SENSAI: README file

1 Software requirements
1. MATLAB 7.12.0 (R2011a)

NOTE: This version of SENSAI uses the new MATLAB software called
MuPAD. Since this version is only intended for users with MATLAB 7.12
(R2011a), it is unmaintained. If you have an earlier version of MATLAB, you
must use the other (un-maintained) version of SENSAI, which uses Maple. If
you have a later version of MATLAB, you may use the newest (maintained)
version of SENSAI. Unfortunately at this point, some of the examples do not
work in the newer versions, including this one, as MuPAD is not as effective
as Maple just yet.

2 A Practical Guide to Using SENSAI

There are two basic ways to use SENSAI, directly from the GUI or indirectly
using a MuPAD input file. If the model contains up to four equations with six
parameters, the user may run SENSAI directly through the GUI (see section
2.1). Alternatively, the user may construct and save his or her model in
a separate MuPAD worksheet and run it indirectly through the GUI (see
section 2.2). A glossary of SENSAI terms appears in section 2.3.



2.1 Using SENSAI directly
1. Open MATLAB.

2. Within MATLAB, change the directory to the location in which the SEN-
SAI software has been downloaded. We will call this SENSAT DIRECTORY,
e.g. C:/SENSAI/.

3. Open the sENSAT GUI by typing sensai in the MATLAB command
window.

4. Select check box “Input from GUI?”.

5. Select check box “Iterated nonlinear map?” if the model is in the form
of a map.

6. Select check box “Compute solutions only?” to compute solutions but
not sensitivities and elasticities.

7. Enter a job name to create a subfolder in which solutions will be stored.

8. Enter the model, using [-] to denote vector elements, i.e., MuPAD syn-
tax. (An example of a simple SIR model is provided.)

9. Select “Create MATLAB files using MuPAD” which creates MATLAB
files gvec.m, dgvec_dxvec.m, dgvec_dparam.m, qoi.m and dcp_dparam.m
in SENSAI_DIRECTORY. Wait until a popup box appears that says “MAT-
LAB files successfully created” before continuing.

10. Enter parameter values.
11. Select the desired plots in “Plotting Information” box.
12. Select “Execute MATLAB file created by MuPAD”.

13. SENSAI creates a directory SENSAI _DIRECTORY/JOB_NAME in which it
stores the MATLAB files gvec.m, dgvec_dxvec.m, dgvec_dparam.m,
qoi.m and dcp_dparam.m, the input data, the plots and a binary file
output.mat containing xdim, kdim, tfinal, t, x, p, q, dxdp, dqdparam,
elxp and elqgp.

14. Results from a new run can be saved into another folder in SENSAT DIRECTORY
by changing the Job Name in the second box in the upper right corner
of the sEnsa1 GUIL (E.g. “run2”).



2.2 Using SENSALI indirectly

1. Open MATLAB

2. Within MATLAB, change the directory to the location in which the SEN-
SAI software has been downloaded. We will call this SENSAT DIRECTORY,
e.g. C:/SENSAI/.

3. Open the sSENSAT GUI by typing sensai in the MATLAB command
window.

4. Make sure the check box “Input from GUI?” is unselected.

5. Create MuPAD worksheet Model_Name.mu in what will be called WORKING_DIRECTORY
by copying and modifying templates e.g.,

Examples/ODE_examples/SIR/SIR.mu, or
Examples/MAP _examples/Caswell08/Caswell08.mu.

It is important that the right-hand side is a vector named g and the
variables are in a vector named x, as SENSAI will look for these specific
variable names.

6. Copy the path of WORKING DIRECTORY into the box in the upper right
hand within the GUI.

(e.g. C:/SENSAI/Examples/ODE _examples/SIR/)

Note: The active directory within MATLAB must be the same one that
contains the sensai.m program, i.e., SENSAI_DIRECTORY. This is espe-
cially important for step 8.

7. Execute MuPAD worksheet Model_Name.mu which creates MATLAB
files user_equations.m, user_inputs.m, user plotdata.m, user_qoi.m
and user_parameters.m in WORKING_DIRECTORY.

