTION

It is a systems world these days due to the increasing worldwide connectivity that is
facilitated by fast travel modes and Internet connectivity. As a result, education requires
a new paradigm. In as much as the curriculum is the weapon of accomplishing
education, the methodology of this session centers on a systems framework for applying
operational research methods and tools for online education amidst COVID-19
pandemic. Curricula of nowadays must take advantage of the emerging transition to
digital engineering, artificial intelligence techniques, remote learning, modeling,
simulation, and optimization techniques. We cannot afford for education to be static.
Existing and new curricula must be upgraded to be adaptive, resilient, and responsive to
developments around the world, at a fast pace. The emergence of COVID-19 makes it
even more imperative that we act fast and responsibly. The specific framework that is
presented is the DEJI Systems Model®, a trademarked tool for achieving a structured
design, evaluation, justification, and integration of the elements of systems. Any
curriculum that is not designed to align with local needs cannot be fully integrated into
the socio-economic needs of the local population in any region of the world. This session
offers specific actionable and results-based strategies for online education in response to

e COVID-I9 pandemic.



COVID-19 Pandemic has
upended the long-held notions of
how we deliver Education.

« We must adapt and be creative in sustaining
the education enterprise.

« As we are resorting to online education amidst
the pandemic, we must use operational
research methods and tools to achieve efficient
and effective delivery of the education mission.

 We must use a systems approach to get the
most out of our limited resources.

Professor Adedeji Badiru



Motivation for
Educational Process Improvement

« Resource limitation
* Urgency
 Emergency

* Global demand

« COVID-19

 Etc.

“A rule of thumb is that a lousy process will
consume ten times as many hours as the

work itself requires.” - Bill Gates

Professor Adedeji Badiru



Foundation for Superior Online Teaching

= Cultural sensitivity

= Appreciation of diversity

= Sustainable operation

= Recognition of socio-economic settings
= Student-friendly pedagogy

= Responsiveness to local needs

= Efficient and Effective operation

= Continuously-improving operation

= Compliance with accreditation standards
Best strateqgy: A systems approach |/

Professor Adedeji Badiru




Methods and Tools the | Recommend:

1.Systems approach
2. Modeling for operational research optimization

3.Data analytics for pandemic-centric online education
4.Process improvement methodologies

Professor Adedeji Badiru



1. Systems Approach

“A system is a collection of interrelated elements,
whose collective output, together, is higher than the
sum of the individual outputs of the elements.”

Desirable characteristics of a System:
« Self-monitoring
« Self-regulating
« Self-correcting
« Self-advancing
« Self-actuating

Professor Adedeji Badiru



Compromised Profile for Online Education

Requirements

Compromise
Surface

Tools & Processes

Professor Adedeji Badiru



Optimization Subject to Systems
Constraints

Professor Adedeji Badiru



Online Systems Interfaces

Management
Processes

People
Processes

People 2 Tools 2 Processes

Professor Adedeji Badiru



Integration of Research and Teaching:
ORMS Imperative

,&

“Research what you teach and Teach what you research.

Professor Adedeji Badiru



A Systems Tool for Online Education

The DEJI® Systems Model
Design > Evaluation & Jdustification & |ntegration

www.DEJImodel.com

Professor Adedeji Badiru


http://www.dejimodel.com/

Various elements involved in the
pursuit of online education

00

e Maintenance > Q3

. ) Utilization . . N

Timeline Assessment Sustalnablllty Tob

Outputs Data ) 03 =

Measures Benefits . Alignment ® 8 o

Attributes Clasts Cogmtlve. Rewards o B

Factors Ergonomics Priority lines g @

: Cycles Models :
Indicators Management ' Compliance
Tools Endurance

Professor Adedeji Badiru




References on DEJI Systems Model:

1. Badiru, A. B. (2014), “Quality Insights: The DEJI Model for Quality Design, Evaluation,
Justification, and Integration,” International Journal of Quality Engineering and
Technology, Vol. 4, No. 4, pp. 369-378.

2. Badiru, Adedeji B. (2019), Systems Engineering Models: Theory, Methods, and
Applications, Taylor & Francis/CRC Press, Boca Raton, FL.

SYSTEMS INNOVATION SERIES

V-MODEL

SYSTEMS ENGINEERING
MODELS

Theory, Methods, and Applications

Adedeji B. Badiru

@ CRC Press
Taylor & Francis Group

Professor Adedeji Badiru



DEJI® Systems Model Alignment
with CDIO ® Framework

DEJI Systems Model® is a trademarked tool for achieving a structured design, evaluation,
justification, and integration of the elements of any system.

CDIO (Conceive, Design, Implement, Operate) is a trademarked educational framework for curricular

planning that stresses engineering fundamentals in the context of conceiving, designing,

implementing and operating real-world systems and products. It originated from MIT in the late
1990s. It is operated as an international collaboration of member universities around the world. It
uses active learning tools, such as group projects and problem-based learning, to better equip
engineering students with technical knowledge as well as communication and professional skills. It
also provides resources for instructors of member universities to improve teaching proficiency.

Professor Adedeji Badiru
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2. Modeling for Optimization

« Value is a function of Attributes
o Attribute i1s a function of Factors
« Factor is a function Indicators

Professor Adedeji Badiru



Knapsack optimization model for
total educational value (weight)

n
2 CjX;
=1

(L




Total Educational Value, V

V =f:A1,A2 ,,,,, 4,)
.-m] M - )
=AW 12
=1 L=t L=t

Value Vector

« Attributes (of Value)
» Factors (of Value)
 Indicators (of Value)

Professor Adedeji Badiru



Knapsack Formulation for Classroom Session Window

Lecture1

Lecture?2
Lectu re3
./‘"' — Lecture4

Instructional
Window

Resource Availability Limitation
(W) vis-a-vis learning requirements

Value = priority measure (c1)
Weight = resource requirement (w1)
Objective: Maximize value of knapsack without exceeding total weight limit

b
j=

Subject to En X ZW

Professor Adedeji Badiru




3. Data Analytics for Online

Education Value Stream

Systems Value Stream

Point-to-Point

Systems Inputs
—_—

Integrated Output
—%

Value-Added Assessment

N0—0

Data on metrics, standards,
expectations, and performance

Professor Adedeji Badiru



4. Process Improvement Tools

- PDCA (Plan, Do, Check, Act)

- OODA (Observe-Orient-Decide-Act) loop

- Lean

« Six Sigma

- DRIVE (Define, Review, Identify, Verify, Execute)

- 58S (Shine, Straighten, Shine, Standardize, Sustain)

- DMAIC (Define, Measure, Analyze, Improve, Control)
« SIPOC (Suppliers, Inputs, Processes, Outputs, Customers)
- FMEA (Failure Mode & Effects Analysis)
- Fishbone Diagram

- Kaizen (Japanese word for change (kai) for the better (ze

Professor Adedeji Badiru 91



The expanded Hierarchy of Needs

for online education

Professor Adedeji Badiru



Conclusions
=
Discussions

= Curtains!!!!

Professor Adedeji Badiru



Optimal management of
COVID-19 using a combination
of distancing & testing strategy

IORMS VIRTUAL CONFERENCE 2020

Christopher Thron
Department of Science and Mathematics
Texas A&M University-Central Texas
thron@tamuct.edu

Vianney Mbazumutima
Institute of Mathematics and Physical Sciences
Porto Novo, Benin

5656450665586 ¢
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Much of this material is taken from
the extended presentation at:

https://talkcoast.com/ds-i-africa/

At this site, you may obtain:

» Extended lecture (5 videos, 1 hour
total watch time)

» Complete powerpoint,

» Excel model and actual COVID data
from NYC and Texas

0000000007006



https://talkcoast.com/ds-i-africa/

The 50 Best

MATHEMATICS PROGRAMS '
in the World Today

Princeton University, B.A. Mathematics (1'8
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https://www.blogger.com/blog/post/edit/4940162940493624280/357777734870254645
https://www.blogger.com/blog/post/edit/4940162940493624280/5652119013135030996
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What are the Limitations of
Mathematical Modeling?

Epidemiological mathematical models have limited accuracy
* Inaccurate parameters (known unknowns)

* Model error

* Approximations

e Unknown unknowns

Mathematical models should not be taken too seriously.
They cannot give exact predictions

However, they can be used for:

e worst-case scenarios

* sensitivity analysis (the affect of changing different parameters)
e gualitative comparison of treatments’ effectiveness and cost
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-o © Multicompartment Models
»» What do these diagrams mean?

