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Abstract

In this thesis, we consider three scientific computing projects. The first
project investigates a mathematical model [16] associated with the study of
misinformation from the Twitter feed associated with the death of George
Floyd. This investigation includes using an error control initial value ODE
solver from Python to attempt to verify the results from [[16]]. The second
project investigates mathematical models [19] associated with information
diffusion during epidemics. This investigation involves a careful study of
how well several of the initial value ODE solvers from Python are able to
solve one of the models given the presence of a discontinuity in the definition
of the model. Finally, we describe some new work involving the develop-
ment of a GUI, called G-ODE-PDE, that allows a user to access the suite of
error control initial value ODE solvers available in scipy.integrate.solve_ivp
and the FORTRAN error control PDE solver, BACOLI, available through

the Bacoli_py Python interface.
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1 Introduction

In this thesis, we will consider error control software for the numerical solution
of the initial value ordinary differential equations (ODEs) and time-dependent
one spatial dimension, partial differential equations (PDEs). Error control means
that, in addition to computing an approximate solution to the ODEs or PDEs,
the software also computes an estimate of the error of the approximate solution
and adapts the computation until it obtains an approximate solution for which the
corresponding error estimate satisfies a user-defined tolerance.

Our first investigation will involve an examination of the paper [16] that looks
at an analysis of the spread of misinformation associated with the Twitter feed
#DCBlackout which was associated with the riots that occurred after the mur-
der of George Floyd [7]. The authors use a mathematical model to represent the
spread of misinformation through various populations. This mathematical model
is represented by a system of ODEs. The model is sufficiently complicated that
it can not be solved by hand and the authors use numerical software to obtain
a solution. In this thesis we will examine the questions that arise in this paper
including directly accessing the data available on Twitter and then using a least
squares approach to fit the parameters of the ODE model so that the solution to

the model gives an optimal fit to the data in a least squares sense. We will use
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state-of-the-art error control initial value ODE software to compute solutions to
the model. We then compare our results with those given in the paper.

The second investigation involves examining the work undertaken in the pa-
per [19], where the authors consider the spread of information diffusion using
epidemiological models. The amount of information in these models is based on
how many people are currently well-informed and how many people are poorly
informed. These terms will be more carefully defined later in the thesis. The in-
vestigation the authors undertook involves a mathematical model for which is it
not possible to obtain a close form solution. Therefore, the authors use numeri-
cal software to compute a solution. In this thesis we will examine the questions
that are considered in the paper and in particular apply error control initial value
ODE software to solve the initial value model that arises. An interesting aspect
of this work is that the model contains a discontinuous parameter which leads to
discontinuities in the definition of the right hand side of the ODE system. Such
problems are well known to be challenging for standard initial value solvers. In
order to investigate the performance of a number standard initial value solvers
when faced with a initial value ODE that has a discontinuity, we apply all of the
ODE solvers that are available in the Python Scipy [12] library and investigate

how they perform when applied to this problem.
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The third aspect of our research is concerned with the development of a graph-
ical user interface (GUI), called G-ODE-PDE, for error control ODE solvers and
an error control PDE solver. The initial value solvers which can be accessed via
the GUI are the suite of ODE solvers provided by scipy.integrate.solve_ivp [12].
The PDE solver that can be accessed via the GUI is a Python interface, bacoli_py
[3], to a FORTRAN PDE solver called BACOLI [2].

Throughout the first two investigations, discussed in Chapter 2 and Chapter 3,
we use solvers available through the suite from Scipy.integrate.solve_ivp. These

solvers are also all available through G-ODE-PDE. These are as follows:

* BDF - This initial value ODE solver is based on a family of backward differ-
entiation formulas (BDFs). These formulas are implicit multi-step methods.
Such methods can be used to take a sequence of steps from the beginning
of the time domain to the end. A solution approximation is computed at the
end of each time step. An implicit method uses the current and past values
of the solution to compute an estimate of the value of the solution at the end
of the current time step. Implicit methods are often used for solving differ-
ential equations that are stiff; such ODEs have solutions that vary rapidly
over different time scales. In Scipy, the BDF solver dynamically use BDF

methods of 1 to 5 orders of accuracy [[12]. When the error of the approxi-
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mate solution on a single time step is O(h?™!) for some positive integer p,

the numerical method is said to be of order p.

RK45 - This solver is based on a Runge-Kutta pair of order 5(4) and it is an
explicit method used to update a solution at each time step based on the ap-
proximate value of the solution at the beginning of the step and several other
intermediate solution approximations within the step. We say it is explicit
because the calculation of the next solution approximation depends only on
previously available solution information. The notation “5(4)” that appears
above has the following meaning. The 5 order Runge-Kutta method pro-
vides an accurate estimate of the solution at the end of the time step. The
solver has a built-in 4" order Runge-Kutta method that is used to estimate
the error of the 5 order method. RK45 is often not the best choice for
stiff systems, as it can require much smaller step sizes in order to get the
required accuracy, which can vastly increase computation time. The steps
are dynamically adjusted based on the error estimate and the tolerance in

order to obtain the required accuracy.

RK23 - This solver is based on a Runge-Kutta pair of order 3(2), and is

similar to the RK45 method described above.
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* Radau - The Radau solver is used to solve stiff ODEs [4]. It is part of the
Radau ITA family of methods of order 5, and is an implicit Runge-Kutta
method. It includes an error estimate based on a third-order Runge-Kutta
method. The solver chooses the step size so that the estimate error is less

than the user provided tolerance [12]].

* DOP853 - The DOP853 solver is based on an explicit Runge-Kutta method
of order 8 [12]. Overall, it is similar to the previously mentioned Runge-

Kutta methods.

* LSODA - The Livermore Solver for Ordinary Differential Equations with
Automatic Method Switching (LSODA) is a numerical method for solving
initial value ODEs. The Scipy implementation for LSODA is a wrapper for
the FORTRAN solver called LSODA, which provides users with the speed
associated with FORTRAN within a Python environment. The software is
based on two families of methods, the Adams methods for non-stiff ODEs
[12]], and the BDF methods for stiff ODEs. This algorithm is distinguished
by its ability to switch between the two families of methods based on de-
tection of a stiff problem. LSODA generally begins with a non-stiff Adams

method, which involves lower cost per step. If the problem becomes stiff,
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the method will switch to the BDF family of methods, preserving perfor-

mance and accuracy.

As mentioned above the G-ODE-PDE GUI also provides access through the
bacoli_py interface, to BACOLI [2]. In BACOLI, the spatial domain is discretized
using B-spline Gaussian collocation. This means that the numerical solution is
represented in terms of a B-spline basis [[1]. In particular, the solution is a sum
of B-spline basis functions defined over the spatial domain with unknown time-
dependent coefficients. Application of the collocation method means that the ap-
proximate solution is required to exactly satisfy the PDE at certain points within
each sub-interval of a mesh which partitions the spatial domain. The points on
each sub-interval where the approximate solution is required to satisfy the PDE
are called collocation points, and in BACOLI they are chosen to be images of
Gauss points [S] on each sub-interval. After the collocation process is applied,
the PDEs are approximated by a system of time dependent ODEs. These together
with the boundary conditions represent a system of time-dependent differential al-
gebraic equations (DAEs). In BACOLLI, the DAE system is solved using the DAE
solver called DASSL [18]. DASSL computes error controlled approximations to
the B-spline coefficients using a family of BDF methods. Once the B-spline co-

efficients are returned from DASSL, these can be used together with the B-Spline
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basis functions to obtain the approximate solution. An important feature of BA-
COLI is that, in addition to computing an approximate solution, it also computes
an estimate of the error of that solution. BACOLI has two distinct error estima-
tors; one is based on sampling the collocation solution at a special set of points
and then constructing an interpolant that is one order of accuracy higher than the
collocation solution. The collocation solution has an error that is O(h”*!) where
h is the subinterval size and p is the degree of the B-spline basis functions. The
interpolant, because it makes use of special points where the approximate solution
1s somewhat more accurate, has an error that is O(hp+2); the difference between
these two gives an error estimate for the collocation solution. The second type
of error estimate is based on constructing an interpolant that is one order lower
than the collocation solution; this means that the error of this lower order inter-
polant (LOI) is O(h?~1). Again, the difference between this interpolant and the
collocation solution gives the error estimate.