8. In the SENSAT GUI, select “Create MATLAB files using MuPAD” which
creates the files gvec.m, dgvec dxvec.m, dgvec dparam.m, qoi.m, and
dcp dparam.m in SENSAI _DIRECTORY. Wait until a popup box appears
that says “MATLAB files successfully created” before continuing.



9. Within MATLAB, control of the program is through the files user_inputs.m
and user _plotdata.m, in WORKING DIRECTORY.

(a) Via user_inputs.m, you control parameter values, initial condi-
tions, and the name of the subfolder of WORKING_DIRECTORY in
which you wish to save your work (using “JOB”).

(b) Via user_plotdata.m, you control which solutions (z-values) to
output and plot (using ilist), and which parameters to have their
sensitivities tested (using klist).

10. Within MATLAB in the GUI, select “Execute MATLAB file created by
MuPAD”.

All plots of the solutions, their sensitivities and elasticities are saved
in the subfolder WORKING_DIRECTORY/JOB. All solutions including sen-
sitivities and elasticities are stored in the binary file

WORKING DIRECTORY/JOB/output .mat.

11. Before performing another run using the SENSAT GUI, return to the
SENSAI directory and enter the MATLAB commands
>> close all, clear all
to clear both plots and active memory before continuing. (Optional,
but probably a good idea). Results from a new run can be saved
into another folder in the WORKING_DIRECTORY by changing the name
of “JOB” in user_inputs.m, e.g. JOB = ‘run2’. (This can also be
achieved by changing this line in the MuPAD file but then the MuPAD
file must be re-run and you will return to step 7.)



2.3 Glossary

2.3.1 .m-files used in SENSAI

H Name

Description

sensai.m

Main MATLAB file that controls the SENSAT GUI

mm_interface.m

Main MATLAB file that interfaces MATLAB with Mu-
PAD

gtype.m Main MATLAB function that directs the solving, plot-
ting, and storing of data
gvec.m Automatically generated MATLAB file that creates vec-

tor of right-hand side functions

dgvec_dxvec.m

Automatically generated MATLAB file that computes
derivatives of right-hand side with respect to variables

dgvec_dparam.m

Automatically generated MATLAB file that computes
derivatives of right-hand side with respect to parame-
ters

goi.m

Automatically generated MATLAB file that constructs
quantity of interest and its sensitivity information

rOmatrix.m

Automatically generated MATLAB file that computes Ry
and its sensitivity information

cp.m

Automatically generated MATLAB file that constructs
user-defined parameter and its sensitivity information

Table 1: Names and descriptions of .m-files used in SENSAI




2.3.2 Terms used in SENSAI

H Name H Description H
xdim Dimension of variables x
kdim Dimension of parameters p
tfinal Final time step
imap Logical that defines whether the system is a map or ode

solution_only

Logical that defines whether only the solutions are to be

computed
x0 Vector of initial conditions
p Vector of parameters
ilist List of a subset of variables to be included in plots
klist List of a subset of parameters to be included in plots
iplot Structure that determines which figures to plot
NextGen List of a subset of variables that describe infective classes
RO_only Logical that defines whether Ry is to be computed with-
out its sensitivities
DIR WORKING_DIRECTORY
JOB Folder name where data from a run is stored

Table 2: Names and descriptions of terms used in SENSAI



2.3.3 Variables in output.mat

H Name Dimensions Description H

xdim 1 Number of variables

kdim 1 Number of parameters

tfinal 1 Final time step

p kdimx1 Parameters

t Tx1 Vector of times at which the solutions and
sensitivities are determined

x xdim xT Matrix of solutions at all times #(+)

q Tx1 Quantity of interest

r0 1 The basic reproduction number R,

dxdp xdim x kdim X7 | Sensitivity of variables with respect to pa-
rameters

dqdparam kdimx T Sensitivity of the quantity of interest with
respect to parameters

dROdp kdim x1 Sensitivity of Ry with respect to parameters

elxp xdim x kdim x7T' | Elasticity of variables with respect to param-
eters

elqgp kdim xT' Elasticity of quantity of interest with respect
to parameters

elRO0p kdim x1 Elasticity of Ry with respect to parameters

cparam 1 User defined parameter value

dxdc xdim xT' Sensitivity of variables with respect to user
defined parameter

dqdc Tx1 Sensitivity of the quantity of interest with
respect to user defined parameter