°od

[Susceptible BN |fectious [EMAMS Rocovered

—

X

http://dimacs.rutgers.edu/archive/Workshops/ASI
EconEpi/Slides/Modeling_Infectious_Diseases.pdf




Basic SIR Model
(Kermack & McKendrick, 1927)

4

Susceptible ﬂ»—wr Recovered

Population is divided into compartments

e Susceptible: People who may catch the disease

* Infectious: People who may infect others

* Recovered’: People who have recovered from the disease

£ X

4

*

99

* In the simplest model, recovered are immune to reinfection

The SIR model describes how the populations in
these compartments change over time

YOSAAH0 S




Time evolution of SIR Model

, BSI : vl
Susceptible | —> EEIN{Ele (I —> e\ =Ig=lc

5866460865086

-~ Herd immunity

-

=

=

© :
S Infection peak
Q. L,

o .

o

“
Time

https://en.wikipedia.org/wiki/Compartmental_models_in_epidemiology#The SIR_model



COVID-19 Cases, New York City, March-
October 2020

il e

NYC death rate: 33K deaths
in 500K cases (6.6%)

Infections per day

0
Date 3/8/2020 4/8/2020  5/8/2020 6/8/2020  7/8/2020 8/8/2020 9/8/2020 10/8/2020

—New Cases, 7-day avg. —(Cumulative cases) /10
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Transition rates
1 2

Susceptible BNy |nfectious

vl
= d Recovered

Individuals move or transition between
compartments over time

Transition rates tell the number of individuals per day
that move between compartments

Rates are proportional to population sizes
LI (betax I) is called the force of infection
¥y (gamma) is called the recovery rate




How to calculate force of infection

4

Susceptible

0000000007006

BSI : v/
e d  |Nfectious Eemmd Recovered

* Each susceptible person contacts a certain number of
people per day (contact rate C)

* A certain fraction of these contacts are infectious
(infectious proportion equal to I/N)

* A certain fraction of contacts with infectious people
produce disease (transmission rate T)

Number of new infections per day

=SXCX({/N)XT

=(CT/N) x SI

_contactrate X transmission rate

P v




How to calculate recovery rate

, BSI : vl
Susceptible | —> EEIN{Ele (I —> e\ =Ig=lc

 The period of infection is usually d days
* So each time period, about 1/d infectious
people recover

Y = 1/(average period of infection)
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_b Constructing a simple model
in Excel

A B C D E F G H J K L M
1 |Parameters Day # s | R
2 |Population parameters: 0 999900 100 0 SIR Model population predictions
3 |Total population 1000000 1 999828 151.99 20
4 |Starting percentages: 2 999719 231.01 50.399 20000 |
5 Susceptible % 99.99 3 999552 351.09 96.601 1000000 ‘
6 Infected % 0.01 4 999300 533.54 166.82
7 Recovered % 0 5 998916 810.71 273.53 200000
8 |Model parameters 6 998333 1231.7 435.67
9 |Infection parameters 7 997447 1870.6 682 600000
10 | Contacts per day 12 8 996104 2839.9 1056.1 .
Transmission rate 0.06 9 994067 4308.7 1624.1 400000
beta 0.00000072 10 990983 6530.8 24859
13 |Recovery parameters 11 986323 98845 3792 200000
14 | Mean infectious duration 5 12 979304 14927 5768.9
15 | recovery rate (gamma) 0.2 13 968779 22467 8754.3 0
16 |Reversion parameters 14 953108 33644 13248 0 >0 100 120
17 | Mean immunity duration 1E+11 15 930020 50004 19977 —_— — R
18 | Reversion rate (rho) 0 16 896537 73486 29977

19 RAQ1NT 1NRIIE  AARTR

Obtain resources from:

https://talkcoast.com/ds-i-africa

586865608654 b5



https://talkcoast.com/ds-i-africa/

Illustrating epidemiological
concepts with the SIR model
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®  Flattening the curve

30000 .
C COVID-19 Cases, NYC Covid Texas
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Flattening the curve with
social distancing: Excel

Without distancing With distancing

SIR Model population predictions SIR Model population predictions

1200000 1200000

Fewer infections
1000000 1000000

800000 800000

600000 600000

Escap,e infection

/
4

400000 400000

200000 200000

50 100 50 100
amseS emse| emmeR omms | s

12 contacts/day, 8 contacts/day,
transmission rate 0.06 transmission rate 0.05
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.E: ~ Herd immunity

COVID-19 Cases, NYC Covid Texas
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Herd Immunity—Excel demonstration

SIR Model population
predictions

1200000
1000000
800000
600000
400000

200000

0

0 50 100 150

0% immune at time O

SIR Model population

700000

600000

500000

400000

300000

200000

100000

0]

predictions

0 50 100 150

40% immune at time O




0000000005006

Basic & Effective Reproduction

numbers
The basic reproduction Generaton 0
number (R,) is defined as Generation 3 ..
the average number of C N O
additional infections O O @ O
produced by a single O O(O O
infection, assuming that @) Q \ A O @
everyone is susceptible. O*. ®

\t @

The effective reproduction .
number (R) is defined as L —
the average number of One index case has produced 12
additional infections 3" generation cases. The

reproduction number is

roduced by a single
P y 5 approximately (12)/3~ 2.2.

infection in the current

m ixed pO p u Iatio n. https://web.stanford.edu/~jhj1/teachingdocs/Jones-on-RO.pdf



Reproduction number—Excel
demonstration

SIR Model population SIR Model population
predictions predictions

1200000 1200000

1000000 1000000 wo
800000 800000

600000 600000
400000 400000

200000 R>1 200000 R<1
0 0 =
0 50 100 150 0 50 100 150

5 Contacts/day 3 Contacts/day




@ Enhancements I: More compartment

b
-0

e, * Exposed: infected, but not yet infectious
* Presymptomatic: infectious, but not yet symptomatic
* Dead: removed from population

| P

Pa

types

(1-v) vz

| 31 recovered

n deceased
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Enhancements II: stratification
Further divide population into additional

compartments

Examples: age; risk (High/low/medium); location; socio-
economic status; etc ...

An age-stratified SIR paN A g AC . e | g
with child (C) and i B - 7| AC C
adult (A) *. %

compartments. Child S--- "-,._‘t

compartments f ) _....,./_- f S
transition to adult *“, S

through aging. A A YA
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enhancements

e Stochastic models * Graph models

* Seasonality and time-dependence * Diffusion (PDE models)
* Agent-based models

16000 10007

2 800

14000+

12000+

1oNs

10000+

Jul

80001

Hospitalizat

60001

4000

2000+

'Mar'Apr'Mayjun ]ul 'Aug'Sep'Oct'Nov'Decihn 'Feb'Mar'Apr'Mayjun jm
2020 2021

Additional model



Mathematical formulation of COVID-19 epidemic
model under controls

1
1
=—> « " + 0 {uw)le’ + PYw™ + PR (1 @ﬁ@ﬁS :
i=0 "t

1
- 1
=> ¥ (IFw' + (1 @Lﬂmﬂ +Pre™ + PR (1 @ﬂ@ﬁ&f —-oE;
0 £

i=

u; = Testing level for i"th population group
v; = Distancing level for i’th population group




\
- Implementation cost model for testing and
distancing
. () it w; =10,
”'j('“',i"- 4-"5,-3.'1] = A PR . ! | (maz)
ajo + aji N uy + aja N7 (uj) it 0 <uy < u,
Bilvg) = bjiNju; + bjaN;(v;)" if 0<u; < -e,!;mm"]
r + - : i : : ic individuals in
_."|'|||' —]_ — L::" _E.- J!r)—]_ L j}} L I_—]_ no. asymptomatic in
J §T T J J J subpopulation.

a; and ; = costs for COVID testing and social distancing
respectively for subpopulations j=0,1 (low risk, high risk)

Quadratic costs reflect the law of diminishing returns
(higher level of controls have higher marginal costs)

XYY Y Y Y YY1 L
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Calculating the reproduction number (1)

The basic reproduction number (Rp) is the average number of
secondary infections produced by a typical case of an infection in a
population where everyone is susceptible.

o X =[Xo,X1], X; = [E;, P/, P A, IV, I7] (infected classes)
o X' =[Xp, Xi] X! =[S}, Rj] (uninfected classes)
J = 0,1 corresponds to low and high risk subpopulations
respectively.

Divide flows that affect infected classes into inflows and outflows: .

where X = (X, X'), F(X) = inflows, V(X) = outflows.
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R, and R, : Calculation (2)

dX
= = F(X) - V()

X = (X, X'") = (infected, uninfected); (F,V) = (inflows, outflows)
The next generation matrix is given by FV 1, where

oOF 2%
F = (—) and V = (—) :
8X (D,)?") aX (U,XI)

The spectral radius (largest eigenvalue) of the matrix FV 1 is
called the basic reproduction number (denoted by R,).

When (0, X’) is replaced by the current state and F is modified to
include the effects of testing and distancing, then the spectral
radius of FV 1 gives the effective reproduction number R..