In either case, the error estimate is used to determine if the solution at the
end of each DASSL time step is acceptable; this means the error estimate needs
to be less than a user supplied tolerance. If the error estimate is larger than the
tolerance, then BACOLI generates a new spatial mesh which is designed to use

a sufficient number of points that are clustered in the part of the spatial domain
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where the error estimate is the largest. The result of the BACOLI computation
is a numerical solution to the PDE for which both the time and spatial errors are
controlled adaptively by DASSL and BACOLI respectively.

The thesis is organized as follows. In Chapter 2, we consider the investiga-
tion of the spread of misinformation associated with riots following the death of
George Floyd. Chapter 3 discusses our investigation of the mathematical model
that involves information diffusion associated with epidemics. Chapter 4 is an
overview of the G-ODE-PDE GUI. The thesis concludes in Chapter 5 with our

summary, conclusions, and suggestions for future work.

2 An Epidemiological Model for the Spread of Mis-

information

In this chapter, we consider an ODE-based epidemiological model for the spread
of misinformation associated with the real-world Twitter data that has been scraped
off the Twitter social media website under the hashtag “DCBlackout” [7]]; this data
is associated with the misinformation spread during the riots following George
Floyd’s death [[7]. The ODE model includes several parameters; a data fitting al-

gorithm is employed to estimate the parameter values so that the resultant solution
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to the ODE system gives an optimal fit to the Twitter data in a least squares sense.
In this chapter, we will review the ODE model considered in [[16]], briefly cover
the numerical methods employed by the authors, and then present our results from

our own treatment of the model.

2.1 The ODE Model

In [[16]], the authors use a SEIZ (Susceptible-Exposed-Infected-Skeptic) epidemi-
ological ODE model in an attempt to model the flow of misinformation associ-
ated with the hashtag “DCBlackout” on the social media platform Twitter [16].
“Susceptible” in this model refers to individuals who can become either exposed,
infected, or skeptical with respect to the misinformation. Susceptible individuals
have not yet encountered the misinformation. “Exposed” represents the individ-
uals who have seen a given piece of misinformation but have not yet made a de-
cision to engage with the information. “Infected” represents the individuals who
have interacted with a piece of misinformation, either through commenting on it
or posting a tweet with a hashtag “DCBlackout”. “Skeptic” represents those who
do not engage with the misinformation, resulting in them not further spreading
the misinformation. The authors state this is the first time this type of model has

been applied to misinformation rather than disinformation. The authors define
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misinformation as the spread of information that is not known to be false, mean-
ing that the individuals spreading the misinformation believe it to indeed be true.
Disinformation is information that is spread by those who know what they are
spreading is indeed incorrect [[16]. Disinformation therefore needs intent while

misinformation does not.

2.2 Model Definition

In this section, we give a careful review of the ODE model from [16]. The ODE
system has the form (S corresponds to Susceptible individuals, £ corresponds to
Exposed individuals, I corresponds to Infected individuals, and Z corresponds to

people who are Skeptics)

2 = _psL-b5%,

B = pBSL +bSZ — pEL —¢E,

&b =pBS% +pEg +€E,

2 phS

Z
dt N*

The parameters appearing in this model are as follows:
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15} Contact rate between S and I

b Contact rate between S and Z
p Contact rate between E and |
P Probability of S becoming I given Contact with I

p — (p—1) Probability of S becoming E given Contact with I
€ Transition rate of E becoming I (incubation rate)
14 Probability of S becoming Z given contact with I
¢ — (¢ —1) Probability of S becoming E given contact with I
The first ODE
as

I A
o = PS5 bW (1)

models the change in the number of Susceptible individuals. In the first term,
—BSL B e [0, 1] represents the contact rate, S corresponds to the total number
of Susceptible individuals, and % is the number of infected individuals relative to
the total population, N. The parameter 3 controls the rate at which the Susceptible
population will decrease given contact with the Infected population. Regarding
the —bS % term in (1), the parameter b € [0, 1], represents the rate at which the
Skeptics and Susceptible populations come into contact. We note that we only
subtract from the Susceptible population, i.e., both terms on the right-hand side

20



of (1) are negative, and therefore should not see an increase in the number of
Susceptible individuals.
The second ODE is concerned with the change in the number of Exposed
individuals, and has the form,
dE

I I

We consider the first term p3S <L, which is related to the first term from (1),
BS % and includes an additional parameter, p. The p parameter is associated with
the probability that a portion of the 55 % term will become part of the Exposed
population. This term is positive, corresponding to an increase in the Exposed
population. Moving on to the next term in (2), /bSZ, we note that it corresponds
to the second term from (1), bSZ, and focuses on the contact between the Skep-
tics and the Susceptible population. In this case, the coefficient ¢ represents the
probability of a proportion of these individuals becoming part of the Exposed
population. Regarding terms correspond to a decrease in the Exposed population,
we begin with the term, pE%, where p € [0,1]. This serves as another contact
term, in which the Exposed are in contact with the Infected. Lastly, we have an
incubation term, —e F/, which takes into consideration the fact that an Exposed in-

dividual, after a certain amount of time, may become Infected. The parameter, ¢,
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gives the rate at which Exposed people leave the Exposed population after having
contact with Infected people.
The third ODE is
dl

I I

This ODE describes how the number of Infected can change. We observe that
all the terms of the Infected component are positive, prohibiting any decrease in
the number of Infected People. The term p3S-+, corresponds to the portion of
Susceptible people who directly become Infected rather than simply becoming
Exposed. The next term, pE L, corresponds to Exposed people who become In-
fected through contact with Infected people. Lastly, e/ represents the incubation
period leading to Exposed individuals become Infected.
The last ODE is
dz

A
2 _ sz 4
dt EbSN @)

This ODE considers the change in the Skeptics population. Here we only have the
term, (b5, which is the counterpart to the term, (bSZ, that appears in (2), and
which is associated with the Exposed component of the population. This allows

¢ to directly control the rate at which people flow from Susceptible into Skeptics.
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We note that the term is a positive term which means that the total number of

Skeptics can only grow.

5 2 10t Model Fit to Tweet Data
- ;(_.wccl I"J;imi e

E 3 5 -.1'_l J
=
-
o
2
— 1.5 1
o
i
= -
<O 0.5 '

0 50 100 150 200 250 3040
Time (15 minutes)

Figure 2.1: Discrete Twitter data and the fitted solution for the Infected parameter

from [16].