dROdc 1 Sensitivity of Rg with respect to user defined
parameter

elxc xdim x7T' Elasticity of variables with respect to user
defined parameter

elqc T x1 Elasticity of quantity of interest with respect
to user defined parameter

elR0c 1 Elasticity of Ry with respect to user defined
parameter

Table 3: Names, dimensions, and descriptions of variables in output.mat.
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For notation purposes, T is the dimension of time steps MATLAB uses to
solve the system, not to be confused with tfinal. The value T is not a
variable in SENSAL.

3 Defining Rj in SENSAI

For appropriate epidemiological models, SENSAT is capable of automatically
calculating the basic reproduction ratio, Ry, as defined by the Next Gener-
ation method. However, since SENSAI is not limited to infection modeling,
a specific syntax is required so that SENSAI recognizes if a model is compat-
ible with the definition of Ry. The following guide instructs the user how
to edit existing MuPAD templates so that SENSAI will produce Ry and its
sensitivities with respect to parameters and initial conditions.

1. Edit the MuPAD templates to define your model equations.

2. Indicate which equations describe the dynamics of infected classes.
Store these indices in the variable NextGen. Note that NextGen must
be written in matriz syntax. Consider the following examples.

(a) If the model includes three states, S, I, and R, in that order,
NextGen := matriz([2]);.

(b) If the model has more than one equation describing an infected
class, list them in the order they appear. For example, if the
model describes Sy, I, Ry, 52, Is, Ry in that order, NextGen :=
matriz([2, 5));.

(¢) If you do not wish to calculate Ry for the model, define NextGen =
matrixz([0]), or let the first entry of NextGen be 0.

3. If the model has four or more infected classes, you may want to con-
sider computing Ry without its sensitivities. Ry will be a very lengthy
expression for such models, and the analytic derivatives will require a
lot of time to compute. If this is the case, define “R0_only” to be 1. If
you wish to calculate the sensitivities anyway, define “R0_only” = 0.

(While running the SENSAT GUI, you may encounter large delays in
“Create MATLAB files using MuPAD” if RO_only = 0. If your patience



has run thin, you must terminate the program through the task man-
ager. The emergency stop in MATLAB of CTRL+c in the command
window will not work, as the computation of Ry is done externally in
a MuPAD procedure call.)

4. If the analytic expression for Ry is already known, it may be faster (and
more accurate if MuPAD can not solve Ry) to use this expression of Ry
as the quantity of interest (qoi) instead of re-deriving the expression
during the “Create MATLAB files using MuPAD” phase.

3.1 Automatic construction of 7,7,V

1. For ODEs, the Next Generation definition of Ry = p(FV ') where F =
07 (z*) 1 <1i,j < mdescribes new infections and V' = V. (*) 1<
aiL'j 827]'

1,7 < m describes transfer of existing infections, z* is the disease-
free equilibrium, the infected classes are 1,...,m, and p(-) denotes the
spectral radius operator.

2. For maps, the Next Generation definition of Ry = p(F(I—T)7'), where
I is the m x m identity and F' and —T are defined the same as F' and
V for ODEs, respectively.

The following criteria are used by SENSAI to determine the placement of
each term. If the terms of the model will not be placed in the biologically
correct vectors, SENSAI fails to compute the Next Generation Ry.

1. If the term X in an equation describing an infective class involves a
state variable from a noninfectious class, X € F, unless the occurrence
of the noninfectious state variable is part of a sum of all state variables
(that is, the term is scaled by the total population).

Important Note for MuPAD: Within the current release, MuPAD
is not as effective as Maple at analytical computations. There may be
examples (like the Hantavirus model) where MuPAD can not account
for the scaling by the total population. This problem is due to limi-
tations of the subs() command and will hopefully be addressed in a
future versions of MuPAD.



2. If the term X in an equation describing an infective class does not
involve any state variables and is only a parameter, product of param-
eters, or quotient of parameters, X € F. However, if terms like these
exist, the disease-free subspace will not be invariant, and the model
will not have a valid Next Generation R.