Results (1)

0% immunity

66% immunity
~=ggso--===

.!!EEE
testing, low risk
testing, high risk
distancing, low risk
distancing, high risk
both testing
both distancing
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» Distancing has a greater effect than testing
» Controls on entire population have greater effect than controls on
subpopulations




Results (2)

le7 0% Immunity 66% Immunity

— testing, low risk = testing, low risk

| — testing, high risk | === testing, high risk
— distancing, low risk = distancing, low risk
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| — both testing - both testing
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» Control costs for testing shift are relatively lower for higher levels of
immunity
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Results (3)

0% immunity testing, low risk

testing, high risk
distancing, low risk
distancing, high risk
both testing

both distancing
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Control cost(US Dollars/Day)

Most cost-effective strategy:
» higher levels of immunity—distancing of entire population
» lower levels of immunity—testing of entire population
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Results (4

Testing Control Level

0.2 0.4 0.6 0.8
Social Distance Control Level

ost (US Dollars/Day)

|

.(\ > similar tradeoffs between

,,,,,,

cost and effective
reproduction number at
different levels of immunity
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Results (5)

NOVREESUPIVEISIVIE SRSV IOV N1 TRVNFVSVE IV IIVIRY | TRT L B RO STV TV

D
-O Re Sensitivities @ 0.0% Immunity le7
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ﬂ v
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=
— 0.4 43 —- R==15, Bx0.75
‘@ = 2 == R.=15 Bx125
| g E - Re=15, T=x0.75
-o O 0.3 3u ~ = Re=15, Tx125
‘ ) e — - R.=15, wAx0.75
- o - A
2 , —= R.=15, w*x 125
@ 0.2
0.1 1
0.0 0

0.0 01 0.2 03 04 05 06 0.7 0.8
Social Distance Control Level

» Cost of reducing reproduction number is highly sensitive to
model parameter values
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| P
' = 1e7 Cost Sensitivities @ Immunity Level 0.0% le7

1.5

R== 1.5, Baseline

—- R.=15, apx0.75
R.=1.5, ap x1.25
Re=1.5, bz x0.75
R-=1.5, bz x 1.25

(X

1.0

Testing Cost (US Dollars/day)
Cost (US Dollars/day)
I
I

0.0 _
0.0 0.5 1.0 1.5 2.0

Social Distance Cost (US Dollars/day) le7

» Cost of reducing reproduction number is highly sensitive to
cost parameter values
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Results (6

Minimum Cost VS Ro Optimal Controls VS Ry
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Resources

The SIR Model for Spread of Disease — Introduction

(Mathematical Association of America)

https://www.maa.org/press/periodicals/loci/joma/the-sir-model-for-
spread-of-disease-introduction

An introduction to compartmental modeling for the

budding infectious disease modeler
Letters in Biomathematics 5(1):195-221

https://www.researchgate.net/publication/327067041 An introduction to
compartmental modeling for the budding infectious disease modeler

0000000007006



https://www.maa.org/press/periodicals/loci/joma/the-sir-model-for-spread-of-disease-introduction
https://www.researchgate.net/publication/327067041_An_introduction_to_compartmental_modeling_for_the_budding_infectious_disease_modeler
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1. Energy System Transformation

2. Optimisation & Data Science Problems:
1) Unit Commitment;
2) Wind Power Prediction;
3) Smart Grid Topology Design;
4) Heat Pump Efficiency Management;
5) Green Vehicle Routing Problems;
6) Smart Meter Data Classification.

3. Summary

UCD College of Business

Paula Carroll, PhD



Grand Societal Challenges @

Sustainable Development Goal 5
Achieve gender equality and empower all women and girls

Sustainable Development Goal 7

Ensure access to affordable, reliable, sustainable and modern
energy for all

Sustainable Development Goal 13
Take urgent action to combat climate change and its impacts

Grand Societal Challenges are not new: “Who of us would not be
glad to lift the vell behind which the future lies hidden; to cast a
glance at the next advances of our science and at the secrets of its
development during future centuries?”....... Hilbert (1902)

Energy System Transformation Paula Carroll, PhD



The Energy Trilemma @

Paris Agreement signatories aim to keep temperature increase to <1.5°.
The big challenge is how to do that in a manner that is:

1. Secure;

2. Equitable;

3. Sustainable.

Economies rely on energy to power industry, heat and cool homes and
businesses, transport people and goods.

Unfortunately worldwide energy production relies on fossil fuels.

EU countries create Strategic Energy Technology Plans (SET Plans) to transition
towards a climate neutral energy system through the development of low-carbon
technologies. Ireland is a member of the EU with a target for 70% of its electricity
to be produced from renewables by 2030°1.

New rules for EU Electricity Market, approved May 2019:

“Consumers will be able to participate actively, individually or through
communities, in all markets, either by generating electricity and then consuming,
sharing or selling it, or by providing storage services.

1 DCCAE (2019). Climate action plan 2019. Technical report, Department of Communications, Climate Action & Environment, Government of Ireland.

Energy System Transformation Paula Carroll, PhD



The Energy Trilemma @

The World Energy Trilemma Index is a rating of national energy system
performance across three dimensions: Energy Security, Energy Equity and
Energy System Environmental Sustainability.

AFRICA EUROPE

Security @ @ Security

Ireland CAA 25t in the World
Nigeria BDD 125% in the World

Sustainability Equitability Sustainability Equitability

EUROPE

https://trilemma.worldenergy.org/reports

Energy System Transformation Paula Carroll, PhD



The Energy Balance Problem

Production and imports

tatistical differan o
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Energy System Transformation Paula Carroll, PhD
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Optimisation and Data Science Problems

The (Smart) Power Grid

600 - 1700 MW [u I

MNuclear Plant

Extra High Voltage
K 265 to 275 kV
(mostly AC, some HVDC)

Medium Sized
=30 MW
Industrial Power Plant o) E Power Plant
‘ 110kV and up

Coal Plant

=200 MW Ly iro.Electric Plant

-

=150 MW

TP N e
Y LY- &

City
Power Plant

City Network =3 MW

substations Industrial
ﬂ@ SO o

YYTE
I N ey / } ]
el

82—y
©

Wind Farm

Source: https://en.wikipedia.org/wiki/Electrical_grid

Optimisation & Data Science Problems Paula Carroll, PhD



Unit Commitment Problems @

Given an electricity system:
= A set of generator units (GU) G and operating characteristics;
= A set of estimated demands D and required reserves R per time-step k

over a planning horizon of K time periods.
Unit Commitment/Economic Dispatch

1 1 1 1 1 i 1 1 i i i i i i i
Pmax_l—l_l_----——|—|_|—I_|-_—-
I i H H H H H

Determine the minimum cost GU
dispatch schedule that satisfies "o
demand and operational
constraints.

S TR O =
min i =T [ -
Lo A

-

Note: The UC prObIem iS NP-Hard 1; 2: 3r4| \r::l ; : 3: 9; 1=D 1;1 152 153 14 155 16 17 18

Time
- = Power Available — Power committed

Carroll, P., Flynn, D., Fortz, B., & Melhorn, A. (2017, July). Sub-hour unit commitment MILP model with
benchmark problem instances. In International Conference on Computational Science and Its Applications (pp.

635-651). Springer.

Optimisation & Data Science Problems Paula Carroll, PhD



Unit Commitment Problems

Shgte Dlsnmalan il ve Sariz el Smart Grid Dashboard: All Island

Last updated: 23 November 2019, 18:15

14:00 16:00 18:00 20:00 22:00

SYSTEM DEMAND WIND GENERATION

SYSTEM DEMAND 5473MW > WIND GENERATION 545MW

Fuel Mix

RENEWABLES
15.58%

http://smartgriddashboard.eirgrid.com/ OTHER

NET IMPORT
14.67%

Optimisation & Data Science Problems Paula Carroll, PhD



Unit Commitment Problems @

Irish_54 test system, net sub-hourly demand 2014

Sharper ramping events;
Low net load:

Revised reserve rules required Net Load

MW (15 minute data)

MW 15 minute data
Demand and Wind generation MW
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Wind Power Prediction Problems @

Source: earth.hullscﬁéol.net: Accessed"lf/ll/zo

Optimisation & Data Science Problems Paula Carroll, PhD



Wind Power Prediction Problems @

Wind Speed (knots) at 10 m height 2005 — 2015 at meteorological stations
in Ireland

Which statistical models are useful to explain the duration of wind power
events?

Carroll, P., Cradden, L. C., & O hEigeartaigha, M. (2018). High Resolution Wind Power and Wind Drought
Models. International Journal of Thermal and Environmental Engineering, 16(1), 27-36.

Optimisation & Data Science Problems Paula Carroll, PhD



Wind Power Prediction Problems :

T T T T T | wat Belmullet Wind Speed
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Wind Power Prediction Problems @

The Models for X hours of power per wind event:
— Zero Truncated Poisson
x=0

(1 = ‘)\ x21

= \ H
*PA=x)= P(X=x)

(I_H)l —P(x=0|1) =1 -0 = =x

* Mixed model = Hurdle + Zero Truncated Poisson;

e Equi-dispersion assumption doesn’t match observed heavy
tail.

— Zero Truncated Burr

c—1

o flx) = ck(l J’r‘\_c)m | x>0

 Mixed model = Hurdle + Burr, ¢ and k are shape parameters

H

Optimisation & Data Science Problems Paula Carroll, PhD



Grid Topology Problems @

entso@® Ze =

Interconnected network
of Continental Europe
2019

9/Map_ContinentaI-E"e-2.500.000:' >
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Smart Grid Topology Design «@

An existing electricity distribution network G=(N,A), where G is a tree rooted
at a substation.