Regarding data collection, the authors of make use of a Twitter scraping
tool named Twint [[13]); this tool allows the user to grab large volumes of Twitter
data. See Fig. [2.1] for a plot of the data collected in [16]. The blue points in
Fig. [2.1] represent discrete values, with each point being the volume of tweets
within a 15-minute interval. Every 4 points on the horizontal axis of the graph

is the equivalent to 1 hour. We can see that most of the growth is the number of
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tweets occurs during in the first 12.5 hours marked by 50 on the horizontal axis.
The red line in Fig. 2.1 represents a plot of Infected population over time, as
obtained from the numerical solution of the ODE model, where the model param-
eters were fitted so that the Infected solution component agrees with the Twitter
data optimally, in a least squares sense. That is, the authors determined the values
for the parameters of the ODE model using a least squares algorithm to minimize
this difference between the Twitter data and the Infected solution component of
the ODE model. The software [19] used for the least squares computation was
MATLAB’s nonlinear least squares (Isqnonlin) function. Since the authors do not
mention the specific algorithm they used, we assume they used the default algo-
rithm which is an algorithm called TRF (trust region reflective) [10]. In [16],
in order to solve the ODE model, the authors use the MATLAB ode45 function,

which is based on a Runge-Kutta formula pair [[11]].

2.3 Our Investigation

Since the authors mentioned the tool they utilized to gather the information, we
were also able to collect the data using the same tool. This approach presented
a challenge as Twitter is an ever-changing platform and users can delete their

tweets. The continuous updates on Twitter have resulted in the tool becoming
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partially dysfunctional; we found that it does not collect all of the tweets and
often would miss data. A temporary solution was implemented to allow us to
collect the expected volume of tweets.

There are two differences between the data we collected and what was col-
lected in [[16]. The data we collected did not extend as far as the data collected in
[16] because the data collection process started to become exponentially slower.
We opted on stopping the collection because we felt we had captured the most im-
portant subset of the data, that being the data that exhibit extreme growth. Also the
authors do not include the first 4 hours and 15 minutes of Tweets to the #dcblack-
out hashtag. We decided to include this data in our study since it represented

significant new behavior compared to the original data set.
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Total number of Tweets by volume
20000 4
15000 A :C
2 [
o [ ]
2 °
o
10000 A (]
[ J
[ ]
50004 @
o
ZIO 4IO GIO BIO 160 léO llILO l(ISO
Time (15 minutes)

Figure 2.2: Tweets by volume as collected in our study (excluding the first 4 hours

and 15 minutes.)

Recall that Fig. [2.1] (the blue dots) shows the Twitter data collected in [16].

Fig. [2.2] shows the data that we collected after the first 4 hours and 15 min-

utes. We note that, except for the fact that the data in Fig. 2.1 was collected
for a larger period of time (almost 300 15-minute intervals) compared to our

data which was collected to about 160 15-minute intervals, both figures are al-

most identical. To verify the results from [16], we employed the least-squares
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function from the Python SciPy.optimise package. The algorithm used for the
least-squares fitting was the Trust-Region-Reflective algorithm; this is the algo-
rithm that is also available in Matlab. The initial values we used for input to
the least squares function for the parameters were the values published in [16],
namely 3 = 4.3713,p = 1.3833 - 1075, ¢ = 0.0373,b = 8.1967,p = 0.7905,
and ¢ = 0.8161. Since the initial values for the Susceptible, Exposed, Infected,
and Skeptic (SEIZ) compartments were not explicitly stated in [16], we visually
estimated these values based on the figures that appear in [16]. We choose the
initial values to be S = 61000, E = 1000, I = 1000, and Z = 1000. Our N is smaller
than what was used in [[16] due to the fact that we did not include as much data.

Our N value is 64,000 while the N values used in [[16] is about 90,000.
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Plot total number of tweets
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Figure 2.3: Twitter data and the corresponding Infected solution obtained from

the parameter fitted ODE model (excluding the first 4 hours and 15 minutes).

For the solution of the ODE model, we choose to utilize the scipy.integrate
package solve-ivp class, making use of its LSODA solver, and choosing the rela-
tive and absolute tolerances to be 1072, An examination of Fig. reveals that
our Infected solution is similar to what can be seen in Fig. 2.1 Comparing our
fitted parameter values with those from [[16]], we note that we obtained parameter
values that are somewhat different from those obtained in [[16]. Our parameter val-

ues are 8 = 4.1953, p = 0.0421, ¢ = 0.0577,b = 8.1935, p = 0.6231, ¢ = 0.7390.
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The difference in parameter values is to be anticipated given that the data sets
differ. Notably, the greatest discrepancy is observed in parameter p, which re-
flects an increased contact between the Exposed and Infected populations. This

discrepancy is reasonable, given that our data was obtained over a smaller time

interval.
' «10* SEIZ Compartments
—
—_—E
6 I
iz —
L { NF
w
2 4
=
2
0 10 20 30 40

Time (15 minutes)

Figure 2.4: Calculated SEIZ values in [16]. This graph shows a rapid decrease
in the Susceptible population and rapid increases in the Exposed and Skeptics
populations. Afterwards, the Exposed population slowly decreases. The Infected

population slowly increases over time.
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Figure 2.5: Our calculated SEIZ values. These agree well with what is seen in
Figure 2.4} This graph shows a rapid decrease in the Susceptible population and
rapid increases in the Exposed and Skeptics populations. Afterwards, the Exposed

population slowly decreases. The Infected population slowly increases over time.

Fig. [2.4] and Fig. [2.5] show the plots for all solution components as presented
in [[16] and from our own computations; we obtained good agreement between the
results from [16] and our results. The authors reported a relative error of 0.019
between their data and their fitted Infected population, which we were able to
improve to 0.016, although this comparison is not entirely relevant as the data sets
differ.
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In Fig. @ we show the full set of data we collected; what is significant about

this data set is that it includes the initial 4 hours and 15 minutes of tweets sent to

#DCBlackout.
20000
15000 4
L]
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w ®
o ®
S L]
10000 L ]
L ]
L ]
5000 .
®
®
&
0 p—
] 25 50 75 100 125 150
Time (15 minutes)

Figure 2.6: Total number of Tweets by volume including the first 4 hours and 15

minutes.
Fig. [2.77] shows the result of a computation we performed to attempt to fit the

parameters of the Infected solution component of the ODE model using all the

data from Fig. [2.6]
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Figure 2.7: Curve fit for extended data set.

Analysis of Fig. 2.7 reveals that it is more difficult to fit the model to this
data set; the error which is 0.065 is about four times greater than we previously
achieved when we did not consider the initial interval.

Fig. 2.8 shows all four solution components of the ODE model that was fitted

to the data from Fig. [2.6]
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Figure 2.8: Solution for data from ODE System fitted to data shown in Fig.
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Figure 2.9: Exposed and Infected solution components corresponding to Extended

(Long) vs Truncated data (Short).
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By examining Fig. and comparing it with Fig. it is evident that the
Exposed and Infected solution components are heavily impacted by the use of the
data from the first 4 hours and 15 minutes, while the remaining compartments
Susceptible and Skeptics are only marginally affected. A comparison between the
Exposed and Infected solution components from our original data set and those
associated with the extended data set that includes the data from the first 4 hours
and 15 minutes is presented in Fig. 2.9 It shows that it is a much longer period
of deliberation before users post information in the case where the data set is

extended.

2.4 Summary

We found that when fitting parameter values to our ODE model based on data
collected from a social media website, the point at which one starts the data col-
lection can have a significant impact on the solutions that are obtained. We opted
for including more data throughout our computations to show the impact that this
can have. In our study, when the more limited data set is considered, our solutions
align well with the results from [[16]; however, our extended data set reveals dis-
crepancies regarding the time at which the number of Exposed individuals falls

below the number of Infected individuals. This then leads to the infection rate

34



growing slower than what was reported in [16]. Truncating initial data implies
that people are exposed for less time, while in reality, their exposure time is some-

what larger.

