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Basic compartmental model: SIR

3 compartments

e susceptible .S
e infectious [

e removed R (recovered/deceased)
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Basic compartmental model: SIR

. average number of contacts L
B: corson time Prob(transmission)

“-

3 compartments

e susceptible .S
e infectious [ de

e removed R (recovered/deceased)

Philipp Sauerteig ‘ Modelling pandemics

Institute for Mathematics ‘ ECMI 2021 he ﬁelfl('!' TECHNISCHE UNIIIY“iREShll'I:J



Basic compartmental model: SIR

1

777" . average recovery time
BI
3 compartments
d _
e susceptible S d_é (t) =—=BS)1()
e infectious [ dt (t)= BSHI(t) —nl(t)
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Basic compartmental model: SEIR

7_1 : average incubation time
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4 compartments
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Basic compartmental model: SEIR

1 SIR model
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Basic compartmental model: SEIR

SIR model SEIR model

= susceptible S
e exposed E
= infectious I

0.6+ = susceptible S 0.6
= infectious |

0.4¢ ——removed R 0.4 ==removed R
0.2} 0.2
0 0
0 30 60 90 120 150 180 0 30 60 90 120 150 180
time in days time in days

Philipp Sauerteig ‘ Modelling pandemics

Institute for Mathematics ‘ ECMI 2021 he OSfBIBVII TECHNISCHE UI\IIIIYI\EI';SI\IITJ



Drawbacks of the SEIR model

Model does not account for
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Drawbacks of the SEIR model

Model does not account for

» symptom severity (ICU occupancy)
» demographic influences

® 0n contacts

e symptom severity
« counter measures

¢ social distancing/quarantine
e vaccination
e mass testing

« births and (natural) deaths

» re-infections
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Extension: SEIPHR model

SEIR model
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Extension: SEIPHR model

Symptom severity
transmission probabilities i + M 4 i =1
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Extension: SEIPHR model

Pre-ICU compartment
quarantine
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Extension: SEIPHR model

ICU compartment
p: ICU admittance rate
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Extension: SEIPHR model

ICU compartment
o: ICU discharge rate
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Extension: SEIPHR model

Undetected recovery
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Extension: SEIPHR model

Distinguish age groups
i€{1,2,...,ng} (in particular 3;; and 7;)
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Extension: SEIPHR model

Distinguish age groups
i€{1,2,...,ng} (in particular 3;; and 7;)
Ng = 3: children, adults (most contacts), elderly (high-risk)
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System dynamics

LSilt) =

GEit) =

S0 = 7PE) -t # e (S04
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§Hi(t) = pPi(t) — o Hi(t)

SRit) = MM () + 0t 1)
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System dynamics

L8:(t) = —

LE(t) = > BySit)(t) — vE(t)

=1

SIF(t) = 7/ yE() —n#IT (1) # e {S, M, A}
GP(t) = L7 (t) — pPi(t)
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Extension: SEIPHR model

- -

Simulation results

aggregated values
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Extension: SEIPHR model

- -

Simulation results
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Social distancing

SEIPHR model
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Social distancing

Contact restrictions
control input ¢ : [0, 00) — [0, 1]
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Impact of constant restrictions

Simulation results over 4 years with lift of restrictions after 2 years
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Impact of constant restrictions

Simulation results over 4 years with lift of restrictions after 2 years
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Impact of constant restrictions

Simulation results over 4 years with lift of restrictions after 2 years
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Impact of constant restrictions

Simulation results over 4 years with lift of restrictions after 2 years

S

12 15 18 21 24 27 30 33 36 39 42 45 48

12 15 18 21 24 27 30 33 36 39 42 45 48
time in months

e Philipp Sauerteig ‘ Countermeasures ! A
; . e 1o SPIRIT  TECHNISCHE UNIVERSITAT
Institute for Mathematics ‘ ECMI 2021 of science ILMENAU



Impact of constant restrictions

Simulation results over 4 years with lift of restrictions after 2 years
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Impact of constant restrictions
Simulation results over 4 years with lift of restrictions after 2 years:
2nd wave (no herd immunity)
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Impact of constant restrictions
Simulation results over 4 years with lift of restrictions after 2 years:
2nd wave (no herd immunity)
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Optimal social distancing

Goal: maintain hard ICU cap with as few contact restrictions as possible
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Optimal social distancing

Goal: maintain hard ICU cap with as few contact restrictions as possible

Optimal control problem

6
subjectto  @:(t) = f(z(t),d(t)), x(0) = 2°

ty
min / (1—6(t)%dt
0

g
STH(t) < H™™ Vi >0
i=1

5(_t) €[0,1] Vt>0
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Optimal social distancing

Goal: maintain hard ICU cap with as few contact restrictions as possible

Optimal control problem

. ty 2
min /0 (1 —0(t))=dt
subjectto  @:(t) = f(z(t),d(t)), x(0) = 2°
ZgHi(t) < H™™ ¥Vt>0
i=1

5(_t)€[0,1] Vi>0
3(t) = 6(kAL), te [kAt, (k+1)AL), k=0,1,...

with At = 1 week
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Results

Simulation results

1 social distancing & 1 aggregated values
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Results

Simulation results
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Vaccination

Vaccination of susceptible people
vaccination rate v : [0,00) — Rxq
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Vaccination