An energy community who wish to be as self-sufficient as possible.

The energy community represented by the nodes N of G

N can be partitioned into C, traditional end users, and P, a set of prosumers
who produce and consume electricity.

Estimated electricity demand and renewable energy sources (RES).

How should G be augmented to support electricity flows within the energy
community?

Optimisation & Data Science Problems Paula Carroll, PhD



Smart Grid Low Voltage Network Upgrade @

Existing network is a tree

— . distribution network G=(N,A)
W E 7 _:_ \, —
I . : N =mng+(
42 1 04
s » 720
0 702
e - "o T D
29 744 2 -03 ha B A\ — H{] —|— ( !}r
_I,S R Some consumers become
$730 prosumers
08 .31
33 798 Augment the network with
710 734 i new arcs allowing
. I . prosumers to distribute

energy to the network

Carroll, P., & Requejo, C. (2019, June). Smart Grid Topology Designs. In INOC 2019: 9th International Network
Optimization Conference (INOC), Avignon, France, 12-14 June 2019 (pp. 49-53). OpenProceedings. org.

Optimisation & Data Science Problems Paula Carroll, PhD



Heat Pump Efficiency Management @

Carroll, P., Chesser, M., & Lyons, P. (2020). Air Source Heat Pumps field studies: A systematic
literature review. Renewable and Sustainable Energy Reviews, 134, 110275.

Optimisation & Data Science Problems Paula Carroll, PhD



Green Vehicle Routing Problems @

Travel Speed (km/hr), vehicle and goods weights, road network with
gradients

Determine a minimum emissions cost set of vehicle routes that satisfy
capacity and driving constraints.

Xpreso were a startup software company for parcel delivery services;
Practice was to solve an mTSP using third party solver software.

= Vehicle Category : Light duty vehicle
B = Fuel Type: Diesel
O O = Weight Unloaded : <3.5Tons
= Weight Loaded : <7.5Tons

Optimisation & Data Science Problems Paula Carroll, PhD



Green Vehicle Routing Problems @

Gradient-Emissions Model

u
Emissions(kgof CO,) =k+n*G+q*G*+r *xV +V

h
© G (%) = Average Road Gradient

v (K—m) = Average Speed

n,q,r,u= Coefficients

k = Constant = 1.27

Case Study in Bristol, UK
A software company aiming to provide optimization services to parcel delivery
companies, particularly those with corporate social responsibility objectives.

da Costa, P. R. D. O., Mauceri, S., Carroll, P., & Pallonetto, F. (2018). A genetic algorithm for a green vehicle routing
problem. Electronic notes in discrete mathematics, 64, 65-74.

Optimisation & Data Science Problems Paula Carroll, PhD



Green Vehicle Routing Problems @
Bristol Case Study

Ex post routes data extracted via Google Maps API
Re-optimised using a Genetic Algorithm
Resulting low emissions routes more orbital

Road Speed (km/hr)
30 Summary
N 41696
Mean 27.86
Mode 18.00
Std Dev 12.96

25

20

Percent
-

.JJIIII»._

10 15 20 25 30 35 40 45 50 55 60 65 70 75

Road Speed (km/hr) - 10.00 am Bristol

Further work: Carroll, P., & Keenan, P. (2019). Decision Making Using Exact Optimization Methods in Sustainable
Transportation. In Sustainable Transportation and Smart Logistics (pp. 263-283). Elsevier.

Optimisation & Data Science Problems Paula Carroll, PhD




Electricity Smart Meter Data Exploration @

The Irish Commissioner for Energy Regulation ran a consumer behaviour smart
meter trial in 2009.
The data are available to evaluate load classification/clustering/characterising

Load profiles

Half hourly smart meter demand

Demand (kWhh)
1.0

09
08
07
06
05
04

03

0.2

01
0 10 20 30 40 50

Hour

Mon Tue Wed Thur Fri Sat Sun

Smart Meter Data

Optimisation & Data Science Problems Paula Carroll, PhD



Electricity Smart Meter Data Exploration :

Real-time - i""m Bli}" . g’lobile Phone
. * Lnergy Usage o s
Carroll, P., Murphy, T., SonRunion dafa statement ' Cusline
ESM .
Hanley, M., Dempsey, - (EsBN) Consumers

D., & Dunne, J. (2018). | | —
Househ0|d ClaSSification Interval -m Non-AMI |' ToU bands & Tariff rates |

channels * Historical consumption

« Historical cost
+ PAYG Balance

consumption data

using Smart Meter (collccted daiy)
Data. Journal of Official !

Statistics, 34(1), 1-25. Networks F ———————————— ->| Suppliers

Consumption data
(passed daily)

GSM - Gas Smart Meter provided by Bord Gais Networks (BGN)

ESM - Electricity Smart Meter provided by Electricity Supply Board Networks (ESBN)
MG - Micro-Generation meter provided by parties yet to be determined

AMI - Automated Meter Infrastructure

ToU - Time of Use

PAYG - Pay As You Go (enhanced form of PrePayment)

https://www.cru.ie/wp-content/uploads/2014/07/CER14046-High-Level-Design.pdf

Smart Meter Data Exploration Paula Carroll, PhD



Electricity Smart Meter Data Exploration

Rogers, W., Carroll, P., &
McDermott, J. (2019). A
Genetic Algorithm Approach
to the Smart Grid Tariff
design problem. Soft

Computing, 23(4), 1393-1405.

Carroll, P. (2020, July).
Exploring Smart Grid Time-of-
Use Tariffs using a Robust
Optimisation Framework.

In 2020 International Joint
Conference on Neural
Networks (IJCNN) (pp. 1-6).
|EEE.

=

24 hour or Day/Night prices

Prices are Different each Half an Hour

Meter records

lier buy

Supplier buys
kwh from pool

Power Station

kwh used by Sells kwh to Pool
Customer
Y Y
Y
Customer 1—@ Supplier SEM Pool
A x
H wer Station
Customer pays supplier agreed Supplier pays : ves SMP
Tariff cent/k SMP to pool c/lwh | from Poal c/kwh

[

Power
Station

Half Hour Pricing

[

ower Static
Sells kwh to Pool

Meter record Supplier buys
kwh used by kwh fram pool
ustomer
y Y
Smar T
Cust T f— Met Supplier SEM Pool
x x
Cust ar pays supplier agreed Supplier pays H
Tariff cent/kwt SMP to pool ¢/kwh

r n
Recaives SMP
from Paool cfkwh

Prices are Different each Half an Hour

Smart Meter Data Exploration Paula Carroll, PhD




Summary @

. Higher renewable energy availability, yield more challenging
MILP UC problem instances:

. The electricity market solves large “day-ahead” MILP models
—the integrality gap is closed in real time to match the
outturn demand with electricity supply and demand
response products;

. Smart Grid mesh structures are more resilient & more
supportive of energy community objectives, but present
more management challenges — the telecommunications
network design and management expertise of the OR
community is transferable

. Lots of Optimisation and Data Science Problems to solve to

enable the transformation of the energy system!!!

Paula Carroll, PhD



Future Work @

. Physical Infrastructure versus Logical (Virtual) community
network design - Existing Grid — Network Mapping;

. More detailed RES and Demand models;

. Microgrid Design — locating and then matching supply with
demand nodes;

. Low Carbon Technology Load Modelling;

. GVRP and EV problem instances and algorithms;

. Addressing Fairness concerns.

The EURO WISDOM Forum aims to provide a platform to support,
empower and encourage the participation of all genders in
Operational Research within EURO
https://www.euro-online.org/web/pages/1654/wisdom

Paula Carroll, PhD
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Data Sources @

. lrish Smart Meter Trial:
http://www.ucd.ie/issda/data/commissionforenergyregulationcer/

. http://smartgriddashboard.eirgrid.com/
. http://meteireann.ie

Paula Carroll, PhD


http://www.ucd.ie/issda/data/commissionforenergyregulationcer/
http://smartgriddashboard.eirgrid.com/

Decreasing Sustainability Index @

E al 5 bility Ind
B 2000 = 100
120
110
..... /‘_-"" ‘——-.__-_-\
M\—’,/
a0
Qo0 il 0 Q08 2000 2010 20m 20 013 a1 0 8 20
Alg Congo (De F G ligeria

Source: World Energy Trilemma Index 2019

Paula Carroll, PhD



Nigeria’s Energy Balance 2018 :

H H Millions of tonnes of oil equivalent =
Nigeria I2a

BaLaNCE (2018)

| differences
Stock changes Statistical differences
Produc_tion and imports Total final consumption
(276.8 Mtoe) - P> 9 (140 3 Mtoe)
Refineries -~ Industry
il prod
Oil praducts imp Other transformation
Transport
Gas prod
Bio/waste prod
Other