2.5 Future Work

To extend our research, more work could be done conducting experiments using
this model on dynamic data sets incorporating fluctuations in the spread of misin-
formation, rather than a single substantial increase. In other words, we feel that
it would be interesting to investigate applications where there is greater variation
within the data. This would allow us to better analyze waves of the spread of mis-
information, rather than only an initial outbreak. Also, future work could include
fixing a tool like Twint which would allow researchers more accessibility in being

able to pull down Twitter data, which could improve the reliability of the results.

3 Coupling Dynamics with Information Diffusion in

an Epidemiological Model

In this chapter, we examine the numerical results of a study integrating the cou-

pling dynamics of an epidemiological ODE model with information diffusion.
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The total amount of information is defined to be the total number of aware in-
dividuals in the population. To numerically analyze the four states of informa-
tion S, (Susceptible aware), S_ (Susceptible unaware), /. (Infected aware), I
(Infected unaware), with emphasis on how the information impacts the system.
An interesting aspect of this mathematical model is that there is a discontinuity
present in the ODEs, which arises due to the attempt to simulate behaviors such as
the introduction of precautionary measures. This model is applied to two differ-
ent diseases; the results show that the re-emergence of the diseases can be higher
or lower than the original infection rate, depending on various factors associated

with the model.

3.1 Introduction

The coupling dynamics of epidemic spreading and epidemic information diffu-
sion on complex networks was studied in [19]. The authors used three methods
throughout their paper. The Mean-Field method involves a set of ODEs and will
be the main focus of this chapter. The second method is called Pairwise Analysis
of the Mean-Field ODEs, which we will call the pairwise method; this method
leads to a system of 14 ODEs. The authors also consider a simulation which they

refer to as the Ground Truth Values method, which we will call the simulation
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method.

Regarding the Mean-Field method, the authors employ a set of ODEs to model
four population states: Susceptible aware (S ), Susceptible unaware (S_), In-
fected aware (7 ), and Infected unaware (/_), with emphasis placed on the amount
of information present within the system. The model depends on a parameter, «,
which represents the level of information diffusion. The authors propose two
thresholds, /g4, (When this threshold is reached, « is set to 0.8) and /1,,,, (When
this threshold is reached, « is set to 0.3); these are defined as upper and lower per-
centages of information diffusion within the total population, respectively. When
the information content reaches either of these bounds, the value of the parameter
« is altered to be either the higher or lower value, depending on which threshold
has been reached. This simulates behaviors where individuals periodically take
precautionary measures, such as wearing face masks and practicing social dis-
tancing when information about an epidemic is high, and then when they relax
these measures when information about the epidemic is low. The authors applied
this model to two different diseases, H7N9 and Dengue fever, and demonstrated
that depending on the values used for a and the upper and lower thresholds, the re-
emergence of the diseases can be at either higher or lower levels than the original

infection rate.
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3.2 Model Analysis

The Mean-Field model that the authors consider is a system consisting of four
ODEs, involving S, ,S_, I, I_; in these ODEs, the state variables are denoted

with [*]; the ODE system has the following form.

% — —kﬁ[l—]% - kmﬁ[h}% — ka([Sy] + [M)W_N] NSL] Al
d[j] = —hosf [1—1% - kasmﬁ[m% +ka([Sy]+ [h])% — A[S4] + (L],
% = kﬁ[f_][S—N‘] + lmf[m% — ka([S4] + [h])% +A[L] = 4[],

W) — ko5 ko115 ¢ k(5] + (1) 5 - axi - e,

The parameters appearing in this system are

g The probability that S_ is infected via the /_ neighbor (S_1_ + 1_1_)
o0  The probability that S, is infected via the I_ neighbor (S, I_ + I, 1)
o The probability that S_ is infected via the I, neighbor (S_I, + 1 1)

osr5 The probability that S, is infected via the I, neighbor (S, 1, + I 1)
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~v  The probability that /_ recover to S_
ey The probability that /, recover to S
o Information transmission rate

A Information fading rate (S, — S_)
O\ Information fading rate (I, — 1_)

k  Average degree of the network

Fig. from [19], illustrates how information flows among the state vari-
ables. From this figure, we can see, for example, that o controls the flow of
information from the unaware (S_) to aware (S). The information flow graph

defined in [19] is as follows:

S+ o, B, o,0,8 , I_|_
¢ i |

Figure 3.1: Information Flow Graph [19].
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We now discuss the first ODE. This ODE describes the rate of change of S_

and has the form,

als-] _ 5] 5]
o =~ kB — kor Bl )
S_
~ ka([9,] + 11D 5 4 28] + 417
Analyzing equation (5) term-by-term, we observe that the first term, —k[1_] %

where k is the average degree of the network and £ is the contact rate for [I_] 5]

represents the probability of an unaware infected individual coming into contact
with an unaware susceptible individual and becoming infected. In the second
term, —ka;ﬁ[h]%, we note two differences from the first term: the introduc-
tion of o7 and the change from [I_] to [/ ]. Together, o/ gives the contact rate for
aware infected individuals coming into contact with unaware susceptible individu-
als. Consequently, both 3 and ;3 should flow into the infected population. From
Fig. we see that this is indeed the case. The third term —ka([S,] + [1,]) 5
reflects the information diffusion process, where o captures the flow of informa-
tion between the aware and unaware since (S, ]+ [/, ]) represents all the informa-
tion for these two states. % makes this subtraction term proportional to the total
population. Finally, the A[S | term can be seen to directly influence the number of

aware individuals becoming unaware, while the v[/_] term reflects the opposite,

with individuals moving from unaware to aware.
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The second ODE describes the rate of change of S and has the form,

W) — ko1 15— koor1r) ) o
+ha((8:) + (LD - ni ]+ o]

The first term, —kos3[1 ] [54] , represents a decrease in the S, population propor-
tional to the fraction of infected unaware individuals relative to the number of the
susceptible aware individuals; its influence is controlled by the factor o,3. The
second term, —koo;/3 [I+][ +lis analogous, but with a substitution of [I_] —
[1.] and the inclusion of an additional factor og. This flow is consistent with what
is shown in Fig. The third term, ka([S}] + [1 +])g, which appears as a
negative term in equation (5), is added to the right hand side of equation (6). The
fourth term, —A[S. ], represents the flow of [S,] to [S_]; this is the fading rate
that represents, over time, aware people will become unaware. Finally, the term,
e7y[1], reflects the probability of infected aware individuals changing to become
susceptible aware individuals, as shown in Fig.

The third ODE describes the rate of change of /_ and has the form,

d[I_]
dt

5]
N

1S-]

—kp[1_] —

+ koy[1]

~ka([8,] + 1) 5 + oML A1)

(7

In equation (7), the first term, kf [L]%, characterizes the flow of individu-

als between the infected unaware and susceptible unaware populations. This is
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followed by the term, kO-[[]+][ -1 which appears as a negative term the equa-
tion (5) and a positive term in equation (7). The information diffusion term,
—ka([S4]+[14+]) 5 5] is subtracted from the infected unaware population. Lastly,
we consider the terms dA[/;] and —[/_]; 0 is included along with A to modify
the fading rate from the infected aware to the infected unaware population. The
latter term, —~y[I_], corresponds to the transition of individuals from the infected
unaware to the susceptible unaware population.