3. Every other term X that does not satisfy the above will be placed in
Y for ODEs, or 7 for maps.

3.2 Potential problems with R

There are some examples in which the Next Generation construction of R,
is not valid, or is not compatible with SENSAI. possible problems the user
might encounter when trying to define Rj.

3.2.1 Potential problems with ODE models.

For Ry to be valid, the model must satisfy the conditions of Theorem 2 of
8], specifically:

(A1) The fecundity matrix F is nonnegative.
The transition matrix V' is nonsingular.

(A4) The disease-free subspace is invariant. That is, infection can enter a
disease-free population through a nonzero component in a state that is
identified as disease-free. This can occur in models with background
infection rates, or in models where the infective classes are not identified

properly.

(A5) The equilibrium is asymptotically stable in the absence of disease.
That is, if F = 0, all eigenvalues of the Jacobian of the full system
evaluated at x* have negative real part.

Notice that assumptions (A2) and (A3) of [8] for ODE models are not
automatically checked by SENSAI. These assumptions must be verified by
the user, but are usually true.
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3.2.2 Potential problems with map models.

For Ry to be valid, the model must satisfy the conditions of Theorem 2.1 in
[1], specifically:

1. The fecundity matrix F' is nonnegative.
2. The transition matrix 7' is nonnegative.
The transition matrix 7" is nonsingular.

The transition matrix 7" is asymptotically stable. That is, p(T) < 1.

A

The equilibrium is asymptotically stable in the absence of disease. That
is, p(C') < 1 where C is the Jacobian of the right-hand side of the
noninfectious states.

For map models, the assumption of a unique DFE is not checked by
SENSAI, nor is the condition that F' + T is irreducible. These should also
be checked by the user to ensure a valid Ry. It is difficult to check both of
these conditions, but again, for most models, F' 4+ T is irreducible based on
the structure of 7" having a nonzero main diagonal and a sub-diagonal and
the structure of F' having a nonzero top row.

4 Template Examples

4.1 MAP Examples
4.1.1 Caswell 08

This model can be found in [4]. It involves two stages, juveniles (z1) and
adults (x2) and the map

x(t 1) = ("1(1 ~7) f) x(1).

o17 02

. . . ~ _aT . .
where the juvenile survival o1(x) = e~ *, where e is a vector of ones, o9 is

the adult survival, v is the maturation probability, and f is the adult fertility.
The parameter values given are (f,7,d,09) = (0.25,1/15,0.98,0.95).

The main purpose of this model is to verify that SENSAI gives the same
equilibrium and sensitivities to those mentioned in the paper. This model
also serves as a template for MAP examples.
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4.1.2 Hantavirus

This model is from [1]. It involves susceptible and infected male and female
rodents. The map is

Sm(t+1) = g + e—ﬁmfm“)—ﬂfff<t>sm(t)} D(N)
La(t+1) = | (1 — e Prin®©=BrIr )G (1) 4 Jm(t)}D(N)

‘B
Sp(t+1) = |5 +e Brim®=Brlr(t) G (1)

I{t+1) = [(1 = e Prin- fff<t>>sf<t>+ff< >] (N) |

where the logistic growth is scaled by

K

PO = Fremn

where K is the carrying capacity and N is the total population. The birth
function is the harmonic mean

2bN,, Ny
B (N m N f ) - Tﬂ
where N,,, = S, + I,,, is the total number of males, Ny = Sy + I is the total
number of females, and b > 0 is the average litter size, k£ is the number of
contacts that result in an infection, and f3,, and 3y are the infection rate con-
stants of males and females, respectively. Parameter values are not provided
n [1], but some reasonable values are K = 1000, 5 = 0.09, 3,, = 0.9, and
b=06.

The main purpose of this model is to verify that SENSAI gives the same
value of Ry as provided by [1]. This example exhibits two common practices
in model formulation which SENSAI performs extremely well in the Maple
version. First, every term is scaled by the total population N. Second, the
infection rate is given by a probability of an infection occurring. Unfortu-
nately, while SENSAT handles the second issue, it is not able to handle the
first. This is due to limitations in MuPAD’s subs() command.