Hydro prod

Non-energy use

Power station =

£Z2

v
Exports Power losses Exports  Bunkers Own use

Stock changes

Source: https://www.iea.org/sankey

Paula Carroll, PhD



Ireland
BaLaNCE (2018)

Ireland’s Energy Balance 2018

Millions of tonnes of oil equivalent~
Statisfical differences
Production and imports -
(16.85 Mioe)

Oil imp

307

Oil products imp  [CECS

Stock changez Statistical differences

-
Coal prod —\_
Coal imp f

Total final consumption
(11.31 Mioe)

Gas prod

Industry
275

445
Gas imp IR

444

Bio/waste prod  se—

™~ ' EXSN  Transport
7
\ ' y f
/
X/
f
~ 4
|
|
|
|
|
| Other
|
|
|
Bio/waste imp |I
Electricity imp - - 1 —_— —_— \ |
|
|
' W
|
Other prod 4
Hydro prod

Non-energy use
- 2380 234 =
Power station \
&~ v
Exports Power losses Exports Bunkers Own use
Stock changes

Source: https://www.iea.org/sankey

Paula Carroll, PhD
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Ireland’s Energy Requirements

ELECTRICITY 21%

Demand

0,
+1.6% TRANSPORT 42%

CO2 emissions Demand

-7.3% = +2.0%

iy
Share of renewables CO2 emissions

30.1% +1.2%

Share of renewables

H7.4%

HEAT 37% Final

Demand ener
+1.0% i

CO, emissions

-0.3%

Share of renewables 90°/fo @
ener rom
6.80/0 fossi?!uels

SEAI, Energy in Ireland, 2018 Report.
https://www.seai.ie/publications/Energy-in-lreland-2018.pdf

Energy System Transformation Paula Carroll, PhD




Discipline Boundaries :

/ Technologies Decision Making

Electrical Engineering Psychology
l Computer Science Behavioural Science
‘\ /
b / Atiical
N /  Intelligence

Quantitative Methods /
\ Mathematics
\ Statistics /
\ Economics (Econometrics) /

N 5 S/

. ”
~ o~

e _//

— —

& ((Machim Learning) -

Figure 1: Business Analytics Disciplinary Positioning, Mortenson et al] (2015])

Mortenson, M. J., Doherty, N. F., & Robinson, S. (2015). Operational research from
Taylorism to Terabytes: A research agenda for the analytics age. European Journal of
Operational Research, 241(3), 583-595.

Paula Carroll, PhD



Methodology — GVRP B&C Algorithm

= Vehicle Flow formulation! with some heuristics at the root node

= XpressMP 8.5 on a Dell 64 bit Windows 8 machine with Intel i5 3.2

GHz processor and 8GB of Ram

(VF) Min Yij e g CijXij (1)
Subject to:
Xjev\ (%) = 2m )
Yiev|i<jXij ¥ Xrev|j<c Xk =2 Vj €V\{1} (3)
YijesXij <ISI=V(S) VS cV\{1}, |S|=2 (4)
X1 =< 2 Vj €V\{1}e; < L/2 (5)
xij; <1 Vi,j eV\{1}|i<]j (6)
xi; € L* Vi,j EV\{1}i<]j (7)

" X;are binary decision variable, c; are emissions costs

1 Laporte, Gilbert, Yves Nobert, Martin Desrochers. 1985. Optimal routing under capacity and distance

restrictions. Operations Research 33 1050-1073.
Carroll, P., & Keenan, P. (2019). Decision Making Using Exact Optimization Methods in Sustainable

Transportation. In Sustainable Transportation and Smart Logistics (pp. 263-283). Elsevier.

UCD Lochlann Quinn
School of Business
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Presentation Outline

» What is meant by “optimal”?
» Optimizing implementation cost:

* Example: COVID model with testing and distancing
» Optimizing overall cost:

* Factors to consider

* Global versus local optimization
» Approaches to global optimization:

* Solution parametrization

* Enumerative solution

* [Local refinement
» Lessons learned




What is meant by “optimal’?

i Pareto front

%E/E i@
F 1% e

™ 1
T 1
- |
- .n.% ------- |
"
*u,
.

Cost 2

®

T

Cost 1

» Any action, policy, or strategy has
consequences that are either beneficial
or detrimental.

» 'Typically, one would like to chose the
policy that yields the overall greatest
benefit.

» It may be hard to compare the relative
benefits of different consequences.

» One approach is to attach a monetary
value to different consequences, to
create a real-valued cost function

» Another approach is to identify a set of
non-dominated solutions that cannot be
improved upon (Pareto optimal front)

> In this papet, we use a cost function.

T
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University of Texas COVID model with low- and high-risk stratification

exposed
pre-symptomatic ;

pre-asymptomatic

asymptomatic
(1-v) vu

symptomatic
hospitalized
5 recovered
n deceased
* Susceptible: not yet infected * Infectious: may be symptomatic
* Exposed: infected, not yet infectious or asymptomatic
* Presymptomatic: infectious, not * Hospitalized, death: serious cases
symptomatic * Recovered: assumed to be
immune
Duplicate graph for low- and high-risk. 18 compartments total.

S—— : —— T T TR



Basic & Effective Reproduction numbers

The basic reproduction Generation 0 .

number (R,) is defined as the Generatons O

average number of additional N O

infections produced by a single O O o ©

infection, assuming that ® O ( O O

everyone is susceptible. O Q \ / O @ .
O-@ ® e

The effective reproduction \:/.

number (R,) is defined as the index Case

average number of additional O T T e

infections produced by a single One index case has produced 12 34

generation cases. The reproduction
number is approximately (12)!/3=
2.2,

https://web.stanford.edu/~jhj1/teachingdocs/Jones-on-R0O.pdf

infection in the current mixed
population.




Mathematical formulation of COVID-19 epidemic
model under controls |

1
ff..';'j VoV v Py 1P1
T fﬂ iS
i Zv Jiw +1‘Iu’ thw R 1‘
45 Yov Y, PY A PA o o |
Tt _Z N, Lrwt £ l‘f wh+ POt + PR (1 f‘I‘jeﬁj—ﬂEi

=1

d Pt  ara . 1 :
= =(1—7)oE; - p"P; u; = Testing level for i'th population group
¢ ' - : . . .

% v; = Distancing level for i’th population grou

AP _ i 8 pop group
E ﬂ: =10E; —p' P, /= 0,1 (low risk,high risk)

JIA Model was implemented in Python

T:: =pt Pl =1 (Anaconda /Spyder / numpy)

dlt Y r oy ;

—- =0 Pl = (1= 1)y I = Tl

dit

;—',{ =nlY — (1= vy I = poy I

(1L ’ ' :

dF; A+ i

— =7 A (L= Ty I+ (1= )y

{1D;

- rrﬁ = IH
N d



Implementation cost model for testing and
distancing
. 0 it w; =10,
o ._;"*."'-4} = _ A . ! | (o
ST {::r,_-,.n + r,r.jl_-"-{_l;’l-u.j + ﬁ_;zi"*-"f{-u.@ it 0 <y < u.;wl]
B;(v;) = bjiNjvj + bjaN;(v) if 0<uv; <uv ;*.-i-lrm;]
T ¥ . : i : . ic individuals in
N A _ q. E I}_—l L j}} L f'_l Nno. asymptomatic in
. ] g R J ] J subpopulation.

a; and fj = costs for COVID testing and social distancing
respectively for subpopulations j=0,1 (low risk, high risk)

Nonlinear costs reflect the Jaw of diminishing returns (higher
level of controls have higher marginal costs)




Parameters Interpretation Values
I¥; baseline transmission rate 0.0640
A recovery rate on asymptomatic compartment Equal to 4"
v recovery rate on svmptomatic non-treated 140
AI" — 4.
' compartment Y
T symptomatic proportion 0.55
a exposed rate % ~ 2.9
o pre-asvmptomatic rate Equal to p'
p“ pre-symptomatic rate T,lr" =23
P proportion of pre-symptomatic transmission 0.44
v relative infectiousness of symptomatic
w o : 1.0
individuals
P
wh =
P relative infectiousness of pre-symptomatic p ¥ [YHR/p+(1-YHR) Y [+(1—1)wt vt py _
“ individuals =r TwY [p¥ +{1-T)wA [pA T
o LRy PA P A
W W, W = W
A relative infectiousness of infectious individuals
W’ . 1 Wy = 0.66
in compartment [
IFR infected fatality ratio, age specific (%) [0.6440, 6.440]
YFR symptomatic fatality ratio, age specific (%) [1.130,11.30]
¥ H recovery rate in hospitalized compartment —l,r ~ 10.7
YHR Symptomatic case hospitalization rate % 14.879, 48.79]
1 rate of symptomatic individuals go to hospital, - Y oVHR
age-specific iy —n)YH R
n rate from symptom onset to hospitalized 0.1695
I rate at which terminal patients die ;l;, = 8.1
HFR hospitalized fatality ratio, age specific (%) [4,23.158]
5 death rate on hospitalized individuals, age b THFR
specific p+(v7 —p)HFR
e e




Testing vs. distancing costs (assuming population-wide
implementations)

Immunity rate:0.0 le7 Similar tradeoffs

between cost and

effective

reproduction
number at different

levels of immunity

-+

(Graphs were made
with countour()

L
Cost (US Dollars/Day)

function from

matplotlib.pyplot)

s

Testing Control Level

Social Distance Control Level




lesting vs. distancing costs (assuming
population-wide implementations), ctd.