The fourth ODE describes the rate of change of /. and has the form,

5 ¢ ko gl )

N . ®)
+ha((8:]) + (L) AL - erir)

d[L.]
a

ko115
The term, ko,[G[1_ ][ +] , corresponds to the flow between infected unaware indi-
viduals and aware susceptible individuals. The factor, o,0;03, is an additive flow
factor that accounts for the flow of infected and relative susceptible aware individ-
uals, [/, ] [S—J] The term, ko ([S4] + [ +]) L, represents the information diffusion
term. The subtraction terms, —JA[/, | —e7y[I], correspond to fading of individuals

from the Infected aware population.
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3.3 Numerical Solution of the Mean-Field ODE Model

We begin by defining two additional terms:

t
Information = / f(S+(t) + I.(t))dt, )

to

ty
Infected = / (I_(t) + 1(t))dt, (10)

to

where ¢, represents the starting time and ¢ is the final time.

We next investigate the fixed « case that is introduced in [[19] when they com-
pare the three different methods that they consider in their paper. The following
parameter values are used: o = 0.6,3 = 0.3,056 = 0.3,0; = 0.6,0 = 0.8,¢ =

1.5, = 0.15,k = 15, and v = 0.1.
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Figure 3.2: Infected component comparison from [[19] where I = Infected, T =

Time.

In Fig.[3.2] (from [19]), we can see that the Mean-Field method gives a total
number of Infected individuals that is slightly higher than the corresponding val-
ues obtained from the Simulation and Pairwise methods. N, the total number of
individuals, has a value of 10,000 [19] for the results presented in Fig. @ Also,

the authors chose ¢y = 0 and ¢y = 25.
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Figure 3.3: Our calculated Mean-Field Infected component over the interval [0,

25].

In Fig. we present the results of our computations, where we use LSODA
to solve the Mean-Field ODEs given earlier in this chapter. We see from Fig. [3.3]

that we obtain a result that is similar to the corresponding result from [[19], shown

in Fig.[3.2]
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Figure 3.4: Simulation Method: Using Fixed « values I = Infected, T = Time [19].

We next consider the solution of the Mean-Field ODEs for several different
values of «. Fig. [3.4] shows a comparison of how the value of « impacts the
results of the total Infected population from [[19]. The bottom right corner of
Fig.[3.4]shows the total amount of information in the system as a function of «. As
expected, when « decreases, we see a decrease in the total amount of information

in the population.
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Figure 3.5: Comparison of Infected for population several « values.

We attempt to verify these results with our calculation; our results are pre-
sented in Fig. From Fig. we see that, for most values of «, our results
are similar values to those from [19]. The most significant difference is for the
a = 0.2 case. However, our results are associated with Mean-Field ODEs while
the results shown in Fig. [3.4]are obtained using the Simulation Method, thus some

differences between the solutions to the models are to be expected.

3.4 Discontinuities Analysis

In this subsection, we consider the case where the a value is changed from time to
time as t goes from ¢ to ¢;. Later in this subsection, we will describe an approach
that allows an initial value ODE solver to accurately and efficiently handle the
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abrupt changes in « that arise. These abrupt changes in « lead to discontinuities
in the right-hand sides of the ODEs in the model. The approach for dealing with
these is called discontinuity handling.

We first will show our results using discontinuity handling to solve the ODE
system with parameter values 5 = 0.3, A = 0.15,e = 1.5,k = 15,0; = 0.6, 05 =
0.3, = 0.6,6 = 0.8,y = 0.1. Our initial values for a population of size 10,000,
are S_ = 9,997,5, = 1,1_ = 1,1, = 1. This corresponds to the beginning
of an infection where all components excluding susceptible unaware consist of a
single individual. Unless explicitly stated these are the initial conditions for all of

our computations.
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Figure 3.6: Full Solution, o = {0.3,0.6,0.8}, discontinuity points are t = 1.33

(a,b),t=1.52(c,d).

The Infected thresholds, 4, and 11, are multiplied by the population size,
as they represent a percentage of the infected. We consider three v values. We
begin the computation with o = 0.6. When the total amount of Information reaches
Iioy we set a = 0.3. When the total amount of Information reaches Ij;45, we set
a=0.8.

When o changes abruptly, this causes a discontinuity in the system of ODEs,
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as mentioned earlier. In turn, the presence of this discontinuity causes an initial
value ODE solver to reduce its step size until either it fails, or it can step over the
discontinuity. This directly translates into a decrease in efficiency and can often

impact the reliability of the results.

~
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Figure 3.7: Total function evaluations over time, solver = Radau, (Green = [},

Red = [High)-

In order to implement the changes in the o value, we introduced “if” state-
ments into the function that defines the right-hand side of the ODE system. In
Fig. we show the results of counting the cumulative number of evaluations
of the right-hand side of the ODE system as time progresses. We also show the
locations in time when the first two discontinuities are triggered, with green rep-

resenting the /,,, threshold and red representing the /g4, threshold. We note that
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there is a spike in the number of function calls wherever a discontinuity is intro-
duced. The solver used to obtain these results is the Radau method from [12].
The reason for the spike in the number of function calls is that the solver is
using adaptive step sizes in an attempt to get over the discontinuity, and in this par-
ticular situation, it does successfully step past the discontinuities with an accept-
able error in the final result. However, this becomes an efficiency issue because
the solver takes about 170 steps for the solver to step past the discontinuities. That
means that the solver is taking about 340 additional steps to compute the solution
compared to what is required when discontinuity handling is employed. The total
number of function calls is about 730, which means the solver is doing 46% extra
work due to the discontinuities. When discontinuity handling is employed, the

solver requires about 390 function calls.
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Figure 3.8: Total function evaluations over time, solver = LSODA, (Green = [},

Red = [High)-

We next conduct this same experiment using several other ODE solvers. Fig.[3.§|
shows the corresponding results for the LSODA solver and Fig. [3.9 shows the re-

sults for the RK45 solver.
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Figure 3.9: Total function evaluations over time, solver = RK45 (Green = [},

Red = [High)-

From Fig. for the LSODA solver, we notice that about an additional 50
steps per discontinuity are required, resulting in roughly a 33% loss in efficiency.
From Fig. however, it appears RK45 has relatively better efficiency as it takes
only a few extra steps to step past each discontinuity. The RK45 solver takes
about an additional 25 more steps, which represents about a 3% loss in efficiency.
However, comparing Fig. with Fig. we see that RK45 takes many more
function evaluations overall than LSODA does.

We next consider the question of what we can do to improvise the performance
of the solvers when they encounter discontinuities. The key idea is to detect when

there is a discontinuity. As mentioned earlier, this can be done by using what is
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known as discontinuity or “event” handling; this is a capability that many state-
of-the-art initial value ODE solvers have. An event is defined as a continuous
function of time and state [12]. An event function has the form, event(t,y(t)).
An event is defined to occur when the event function equals zero. The solver
checks for a change in the sign of the event function over each time step. The sign
change indicates that the event function has a root somewhere within the step; the
solver uses a root-finding algorithm, e.g., bisection, to determine the time at which
the root occurs. When an event is detected, we stop the solver and use the time of
the event as the initial start time for a new call to the solver. Restarting the solver
after each discontinuity is referred to as a “cold start” we repeat this process until
the final time step is reached. We append all the numerical solutions computed
between the discontinuities together in order to obtain the final solution.

We next examine the impact of this discontinuity handling scheme across all

methods available to us through Scipy.integrate.solve_ivp class.
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Figure 3.10: Comparison of methods using discontinuity handling (Blue) with the
same methods when they do not use discontinuity handling (Orange); relative tol-
erance = 1073, absolute tolerance = 10~% (Default), y-axis = Number of Function

Evaluations.
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Figure 3.10 shows a comparison of six solvers applied to the version of the
Mean-Field ODE model that involves discontinuities. In each case, the solvers
are applied with no discontinuity handling and with discontinuity handling.