As an illustration, consider the following term. Suppose there are two
states x1 and x5 and the term under consideration is p1xo/(p1 + 1 +x2). If 29
is the infectious state, then this term belongs in V, since the only appearance
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of a non-infective state is in the denominator, which is just a scaling by
the total population. This illustrates what occurs for the Hantavirus model
with the scaling D(NN), with p; acting as K. While the Maple command
subs (term, x4z = N) converts this term to pyzo/(p1 + N), the identical
MuPAD command does not. If p; were not in the denominator, the MuPAD
command would work as desired. Unfortunately, the computation of R for
models with the scaling of the total population is not available in the MuPAD
version of SENSAI, although it is available for the Maple version.

4.1.3 Six Stage Genetics

This model is based on [4], adding partially dominant selection based on
viability and two alleles. The full model is explained in detail in [7].

4.2 ODE Examples
4.2.1 SIR
This model is a typical SIR model with logistic growth.

dsS N )
— =rN(1-=)—-p3SI—
=T ( K) BSI — 48,
dl

— = BST — I — pul — 61

dR

— =~ —4§

ar ! R, J

where N = S + I + R is the total population at any time ¢, r is the per
capita growth rate, K is the carrying capacity, 8 is the infection rate, J is
the natural death rate of the species, 7 is the recovery rate, and pu is the
disease specific death rate. Some reasonable parameter values are r = 0.5,
K =1000, 3=0.1,0 =0.2, vy = 0.02, and p = 0.1.

The main purpose of this model is to demonstrate the calculation of Ry
for a standard ODE infection model which can be easily verified by hand.
This model also serves as a template for ODE examples.
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4.2.2 SI (Indirect Transmission)

This model is an SI model that involves indirect transmission of the infection,

and is is N
N1
a ( K)

dl

il N |
0 B -7

where N (t) = S(t) + I(t) is the total population, r is the per capita growth
rate, K is the carrying capacity, (3 is the background transmission probability,
and 7 is the recovery rate.

A detailed explanation of this model can be found in [6]. Parameter
values may be chosen as r = 0.5, § = 0.8, v = 0.02, and K = 1000.

The main purpose of this model is to show that models with a back-
ground (indirect) transmission of the disease through the environment or
some alternative source do not have a valid Ry.

4.2.3 Plague

This model is given by [3]. The first three classes are the SIR classes of rats,
N is the average number of fleas living on a rat, and F' is the number of free
infectious fleas that are searching for a new host. The system of ordinary
differential equations is

. T S )
SR:TRSR 1——R +TRRR(1—]?)—dRSR—ﬁR—RF(l—G_aTR)
Kpg Tr
ro_ SR —alRr
IR—ﬂRT—F(l—G )-(dR+mR)IR
R
. Tk
Rr=rprRpr|p— n +mprgrir — drRr
R
. N dp —aT
N=rpN|1—- — —F(l —e “E
rp ( KF) + Tn (1—e )
F = (dg +mgr(1 = gr))IgN — dpF

/

where Tr = Sg+ Ir + Rp is the total size of the rat population, rg is the net
rat reproduction rate, K is the rat carrying capacity, p is the proportion
of offspring that inherit the disease, dr is the natural rat death rate, Or
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is the transmission rate from rats to fleas, mp is the rate that rats leave
the infected class, ggr is the fraction of rates that become resistant, a is the
searching efficiency of the fleas, rg is the net flea reproductive rate, dp is the
natural flea death rate, and K is the flea carrying capacity.

4.2.4 Dengue

This model is given by [5]. It is an SEIR model that describes the dynamics
of dengue fever, an infection carried by a vector, mosquitos. The equations
are

dsS )
d_tH =y — AgSu — puSu

dFE
d_tH =AuySy — (og + pu)En

dl

d_f =opgEy — (Tu + by + )l
dR
d—tH =Tyly — LLHRH

dS

d_v = Ily — Av Sy — uv Sy

t

dE

d_tv = Ay Sy — (ov + pv) By

dl

—~ =oyEy - (v + oy )1y

dt J

where \g = CNLHV(nVEVjLIV) is the human infection rate, Ay = CNL;(nHEH—I—
Iy) is the vector infection rate, and Ny = Sy + Ey + Iy + Ry is the total
human population. The other parameter values and interpretations can be
found in Table 4.
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H Parameter H Numerical Value \ Interpretation