Re Sensitivities @ 0.0% Immunity le7

0.6 6

0.5 |
T |
a _ Rs= 1.5, baseline ‘

=

—~ 04 3 —: R==15, Bx075
= 2 == R.=15, Bx125
g E —+ Re=15, Tx0.75
O 0.3 w ~ = R.=15, Tx 125
= o —- R.=15, w”x0.75
I S _ A
0] == R.=15, w"x 125
¢ 0.2

o
-]

00 01 02 03 04 05 06 07 08
Social Distance Control Level

» Cost is highly sensitive to model parameter values

» Tradeoff between testing and distancing is much less sensitive




Testing vs. distancing costs (assuming population-wide
implementations), ctd.

1e7 Cost Sensitivities @ Immunity Level 0.0% le7 _
6
> |
1Y) |
2 5
9
L =
:D L R== 1.5, Baseline
(] 48 — -+ Re=15, apx075
g E —= R-=15, apx1.25
E 33 Re=1.5, bp X 0.75
o 2 Re=1.5, bp x 1.25
O S
o
= 2
+J
73]
2
1
. . ' 0
0.0 0.5 1.0 15 2.0
Social Distance Cost (US Dollars/day) le7
» Optimal tradeoff depends on cost model




I
Detailed tradeoff between testing and distancinc
Minimum COSt_VS »“Fo0 Optimal Controls VS Ry
L SR le 1e7 Immunity level = 0.00% Immunity level = 0.00% |
owes | "] — ing i
of 4 control "  Socal Discanes (g
3 41 0.6
strategies for g
B Zos
given 5 20,
. S 24 S
reproduction “ 0
p 3 14 0.2 1 /
number 1s N
5 ol
Omputed U'Slng 10 12 14 16 18 10 12 14 16 18
Cipy Optimize Reproduction Number Reproduction Level (Rq)
Minimum Cost VS Ry Optimal Controls VS Rg
1e7 Immunity level = 66.60% Immunity level = 66.60%
S 50 1 h 0.8 —_— Test?ng {qu}
urprisingly, the | | . ~— Seio istanee (1w
SOluthn Scales 5 o —— Social Distance (High}
for different : 305
a3 =
immunity levels. | £ g0
0 21 034
N 0.1
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Optimization of overall costs

Besides optimization cost, there are several other factors that have

monetary or quality-of-life costs: |

_ tr L
Jiot(0,X) = f[_ > Jiwg v, Xg)dt + ) (€D;(tr) €K1 (tr))
j=0 g=0

Ji(uj,v5,X;) = r:t'j(uj,_-"\-"f) + Bi(v;) 4 c_f_.-I}! - djff (7 =0,1),

&j (ujj ﬂrj4) - rA rd D . ! | (max)
ajo +an N u; +aj(Niu;)° if 0<u; <u; .
.5}(1-‘_;) = 5;‘[] + bﬂt.-'j —+ b;zt-’f it 0 < v; i UEHMI}.

¢; Sickness cost per day
d; Hospitalization cost per day

¢; Cost per death
fi Cost per residual infectious individual at final time ¢,

j=0,1 for low risk / high risk




Global vs. local optimization

Local optimization is much
easier than global optimization.

For some special cost functions,
local optimization implies global
optimization (Arrow’s theorem).

Most realistic control functions
do not satisfy the conditions for
Arrow’s theorem.

For this reason, heuristic or
stochastic methods are typically
used to find global optima.

These methods are inexact, and
can produce a good (but not
necessarily the best) solution.

AN f
4 multiple global

maxima

4

7

a local
minimum /\
j an other local
global minimum
minimum
>

a local
maximum

https:/ /ludovicarnold.com/teaching/optimization/problem-statement/
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Parametrized optimization

14000

| 12000
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Hospitalizations
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0
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2020 2021

Consider only strategie
> fixed start time tgpgp¢
> fixed stop time tg4,,
> fixed control levels ug, uq, vg, v1 (lo/ hirisk testing distancing)

» The scipy.optimize function in python can be used to minimize the cost as a
' 5 https:/ /ludovicarnold.com/teaching/optimization/problem-statement
fU]flCthD Of 6 arameters ps:// / g/op /prob /




Enumerative optimization (I)

Initialize costs, parameters
controls, time discretization and
initial condition

Discretize possible solutions by:

> Discretizing possible control levels —
and intervals of constant control bart 1 { i fowesteost sigorthm
intervals
» (Part I) Evaluate costs for all controls e
in the discretized set 3| on i merlegren
e 3
> (Part II) SUdeVIde lnterVals and hOId I.b Finel lowest-cost treatment
5 9 > _< ) control on 2N intervals given
some controls fixed while varying part v ion:coctmnwent
others. Evaluate costs, and choose
. newcost < costBes
the best solution. \_ﬁ
Mo
» Repeat Part I until no more e s
improvement is observed. e
o A Try all alternative controls
» (Part IIT) Adjust interval lengths for st e g tnes e—
> 3 * costBest=costMlew
active intervals so as to reduce cost. Paft'% Selectcontrol with lowest $
. . 5 cost=costMew
[terate until no more improvement is
observed
Yes
\___ No
Output final strategy




Enumerative optimization (II):
discretize control levels |

Discretizing control :f: Piecewise linear approximations to quadratic cost function | |
levels corresponds  + |
to replacing 8 (09 —Actual cost |
continuous C}(l)st E 0.8 Upper bound

unction wit g:

iecewise linear - 07 Lower bound

. g 06

unction 5 0 s -+++ Closest approx.
(For piecewise g
linear cost 2 04
functions, it may be g 0.3 |
shown thal the % 02 \ break points for
optimal control is g 01 e =" %3
always at a break 50 COSERRAPPIOR
point) O 0 0.2 0.4 0.6 0.8 1

Uy



Enumerative optimization (III):
Set strategy on fixed intervals

aN_l EEr ﬂ.‘v_jc_i e ao

Part I: Initial intervals, 4N
strategies tried

(10, u20) (e, ua) Uy -1, Uzy-1)

Figure 2: Strategies computed on k" interval.

'3 £l
U Uy

Part [la: Subdivide intervals,
4N strategies tried

Uz Uz—1
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Enumerative optimization (IV):
fine tuning of intervals

Part I1I: Interval edges are incrementally changed

Try ulj ‘41 = {0. Uymid » ulmax} .

o
=
S
=
9
ol
o
= :
S dt | Try Uy’ +2 = {0, Uimid » Uimax }
=] |
R
>
j j +1 j+2 Discretization index

Figure 6: Vaccination strategy modification in stage III of algorithm.
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Summary: Lessons Learned

It 1s important to try to make your results interesting to
non-specialists.

If you want others to believe your results, use state-of-the-
art models developed by others instead of creating your
own model.

Use numerical rather than analytical methods, because
classical methods make too many assumptions that do not
fit the real case.

Learn to write efficient code in python

To have an impact you must explain your results to non-
specialists. Put a lot of thought into data representation
and visualization.




Resources

The SIR Model for Spread of Disease — Introduction
(Mathematical Association of America)

An introduction to compartmental modeling for the

budding infectious disease modeler
Letters in Biomathematics 5(1):195-221



https://www.maa.org/press/periodicals/loci/joma/the-sir-model-for-spread-of-disease-introduction
https://www.maa.org/press/periodicals/loci/joma/the-sir-model-for-spread-of-disease-introduction
https://www.maa.org/press/periodicals/loci/joma/the-sir-model-for-spread-of-disease-introduction
https://www.maa.org/press/periodicals/loci/joma/the-sir-model-for-spread-of-disease-introduction
https://www.maa.org/press/periodicals/loci/joma/the-sir-model-for-spread-of-disease-introduction
https://www.maa.org/press/periodicals/loci/joma/the-sir-model-for-spread-of-disease-introduction
https://www.maa.org/press/periodicals/loci/joma/the-sir-model-for-spread-of-disease-introduction
https://www.maa.org/press/periodicals/loci/joma/the-sir-model-for-spread-of-disease-introduction
https://www.maa.org/press/periodicals/loci/joma/the-sir-model-for-spread-of-disease-introduction
https://www.maa.org/press/periodicals/loci/joma/the-sir-model-for-spread-of-disease-introduction
https://www.maa.org/press/periodicals/loci/joma/the-sir-model-for-spread-of-disease-introduction
https://www.maa.org/press/periodicals/loci/joma/the-sir-model-for-spread-of-disease-introduction
https://www.maa.org/press/periodicals/loci/joma/the-sir-model-for-spread-of-disease-introduction
https://www.maa.org/press/periodicals/loci/joma/the-sir-model-for-spread-of-disease-introduction
https://www.maa.org/press/periodicals/loci/joma/the-sir-model-for-spread-of-disease-introduction
https://www.researchgate.net/publication/327067041_An_introduction_to_compartmental_modeling_for_the_budding_infectious_disease_modeler
https://www.researchgate.net/publication/327067041_An_introduction_to_compartmental_modeling_for_the_budding_infectious_disease_modeler