Fig. (where the Radau solver is used) shows the biggest performance
gain, while Fig. (where the RK45 solver is used) shows very little per-
formance gain. This may lead one to the conclusion that RK45 does not need
to use discontinuity handling. However, if we sharpen the absolute and relative

tolerances to 10712, we obtain the result shown in Fig.

14000 -

12000 -
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8000 -

6000

Function Evaluations

4000 A

2000 -

Figure 3.11: RK45, tolerances = 107!, y-axis = Number of Function Calls.

Fig. [3.11] shows that discontinuities have an impact even for the RK45 solver
when the tolerance is sufficiently sharp. As seen in Fig. [3.11] about 4000 more

function calls are required when discontinuity handling is not employed.
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The benefits of using discontinuity handling are not limited to efficiency im-
provements. The use of discontinuity detection can also impact the accuracy of the
results. From Fig. we observe that the computed solutions are much different;
the time at which the 13,4, threshold is reached is much different when disconti-
nuity handling is employed compared to when it is reached when no discontinuity
handling is employed. This means that solving ODE systems with embedded “if”
statements and no discontinuity handling can also lead to inaccurate results. It can
be seen in Figure that solution obtain using event handling and the solution

obtained using no event handling are much different.

0.8 1
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t

Figure 3.12: Event handling and no event handling for the LSODA solver; yel-
low vertical line shows time at which Ij;,, is reached when event detection is
employed; red vertical line shows time at which I,;,;, is reached when no event

detection is employed.
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In [19]], the authors do not specify what numerical methods they use. There
is the possibility that the authors used discontinuity handling however there is no
mention of it. If the authors did not use discontinuity handling then it is possible

that their results are inaccurate and it is certain that they are computed inefficiently.

4 G-ODE-PDE Solver

In this chapter, we describe our new graphical ODE/PDE solver which we call G-
ODE-PDE. To our knowledge there are currently three similar software graphical
user interfaces (GUI) for solving ODEs, namely, Geode [6], Wolfram Alpha [15],
and The Graphical ODE Solver [8]. The Graphical ODE Solver is primarily a
teaching tool. All three have their benefits; Wolfram Alpha is the most advanced
of the three. Wolfram Alpha is capable of also handling PDEs, but it can only
handle one equation. Geode and the solver described in [8] can solve multiple
ODE:s, but neither has support for PDEs.

In this chapter we will describe the new software we have developed in order
to support application experts who need to be able to numerically solve mathe-
matical models involving systems of ODES and PDES, but who have a limited

experience in programming. The point of this software is to allow the user to ac-
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cess high quality ODE and PDE solvers without the user having to know how to
program. It was important for us to allow access to this tool through a client/server
model. This allows multiple researchers to run this software on a single machine.
However, for the client, we opted for a software platform that will allow users to

access our GUI using any modern browser.

4.1 Introduction

In order to use initial value solvers for ODEs, a user typically must have a rea-
sonable grasp of programming; in addition, the user may need to know how to
use certain software libraries with a programming environment. However, we un-
derstand that not every user who wants to solve initial value ODEs is comfortable
with programming. This issue becomes amplified when we consider PDE solvers
since these typically require a higher degree of programming experience relative
to ODE solvers.

As mentioned earlier, our primary motivation for the development of this soft-
ware 1s to enhance accessibility to several high-quality ODE and PDE solvers.
It is important that our software builds upon already well-established ODE and
PDE solvers. Our software package is split into two main components: the client

side and the server side. The client-side is designed for the user; it is written
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in JavaScript and HTML, making it accessible from any modern browser. The
server side is written in Python and can be run on a server so that it can be avail-
able to multiple users. However, in order for our software to run there must be
a FORTRAN compiler available due to the fact we employ a FORTRAN error
control PDE solver, BACOLI, in order to compute numerical solutions to PDEs.
The purpose of this chapter is to introduce our new ODE/PDE solver interface
tool, G-ODE-PDE, and demonstrate how one might use it to solve both ODEs
and PDEs. The solvers available within the ODE portion of our software are the
suite of solvers available in scipy.integrate.solve_ivp [12] and for PDEs, the GUI
employs bacoli_py [3], which is a Python interface to the BACOLI FORTRAN

solver mentioned earlier.

4.2 Using the GUI to solve an initial value ODE problem

In this section we will review the user interface for the ODE portion of our soft-

ware.
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4.2.1 Example 1

Select Algorithm v Plot Time Range

ODE Solver T

Plot Range max

Add ODE Add Parameter Add Event

Terminate on event

ODE Events

Figure 4.1: ODE full screen.

Fig. .| presents the interface to the suite of ODE solvers. This interface presents
the user with buttons for specifying ODES, parameters, and events.

We first discuss how the ODE and the initial value can be input. We consider
an ODE system consisting of 1 differential equation. The ODE is y’(t) = sin(t),
with an initial value of y(0) = O; this problem has an exact solution of y(t) =1 -
cos(x). We want to compute the solution on the time interval [0,7]. Default values

will be used for the absolute and relative tolerances.
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Figure 4.2: An example of how the ODE y’(t) = sin(t), y(0) = 0 is specified.

In Fig. .2l we give a screenshot of the part of the interface to our software that
allows the user to specify the ODE and the initial condition. We have included
buttons for ODEs, initial conditions, events, and parameters. Events and param-
eters will be discussed in the next example. The ODEs are labeled in ascending
order starting from 1; should we want to remove an ODE from the system, the
remove ODE button will remove the highest numbered ODE. Next, we have the
right-hand side of the ODE which in this example is sin(¢); ¢ is a keyword in this
software that refers to the independent variable, . Underneath, we specify the ini-

tial value, y(t9) = 0, where t; is defined in the initial time range (to be considered

62



later in this section). The “Terminate on event” checkbox is associated with event

handling and will be explained later in this chapter.

Select Algorthm v

Select Algorthm

RK45

RK23

DOP853

Radau |
BDF T
LSODA

Figure 4.3: ODE solvers

After we have described the initial value ODE problem to the software we
next need to select the solver that we want to use for the calculation. Fig. 4.3
shows another screenshot where the menu displays the available ODE solvers to
the user. Selecting the “Select Algorithm” button shows the new screenshot given
in Fig.[4.3} the user is given the choice between 6 solvers. We will select RK45 in

this example.
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RK23 ~ | Plot Time Range

Additional Options Plot Range min

To

Calculate
Plot Range max

Figure 4.4: Options for time range, solver selection.

Next to the drop-down menu for the ODE solver selection, we can select the
interval on which we want the solution to the ODE. In this case, the interval is
from O to 7. There is also an “Additional Options” button; we will discuss its pur-
pose in the next example. The user can initiate the numerical solution of the initial
value ODE problem by clicking on the “Calculate” button. Once all required in-
formation is entered and the “Calculate” button has been clicked, the information
will be sent to the server and the numerical solution will be calculated and re-
turned to the GUL See Fig. 4.5 where a screenshot showing the input fields and
the computed solution to the initial value ODE problem is given. In Fig. .5 all
the labels on the graph are editable; the user can simply click on a label in order

to edit it.
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RK23 w | Plot Time Range

" 0
Additional Options
ODE Solver

To

Calculate ;

Add ODE Add Parameter | Add Event

Terminate on event
ODE 1
sin(t)
ODE Name 1 Initial Value 1

¥ b 0

ODE Events

y-axls

Time

Figure 4.5: Numerical solution for y’(t) = sin(t), y(0) = 0. Solved with RK23
using absolute tolerance = 1075, relative tolerance = 10~* (default tolerances), on

interval ¢ € [0, 7].