1% 0.0195 1/py is average human lifespan

oH 0.5300 Rate of transfer of exposed to infected hu-
mans

Iy 10 Human recruitment rate

Ox 0.9900 Disease specific human death rate

N 0.9900 Infectiousness factor of exposed to infected
humans

TH 0.2000 Human recovery rate

Ly 0.0140 1/py is average vector lifespan

oy 0.2000 Rate of transfer of exposed to infected vec-
tors

Iy 30 Vector birth rate

% 0.0057 Disease specific vector death rate

nv 0.9800 Transmissibility factor of exposed to infec-
tious vectors

Chuv 0.038 Infection rate of mosquitoes

Table 4: Parameter Values for Dengue Model.

An interesting initial condition for the model is xg = (E—g, 0,0,0, E—“/’, 0,200),
which will show that even though Ry < 1, infection may still persist in the

population.
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4.2.5 Typhoid

This model is given by [2]. It is a 9-stage SIR type model with the variables

as described in Table 5 and the model equations are

Ty = —(p12 + p13)T1Y + pa1Ta + P5125 + Pe1T6 + Ps1Ts + Por1Te — Ty + )

Ty = p1aT1y — (pas + paa + pas + 1) T2 + psas
Ty = p1321Y — (P32 + paa + p3s + 1) T3 + pasa

Ty = pPouTa + p3axs + Psas — (a1 + pas + pas + pas + 1) T4

L5 = Pasy + P35T3 + PasTa — (P51 + Psa + Pss + 1) 5
Te = pasTa — (Po1 + Pe7 + Pos + 1) T6

Ty = Perle — MUT7

Ty = pPag®s + Psss + Pese — (Ps1 + Pso + 11)Ts

Tg = psoTs — (Po1 + 11)Tg.

Parameter values are given in Table 5.

H Name \ Description

T
T2
T3
Ty
Ts
Zg
Z7
Tg
L9

susceptibles

incubating noninfectious
incubating infectious
sick infectious

sick noninfectious
temporary carrier
permanent carrier

short resistance

long resistance

Table 5: Variables for Typhoid Model.

This example demonstates SENSAT’s ability to implement a large system
and compute Ry effectively. In this model, states x5 through x; are considered
infective, so the next generation matrix is a 6 x 6 matrix with analytical (not
numerical) components. Parameter values can be found in Table 6.
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H Parameter H Numerical Value \ Interpretation

D12 8.43381 x 10~° | Infection rate

013 8.51900 x 107> | Infection rate

P23 2.85720 x 10~ | Transfer rate from state of incubation
P24 6.78585 x 1072 | Transfer rate from state of incubation
P25 7.14300 x 10~* | Transfer rate from state of incubation
P32 7.14300 x 10~* | Transfer rate from state of incubation
P34 6.42870 x 1072 | Transfer rate from state of incubation
P35 6.42870 x 10~ | Transfer rate from state of incubation
P41 3.46000 x 10~ | Transfer rate from state of sickness
P15 3.46000 x 10~ | Transfer rate from state of sickness
P46 3.46000 x 10~3 | Transfer rate from state of sickness
048 2.40124 x 10~2 | Transfer rate from state of sickness
P51 3.46000 x 10~3 | Transfer rate from state of sickness
P54 6.92000 x 10~3 | Transfer rate from state of sickness
P58 2.40124 x 1072 | Transfer rate from state of sickness
Pe1 1.11100 x 10~% | Transfer rate from temporary carrier
P67 3.33300 x 10~3 | Transfer rate from temporary carrier
P68 6.66600 x 10™3 | Transfer rate from temporary carrier
ps1 2.74000 x 10~* | Transfer rate from short resistance
P89 2.46600 x 10~ | Transfer rate from short resistance
Po1 2.74000 x 10~* | Transfer rate from long resistance

i 5.48000 x 107> | Overall birth and death rate

Table 6: Parameter Values for Typhoid Model according to Bailey, all units

are days~'. Note that each p;; is a transfer rate from state i to state j.
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