Thank you for your attention
Mo dupe fun iletisile re
sLaiay) e | S
@TZ/Q/LOL pour volre atlention
,._,\IETUE’]?\ZE
tes

Asante kwa mawazo yako
AAMUVD* AT-CT ATIPAISAY

Ngiyabonga ukulalela kwenu

Enkosi ngosinaka ixehsa lakho

—thron(@tamuct.edu—




Proceedings of the 3rd International Conference of IORMS, 2020

Predictive Modelling of COVID-19 Pandemic Evolution in Nigeria

Emmanuel Agunloye and Mohammed A. Usman

Department of Chemical and Petroleum Engineering, University of Lagos, Nigeria

Abstract

COVID-19 is a pandemic that has defined human life, shutting down economic activities. Various
measures have been implemented to curb its spread. However, in many places, confirmed cases
have continued to increase. Many believe that unless its vaccine is discovered, the pandemic has
come to stay. This article aims to develop a model for the evolution of the total confirmed cases,
which in the early stage increase exponentially and in the later stage flatten out.

Following the balance equation modelling and employing assumptions similar to the typical
pandemic modelling, an exponential model was developed. In order to describe the whole trajectory
of the pandemic, following the general trend of COVID-19 data, the exponential model was modified
with an inverse exponential expression, comparable to the Arrhenius Equation in chemical reaction
engineering. After parameter estimation, the resulting model was validated using data from Italy and
Nigeria. The model predictions compare reasonably well with the data.

The model was then employed to predict the future of COVID-19 in Nigeria. The final equilibrium
total confirmed cases would be 81,292 and the time for the country to record very low new daily
cases would be in March 2021.

1. Introduction

Coronavirus disease 2019, popular known by its abbreviated form COVID-19 is a recent virus
infection and a global pandemic currently ravaging the whole world (Ong et al., 2020; WHO, 2020°).
As of 16 August, 2020, the global confirmed cases of people who had contracted the disease were in
excess of 21 million; more than 13.5 million had recovered and nearly 774,000 dead, leaving slightly
above 7 million people as active carriers of the virus and COVID-19 patients (WHO, 2020°). These
cases were reported in 188 countries out of the 195 countries of the world in less than a year, rising
from the few initial cases of the disease reported in Hubei City of China in November 2019 (CSSE,
2020; Aljazeera, 2020). Research shows that the initial cases in China occurred by zoonosis, bat-to-
human transmission, while first cases in other parts of the world occurred by cross border migration,
classified as imported cases (Sun et al, 2020). Then the imported cases transmitted locally before
metamorphosing into community transmission. After about 300 days since inception, new covid-19
cases in China occurred sporadically and in clusters and the country was approaching the end of the
pandemic (WHO, 2020c). Countries such as New Zealand have almost attained the status of being
covid-19 free while some countries in Africa and Europe experience prolonged phase of community
transmission (Rohatgi, 2020; Cobore et al., 2020). Qualitatively, the evolution of the pandemic is
described as no cases, zoonosis or imported cases, local and community transmissions, cluster of
cases, sporadic cases and COVID-19 free status.

Understanding the disease evolution is one of the critical strategies for the prevention and control of
the pandemic, the reduction of related mortality and minimization of economic impact; prevention
and control measures to be adopted depend on the evolution stage (WHO, 2020d and e). These
measures include active case finding, signs and symptoms checking, laboratory testing, contact
tracing, and patients’ isolation. Others are travel restrictions, border closures, clinical management,
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and community engagement. At the inception of the pandemic, China deployed active case finding,
signs and symptoms checking, and laboratory testing to locate COVID-19 active cases in Hubei City
where the disease was contracted via zoonotic transmission (WHO, 2020d). Several countries
enforced self-isolation, isolation centres, and contacts’ tracing for the imported cases, their relatives
and associates. Border closures also controlled the imported cases while territory isolation and total
lockdown restricted local transmission. The community engagement, a further measure to curb local
and community transmission, involves aggressive campaigns and publicity for social distancing, use
of sanitizers, face masks and infrared thermometers. With the introduction of these various
measures, analyses of epidemiologic data and transmission dynamics would show effectiveness in
curbing and even stamping out the pandemic.

Mathematical modelling is a tool that can be used to describe pandemic transmission dynamics;
analyse impact and effectiveness of various prevention and control measures; and estimate key
transmission and severity parameters (Wang et al., 2020). Since the beginning of the pandemic,
various studies on mathematical modelling have been published. Some focus on statistical and
stochastic analyses of epidemiologic data (Sun et al., 2020) while some draw analogies for
descriptive analyses of the evolutionary trend as obtained for example in the SEIR (Susceptible-
Exposed-Infectious-Recovered) modelling (Sun and Li, 2020; Nwalili et al., 2020). The latter
modelling is a variant of balance equation modelling widely employed in chemical reactions
engineering, where rate constant values determine rates of reaction and increase with temperature
according to the Arrhenius equation (Fogler, 2004). As COVID-19 data and trend change rapidly, new
studies based on recent information and modelling, not only valid for the early stage of the
pandemic but also for the entire time trajectory, should be sustained.

Key COVID-19 epidemiologic data include total confirmed cases, recovered cases, daily recorded
cases and death cases. Others include tested samples, days since the last recorded case and
transmission classification (WHO, 2020a). The most important variable is the total confirmed cases;
it shows the proportion of the population infected with the disease as well as a measure of the
pandemic impact on the economy. Further, the total confirmed cases comprise active, dead and
recovered cases; alongside epidemiologic statistical data, these component cases can be estimated
from total confirmed cases. Also, with the total confirmed cases represented by a function of time,
its first derivative becomes an equation that would yield new recorded cases. A model for the total
confirmed cases would therefore be informative in describing key indicators of the pandemic.

The objective of this article is to develop a model for the COVID-19 pandemic using the balance
equation modelling in chemical reactions engineering and considering two components of the
population of a country: total confirmed cases and the rest. From the world’s COVID-19 data as a
whole and those of individual countries and territories as of August 16, 2020, proportions of total
confirmed cases were less than 1 % of total human populations (WHO, 2020a; UN, 2020). In
mathematical modelling therefore, the uninfected population can be assumed to be constant.
Following this assumption, the developed model is subsequently simplified, yielding an exponential
equation. As its name suggests, with a constant-value coefficient, this equation diverges
exponentially, capturing only the early part of the pandemic, but not the whole pandemic time
trajectory. Instead of a constant value, a variable coefficient that changes with time, to capture
various infection prevention and control interventions at different times aimed at flattening the
pandemic time curve, is introduced. The time function can assume different forms. However, its
introduction should yield a model that can describe the entire pandemic time trajectory as
witnessed in countries nearing the end of COVID-19. Using data from these countries, an inverse
exponential time function able to arrest the exponential divergence and vanish it at infinite time,
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was justified, validated and used in the model. This model was subsequently employed for the
Nigerian COVID-19 pandemic to determine key indicators such as the expected final equilibrium
value of the total confirmed case, the maximum daily recorded case and the corresponding time; the
estimated time for the daily recorded cases to be insignificant (for example, considering values in
the order of one new case in 10 million people).

Thus, the article comprises six sections. Section 2 follows this introductory section and develops an
exponential model capable of describing the early part of the pandemic. Section 3 modifies the
exponential model and estimates parameter values in describing the pandemic using COVID-19 data
from China and Italy. Subsequently, Section 4 employs COVID-19 data from Nigeria to validate the
modified model. Looking into the future, Section 5 predicts the end of COVID-19 in Nigeria. Finally,
Section 6 reports the conclusions.

2. Exponential model

In this section, we adopt the balance modelling approach to develop a model for the total confirmed
cases of COVID-19. These cases comprise active, recovered and dead cases. By implication, we divide
the human population into two compartments: healthy population (those who have never
contracted the disease) and confirmed cases. These two compartments are those simply required to
develop an expression for total confirmed cases. The compartments can be three in the SIR
(Susceptible-Infectious-Recovered) modelling or four in the SEIR modelling (Beckley et al., 2013).

As in the latter, the following assumptions apply. The population in each compartment is described
by a continuous function. Furthermore, the region under investigation is closed. Thus, cross-border
migration is neglected. Finally, each population evolves by interacting with the other.

Thus, the number of confirmed cases is described as:

dpP
Frie kg PPy (1)

where P is the number of confirmed cases per unit area; Py is the area density of the healthy
population; and k (measured in m” per day) is the pandemic spreading rate constant.