4.2.2 Example 2

Next, we consider a slightly more complicated problem, the Lotka-Volterra Preda-

tor Prey ODE system [9]. Equation (11) shows this system.
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dx _
dt _Oé‘r_ﬁxy’

(1D

% =0xy — VY.

As described by [9], we use the initial conditions of x(0) = y(0) = 10. The
variable x is the number of prey, the variable y is the number of predators, t repre-
sents the time, and o« = 1.1, 5 = 0.4,0 = 0.1,y = 0.4, are positive real parame-

ters that describe the interaction between the predators and preys; the derivatives,

4z and W

o . » represent the growth rates of the two populations over time. The first

equation describes the rate of change in the prey population, while the second
equation describes the rate of change in the predator population. This example
will include an event; events are defined as a continuous function of time and
state [12] where the event function, event(t,y(t)), is triggered when it equals
zero. At the end of each time step the ODE solver checks for a change in the sign
of the event function [12]; when a sign change in the event function is detected
for a given time step, the solver uses a root-finding algorithm, e.g., bisection, to
locate the time of the event. By selecting the “Terminate on event” button, the
user can indicate to the solver that they want to exit the computation when the
event is detected and return the result. If the “Terminate on event” checkbox is

not selected, the solver will continue until ¢.
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2 4 alpha * x - beta *x *y alpha = 1
X = 10 beta = 04
delta * x*y - gamma * y delta = o

y = 10 gamma = 04
& ODE Events| 4 -

Terminate on event

Figure 4.6: Input for the Lotka-Volterra equations.

Fig. 4.6| we have set the initial values of 2(0) = y(0) = 10. In this example,
we are using both variables, “x” and “y”, in the specification of the ODEs. The
ODE event here is x - y; this event corresponds to asking the software to look for
the points in time at which x =y.

Additional Options

Custom Telerance
Relative tolerance: 1074

Absolute tolerance: 107

Number of points

Default 1000

[T TSN No file chosen Download JSON

Figure 4.7: Additional settings for tolerance and number of output points.

By selecting, “Additional Options”, as seen in Fig. 1.7] the user is able to set
both an absolute and relative tolerance. Directly below the tolerance sliders is a

field where one can set the number of points to be plotted; the default is 1000.
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After that we have two buttons; one is to upload a JSON formatted file. JSON
is defined as JavaScript Object Notation, and is used for transporting and storing
objects [14]. When a JSON formatted file is uploaded, it will fill all the fields
within the interface, including ODEs, parameters, tolerances, etc. The “Download
JSON” button allows for the download of the data that has been entered into the
system. The download button gives the user the option of downloading the plot
data as well. This means that the next time the user uploads a JSON formatted
file, they will be presented with their results without the need to recalculate the
solution. For this example, we use the “Select Algorithm” button to select the

LSODA solver.

Lotka-Volterra

20
= Prey
Predator

23 ® Prey Intersect

® Predator Intersect
20
15
10

5 k
5 10 15 20 25 30

0

Population

Time

Figure 4.8: Numerical solution of Lotka-Volterra equations.

Clicking on the “Calculate” button causes our software to send the problem
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description to the server where the selected solver computes a numerical solution
to the ODE system and then returns it to our interface software. The resultant plot
is shown in Fig. We note that the events have been identified; for each event,
the time at which the event occurs is represented by the red and green points on

the plot.

Lotka-Volterra

15 Prey

& Prey Intersect

10 (14.34316, 9 99687) [ZeNALIIE!

Population

Time

Figure 4.9: Lotka-Volterra solution event.

However, the green points are not visible as they share the same value with
red points, because the event function is x - y. The user can hide and show the
event values by selecting them on the legend to the right of the plot. In Fig. 4.9
we have zoomed in on the part of the plot that corresponds to the time interval
[7,14]. Our software allows the user to zoom into a section of the plot by holding
down a mouse button and dragging over the section. The user can also hover over
an event to see what the (¢, x(¢)) and (¢, y(t)) values are. The user can also hide
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solution components; in Fig.[4.9|we do not show the predator solution component.

Add ODE | Add Parameter | Add Event
Reove o0t

Terminate on event
ODET alpha = 1
alpha * x - beta " x "y

ODE Name 1 Initial Value 1

10

ODE 2 delta = o1

deita™x "y - gamma "y

ODE Name 2 Initial Value 2
10

ODE Events|

System of ODEs

Population

Figure 4.10: Full-page screen for Example 2.

Reviewing the whole screen in Fig. [4.10] we can see how the screen would
look with all the information presented in order to set up this example; the re-
sultant computed solutions are also shown. The user may also want to save their
results for later use. This can be done by selecting the “Additional Options” button

(see Fig. 4.4) in order to download a JSON file. The JSON file for this example is

shown in Fig. .11
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N O AW

"Equations": { "setl": {
"equation": "alpha * x - beta * x x y", "initialVarableName": "x", "initVariableValue": "10"},
"set2": {
"equation": "delta * x * y — gamma * y", "initialVarableName": "y", "initVariablevalue": "10"}
}
"Variables": { "setl": { "VariableName": "alpha", "Value": "1.1" }, "set2": {"VariableName": "beta", "
Value": "0.4" },
"set3": { "VariableName": "delta", "value": "0.1" }, "set4": {"VariableName": "gamma"

,"Value": "0.4"}

b
"Events": {
"eventl": "x - y"

3
"EventValues": |

[ o, , 28.68231856533941] ]

[ [ [10, ’ 9375 4402861,

[10, P 9375643444026
]

]
1,
"Algorithm": "LSODA",
"TimeRange": {"timeStart“: "0","timeFinish": "30", "points": “bUU"L
"Tolerance": {"relativeTolerance": "4m, "absoluteTolerance": "G“},
"Data": {"t": o, ..., 301, "y": [10, 10, ..., 0.23689628593177658, 8.119505654¢
}

Figure 4.11: JSON file for the Lotka-Volterra example. Note: “...” will be replaced

with data points.

Once the user has downloaded the JSON file, they can later upload this file to

an empty page within the GUI. Doing this will auto fill the necessary fields and
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present the data shown in Fig. One important detail regarding the JSON
file should be noted here. Referring to line 23 in Fig. @.T1] the y data structure

specifies the two solution components for each output time.

4.3 Using the GUI to solve a PDE

This section describes how the GUI can be used to solve a PDE. We consider the

One Layer Burgers Equation; this equation is defined as follows.

u(t,x) = euge(t,x) — u(t, v)u,(t, z), e € R,

w1
u(ty, ) = : - %, z € [0,1],
! (12)
tanh ( 2! 1)
u(t,zy) = T - s—, te[0,1],
i-5¢
u(t, xp) = %—M, t€0,1].

In Equation (12), u(t,x) represents the unknown solution that we want to
compute, the parameter ¢ is chosen to have the value 1073, the initial time is
to = 0, and z, = 0 and x;, = 1. The second equation is the initial condition and
the left and right Dirichlet boundary conditions are given in the third and fourth
equations. The time domain is ¢ € [0,1]. We choose default tolerances; this
means that the absolute tolerance will be 10~* and that the relative tolerance will

be 10~%. Now that we have defined the model, we describe how to enter the model
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information into our interface.

Add PDE Add Parameter

Equation 1
= | 0001
eps * wal -ul *uxd =pe

Initial Value

0.5-0.5 " tanh ({x - 0.25) / (4.0 * eps))
Left Boundary

ul*0.5 + 0.5~ tanh((-0.5 * t - 0.25) / (4.0 * eps))
Right Boundary

0.5 * tanh( (0.75 - 0.5* t) / (4.0 * eps)) - 0.5 + ul

Figure 4.12: One layer Burgers Equation; specification of the PDE, the initial and

boundary conditions, and the parameter e.