On the other hand, the healthy population, which decreases by interacting with confirmed cases of
COVID-19 and increases by the cumulative effect of other factors such as birth and death, is
described as:

dPy

dt = _kFPPH + kGPH (2)

where k; is the demographic population growth rate. While the coronavirus disease decreases the
healthy population by the first term on the right-hand side of Eq. (2), by the second term, population
growth increases it. Although it has been declining, the world population growth rate for the period
2010 to 2015 was still positive at 1.2% (UN, 2016). The healthy population growth due to other
factors and the decrease due to the impact of COVID-19 are therefore assumed to cancel out,
thereby making the healthy population constant. Thus, Eq. (2) becomes:

dstH = —kpPPy =0; Py = B (a constant) (3)

By substituting Equation (3) into equation (1), the latter can be integrated to yield:

In(P/Py) = kpBt; Pr = PyeXt) (4)
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where K = kiB; it is a pseudo-exponential rate constant. Its value indicates how fast the disease
spreads.

Eq. (4) is a simple population growth model, illustrating that the confirmed cases of COVID-19
increase exponentially for any positive value of K and suggesting that eventually, everyone in the
healthy population becomes infected. However, due to various infection prevention and control
measures, the disease exponential spread can be reduced such that more than 90 % of the
population escape the infection. In order to reflect this in the equation, K must be modified so that
its value vanishes at infinite time. The modification can be written as:

ap

L-rwp; @) =

where f(t) is a function of time with k; and B embedded.

dpr/dt
P

(5)

A further analysis of COVID-19 data will help in determining the functional form of f(t). This analysis
is performed in the following section.

3. Modified model

In this section, we modify the exponential model developed in Section 2 to describe the entire
trajectory of the COVID-19 pandemic and then employ it for the predictions of COVID-19 cases in
Italy. In the following, we first demonstrate the equation that best describes the evolution of the
pandemic.

Figure 1 shows the time evolution of COVID-19 confirmed in China (WHO, 2020°%). This profile is
typical of the disease. In the early part, dP/dt at the numerator on the y-axis variable (dP/(Pdt))
is finite and begins to rise while P at the denominator is small. Their combination yields a large
value. As P increases exponentially, the y-axis variable decreases exponentially with time, thus the
profile.
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Figure 1: Rate of Covid-19 cases with time using data from China. Data from WHO (20207).
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Thus, for the modelling of the spread of COVID-19, we write:

Z—f = K,e %P (6)

where K (measured in per day) is the disease infection rate constant, and a (measured in per day) is
an exponential constant, which accounts for the changes in the rate constant with time. The rate
constant along with the exponential term resembles the Arrhenius Equation in chemical kinetics for
the effect of temperature on reaction rates; refer to Fogler (2004) or other texts on chemical
reactions engineering for details.

The modified model in Eq. (6) is the rate of change of the confirmed cases with time. By integrating
this equation, we can obtain the total confirmed cases of COVID-19 at any time. As it is, the equation
yields the new recorded cases at any time. Further differentiation yields an expression for the
maximum new recorded case. The integration is obtained as follows.

Rearranging Eq. (6), we have:

L = Koematde (7)

Integration yields:
_ Ko _-—at
InP =-— € +C (8)
where C is the integration constant, obtained as follows:
_ Ko —at
C=1InP, +;e 0 (9)
where t,, can be taken as the first day of the index case P, the initial condition. Thus, the integral is:

[%(e_atO —e~)+In PO]

P=e (10)

On the other hand, the differentiation of Eq. (6) yields:

d (dP d - dzp -
E(E) = E(Koe atp); E = —Koae atP + Koe

_qt AP d?*P _ _
at 0 7z = ~Koae atp 4 K,2e~2atp

(11)
At the peak increase in daily confirmed cases corresponding to time tp, Eq. (11) is zero as:

2
ZT: = —Koae PP + K,?e™29PP = 0; a = Ke~%P 12)

The time for the peak daily increase is:

1 K,
tp = _ln_o

a a

(13)

Values of K, and a are required to use this model. These can be obtained by fitting the model to
some data and validating it with some other data as follows. Rearranging Eq. (6), we obtain:

In (dp}fdt) =InK, — at (14)

COVID-19 data with P as total confirmed cases with time are required to calculate the values of K
and a. For this reason, we employ COVID-19 data for the first 150 days of the pandemic in Italy, a
country that has gone through almost all the stages in the evolution of the pandemic (WHO, 2020°),.
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Data for the first 100 days are used for parameter estimation while the remaining data are used for
model validation. For the parameter estimation, Figure 2 shows a linear correlation of the data.
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Figure 2: Parameter estimation for modified model 1 using the data from Italy. [Source: WHO 20207

In comparison with Eq. (14),
a = 0.0577; K, = e*>%%8 = 1,728 (15)

Using these values, the evolutions of P and dP/dt for the remaining data can be estimated. While P
is given by Eq. (10), dP/dt in terms of time can be obtained by substituting the latter equation for P
in Eq. (6) as follows.

Kor,—a -a
4P _ g ematel@(e ®0=e ) +InPo] (16)

dat

For the COVID-19 data of Italy, when t, = 1, Py = 2. Thus:

& —a_,—at —0. o.
P=2ea (e70—e7%) _ 2,0 9:4766(e 00577 —¢=0.0577t) )
and
Z—I: = ZKOe_ate%(e_a—e_at) — 1.0936e 00577t ,9.4766(e 00577 —=0.0577t) (1)

For the validation of the Egs (17) and (18), we employed the remaining COVID-19 data of Italy.
Figures 3A and B show how the predicted total confirmed cases and daily confirmed cases from
modified model 2 compare with the data.
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Figure 3: Validation of the modified model 2 using 100 to 150 days of Italy Covid-19 data and the
correlation parameters obtained from the first 100 days — A: total confirmed cases and B: daily

confirmed cases. Data from WHO (2020%).

By manually fitting the model to the data, better predictions were obtained with a = 0.04257 and
Ky = 0.5209. See Figure 4. These predictions suggest that the original values were at a suboptimal

point.
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Figure 4: Validation of the modified model 2 using Italy Covid-19 data and the parameters manually
adjusted to a = 0.04257 and K, = 0.5209 - A: total confirmed cases and B: daily confirmed cases.

Data from WHO (2020°).

4. Model validation
Above procedures were followed to predict Nigeria’s COVID-19 cases. The first 100 data points were
used to obtain the parameters: K, and a in Eq. (14). Figure 5 shows the correlation.
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Figure 5: Parameter estimation for modified model 1 using the data from Nigeria. Data from NCDC
(2020).

The linear equation, however, poorly correlates the data.

In comparison with Eq. (14),

a = 0.0287; K, = e~ %8139 = 0.4431 (19)
For the COVID-19 data of Nigeria, whenty = 1, P, = 1. Thus:

p= e%(e_a_e_at) _ e15_439(6—0.0237_6—0.0287»:) (20)

dpP _ . Kor,—a_,-at _ -0.0287 _ ,—0.0287t
and < = Koe at o7 (e7"=e™™) _ (.4431¢—00287t,15.439(e e ) (21)

For the validation of the Egs (20) and (21), we employ COVID-19 data for 100 to 125 days since the
index case in Nigeria. Figures 5A and B show how the predicted total confirmed cases and daily
confirmed cases from the modified model compare with the data.
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Figure 6: Validation of the modified model 2 using 80 to 130 days of Nigeria Covid-19 data and the
correlation parameters obtained from the first 80 days — A: total confirmed cases and B: daily
confirmed cases. Data from NCDC (2020).
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Because of the poor correlation in Figure 5, the predictions in Figures 6A and B are poor. We
therefore resort to manual fitting. The initial values for the manual fitting were

a = 0.01829 and K, = 0.1867 (22)

These initial values were obtained by assuming the peak of the curve of dP/dt being the highest
recorded new case of 790 occurring at tp = 127 days with P = 27110 and Py = 1 from the Nigeria
COVID-19 data and solving the nonlinear equations of Egs. (10) and (13) simultaneously.

With the values in Eq. (22), Figures 7A and B show how the predicted total confirmed cases and daily
confirmed cases from the modified model compare with the data.
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Figure 7: Validation of the modified model using Nigeria Covid-19 data and the parameters obtained
by simultaneously solving tp and P (t = 127; P = 27110) — A: total confirmed cases and B: daily
confirmed cases. Data from NCDC (2020).

By manually fitting the model to the data, better predictions were obtained with a = 0.01829 and
K, = 0.2106. See Figure 8.
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Figure 8: Validation of the modified model 2 using Italy Covid-19 data and the parameters tweaked
toa = 0.01829 and K, = 0.2106 - A: total confirmed cases and B: daily confirmed cases. Data

from NCDC (2020).

As shown, we have been able to model the covid-19 cases for Nigeria. This model with the
parameter values can be used to predict the evolution daily cases and total confirmed cases.

5. Future predictions

This section further tests model predictions of the Nigerian COVID-19 data using the month of July

and analyses the model for key indicators of the pandemic.
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In predicting the Nigerian COVID-19 data beyond 125 days after the index case, the model in Eq. (20)
along with the