In Fig. @ we can see the PDE, initial condition, and boundary conditions
entered into the user interface. First we specify the PDE and the parameter €. For
PDEs, we have five reserved variables: x, t, u, ux, uxx; x is the spatial variable, t
is the time variable, and u, ux, and uxx represent u and its first and second spatial
derivatives. The first field allows us to specify the PDE. The next three fields
allow us to specify the initial condition, followed by the left and right boundary

conditions. The field on the right allows us to set the value for the parameter, €.
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B Dirichlet Boundary Condition Time Domain

Additional Options 0

Calculate B

1

Spatial Domain

0
To

1

Figure 4.13: Specification of the spatial domain and the time domain

Fig. 4.13] shows how the user can specify the time range and the spatial do-
main, which for this example is [0,1]. The Dirichlet boundary condition check-
box defines the type of boundary condition. The choice is between Neumann and
Dirichlet boundary conditions. A Neumann boundary condition means that the
boundary condition involves the derivative of the solution. A Dirichlet bound-
ary condition means that the boundary condition depends upon the solution itself.
Since, for this example, we have Dirichlet boundary conditions, the “Dirichlet
Boundary Condition” box should be checked. We use the default tolerances,
which in our case are an absolute tolerance of 10~* and a relative tolerance of
10~*. After all the required information has been input to the appropriate fields,

the user should select the “Calculate” button. This will send the information to the
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server, where a solution to the PDE will be calculated and returned to the interface

software. For this example the computed solution is shown in Fig. {.14]

One Layer Burgers Equation

Figure 4.14: Calculated solution for Burgers Equation.

Fig. .14 shows a 3D plot which the user can rotate and move around by
holding down the mouse button and moving the mouse. The user can also zoom
in and out of the plot by using the mouse wheel. Similar to the ODE section, the

user is able to download the JSON file for post processing.
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Dirichlet Boundary Condition Time Domain

Additional Options 0

B
,
PDE Solver

Spatial Domain
0

To

1

Add PDE Add Parameter

Equation 1
eps = 0001
eps * wocl - ul * uxt

Initial Value

0.5-0.5* tanh ((x - 0.25) / (4.0 * eps))
Left Boundary

u1705 + 05 * tanh((-0.5 * t - 0.25) / (4.0 * eps))
Right Boundary

0.5 tanh( (0.75 - 05 * 1) / (4.0 * eps)) - 0.5 + ul

One Layer Burgers Equation

Figure 4.15: Full-page screen for PDE example.

Fig.[d.15]shows a full screen of the GUI once all data is entered and the solu-

tion is calculated.
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4.4 Summary

This software allows the user to compute numerical solutions to ODEs and PDEs
without the user needing to be able to program. Ultimately, the goal is to al-
low researchers more time to concentrate on the solving the mathematical model
rather than having to have experience in programming. This software utilizes
Scipy.integrate.Solve_ivp for the ODE solvers; it makes use of the Bacoli_py soft-

ware for solving PDEs.

4.5 Future Work

Further work needs to be done to improve error reporting; for example, currently
if BACOLI fails, it will kill the process resulting in the main thread of our software
also being killed. A future timeout feature is currently also needed to eliminate
undesirably long computations. We would like to implement an ability to allow
the user to change parameter values while the software is computing the numerical
solution from ¢, to ;. Optimal parameter selection of ODE and PDE parameters,
as seen earlier in this thesis, is another important capability, and should be near

the top of the list of things to be added to the GUI.
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5 Summary, Conclusions and Future work

5.1 Summary

In this thesis, we considered three scientific computing projects. The first project
investigated a mathematical model [16] associated with the study of misinforma-
tion from the Twitter feed associated with the death of George Floyd. This inves-
tigation included using an error control initial value ODE solver from Python to
verify the results from [16]. The second project investigated mathematical models
[19] associated with information diffusion during epidemics. This investigation
involved a careful study of how well several of the initial value ODE solvers from
Python are able to solve one of the models given the presence of a discontinuity
in the definition of the model. Finally, we described some new work involving the
development of a GUI, called G-ODE-PDE, that allows a user to access the suite
of error control initial value ODE solvers available in scipy.integrate.solve_ivp
and the FORTRAN error control PDE solver, BACOLLI, available through the Ba-

coli_py Python interface.
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5.2 Conclusions

Regarding the mathematical models that are based on the Twitter feed associated
with the riots following the murder of George Floyd, we found that the numerical
solutions that we computed agree well with those that were reported in [[16]. We
accessed the original Twitter feed to collect similar data to what was collected in
[16]] and found that the authors did not include the first 4 hours and 15 minutes
of data. Therefore, in our work, we extended the investigation to include fitting
the parameters of the ODE model to this new data set. We presented a numerical
solution of this model for this extended data set. We observed that the model does
not fit this extended data set as well as it did the original data set.

Regarding the investigation that involved a mathematical model for informa-
tion diffusion associated with an epidemic, we first solved one of the models from
[19] to experimentally verify the results from [19]. We also applied the six initial
value problem solvers available in [12], and found that the presence of a discon-
tinuity in one of the parameters of the model led to some noticeable challenges
for some of the solvers. Even though these are high quality solvers, care must be
taken when these solvers are applied to problems with discontinuities. We showed
that by employing discontinuity detection based on the event detection capability

of the solvers and then using cold starts at the times of the discontinuities, we can
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get more accurate solutions from the solvers and also improve the efficiency of
the computations.

Regarding the G-ODE-PDE GUI, we demonstrated that this new tool allows
the user access to the error control ODE solvers in [12]], and the error control PDE
solver, BACOLLI, accessible through the Python interface, bacoli_py. In particular,
the user does not need to know how to program; this will allow a wider class of
users to have access to these solvers; they simply need to enter the information
required to describe the ODE or PDE system, and then the GUI can compute nu-
merical solutions and provide plots of the solution which can be then downloaded

by the user.

5.3 Future work

Regarding the work considered in Chapter 2, by including the data from the first
4 hours and 15 minutes, we observe that this data exhibits substantially different
behavior than the data that was considered in the original paper [16]. In order
to accommodate this different behavior, it would be interesting to introduce one
or more terms into the ODE model to attempt to represent the kind of behavior
we see in the data when we include the additional data from first 4 hours and 15

minutes. Therefore, future work on this project will involve investigating mod-
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ifications of the ODE system that will allow the solution of the ODE model to
better reflect what the data shows us when the first 4 hours and 15 minutes of data
is included. Another idea for future work would be to modify the ODE system
to allow those in the skeptic population to possibly become part of the exposed
population. We believe this would better model the real world, as Skeptics would
be able to see new misinformation over time that may lead them to engage with
the misinformation.

Regarding the investigation of Chapter 3, the original paper also considers a
more complex ODE system that involves 14 ODEs. Thus future work in this area
would be to generalize our investigation to consider this more complicated model.
As well, we would be interested in examining how the presence of a discontinuity
in this model impacts the performance of the initial value ODE solvers in terms
of efficiency and accuracy.

Regarding the G-ODE-PDE GUI software that we have developed, there needs
to be more work done with exception handling in order to be able to inform the
user of issues that may arise during the computation. There is a new version of
BACOLI, called BACOLIKR, that offers a generalization, to the PDE setting, of
the event detection capability that is available in many high quality initial value

ODE solvers. Therefore, future work could also include generalizing the Ba-

81



coli_py interface to use BACOLIKR [[17] rather than BACOLI and then general-
izing the GUI so that it could provide access to an event detection capability for

PDEs.
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