Vaccination of susceptible people
vaccination rate v : [0,00) — Rxq
success rate ¢ € [0, 1]
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Vaccination

SEIPHR model
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Vaccination

SEIPHR model
separate undetected recovery

=
=
. .]
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Vaccination

Non-vaccinated part of population
vaccination rate v; : [0, 00) — R>g

X
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Vaccination

Vaccinated part of population
vaccination rate v; : [0, 00) — R>g
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Coordination of social distancing & vaccination
Goal: reduce social distancing
Optimal control problem

. tr 2
min /0 (1 —=0(t)“dt
subjectto  @(t) = f(x(t),0(t) ), z(0) =2

> Hi(t) < H™ i >0

5(t) €[0,1] V>0
S(t) = 8(kAL), te [kAt, (k+ 1AL, k=0,1,...
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Coordination of social distancing & vaccination
Goal: reduce social distancing
Optimal control problem

t 2 2
I%lin / (I—=46(t)°dt + = ||,
sV 0

subject to az(t) = f(x(t),d(t), (1)), z(0)=2z°
ZH (t)+H (1) < H™ Vt>0

5() 0,1 Vt>0
5(t) = 8(kAL), te [kAt, (k+ 1AL, k=0,1,...

t Ne
/Zu, s)ds < V™.t Vi >0
0

i=1
v(t) = v(kAt), te [kAt, (k+1)At), k=0,1,...
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Results
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Results

social distancing &
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Results

social distancing §

h vac

ithout vaccine

time in days

0 90 180 270 360 450 540 630 720

aggregated values
T

vaccination v - V

1
— usage
0.8 R
production Lt
.
0.6 “.-“'
R
s

O L L L L L L L L
0 90 180 270 360 450 540 630 720
time in days

0.01 T
0.005 |- 4
H,,'"
0 1 1 1 L L LYY |
0 90 180 270 450 540 630 720
time in days
12/16 Philipp Sauerteig ‘ Countermeasures ; .
Institute for Mathematics ‘ ECMI 2021 he SPIRIT ~ TECHNISCHE UNIVERSITAT

of science ILMENAU



Results

vaccination v -V

social distancing & 1
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Results

vaccination v -V
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vaccination v -V

social distancing & 1
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Results
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Model Predictive Control

Past ) . . , , Future
+ —t ,
| | N=4 | 1
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| | | I
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| | | I
| | | |
| | | I
| | | I
| | N=4, 1
Control | | | |
| | | I
‘ I | | I
| | | I
g | | | I
| | | 1

1. Measure/Estimate current state and update parameters.
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Model Predictive Control

Past
State

'\sxq s

*~—
Control

- |

-~
| | | 1

1. Measure/Estimate current state and update parameters.

2. Solve optimal control problem on small time window.
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Model Predictive Control

Past
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1. Measure/Estimate current state and update parameters.
2. Solve optimal control problem on small time window.

3. Implement first control instance.
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Model Predictive Control

Past ) \ ) . | Future ,
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1. Shift time step, measure/estimate current state, and update parameters.
2. Solve optimal control problem on small time window.

3. Implement first control instance.
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Model Predictive Control
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1. Shift time step, measure/estimate current state, and update parameters.
2. Solve optimal control problem on small time window.

3. Implement first control instance.
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Model Predictive Control
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1. Shift time step, measure/estimate current state, and update parameters.
2. Solve optimal control problem on small time window.

3. Implement first control instance.
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Closed-loop simulations
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Conclusions & outlook
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« extension of the SEIR model to account for age-dependent symptom severity
and countermeasures
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Pa ramete rs Description Symbol Value
Number of age groups Ng 3
Regularization parameter K 10-3
Removal rate (severe) nS 0.2500
Removal rate (mild) ™M 0.2500
Removal rate (asymptomatic) nA 0.1667
Rate of becoming infectious ¥y 0.1923
ICU admittance rate p 0.0910
ICU discharge rate 4 0.0952
Vaccine production limit max 100, 000
Success rate q 0.9
Age-differentiated parameters
Age group % 1 2 3
Age range (in years) - <15 15— 59 > 60
Relative age group size f 0.1370 0.5776 0.2854
Probability of severe symptoms 7r;9 0.0053 0.0031 0.0302
Probability of mild symptoms 7r,LM 0.1211 0.2201 0.2512
Probability of no symptoms 772‘-4 0.8737 0.7768 0.7186
Transmission rate (age group 1) B1i 0.4612
Transmission rate (age group 2) Ba2i 0.4819 0.6304
Transmission rate (age group 3) B3i 0.1243 0.2944 0.1802
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Closed-loop simulations Il

Impact of prediction horizon N (in weeks) on states
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Minimizing fatalities
Assumption: total number of fatalities o< total number of people treated on ICU

For given 0¢ € [0, 1] solve

min  HY(ts) +  ||v||3

subjectto  HC(t) = ia(Hi(t) + HY (t)), HC0)=0
i=1

= f(z(t),0% v(t)), =(0)=2z"

o(t)
/Z $)ds < V™. ¢ V>0
v(t) =v(kAt), te kAt (k+1)At), k=0,...,N—1

Philipp Sauerteig ‘ Appendix
stitute ematics 2021 he SPIRIT TECHNISCHE UNIVERSITAT
Institute for Mathematics ‘ ECMI 202 ILMENAU



Minimizing fatalities

<107 Jo vi(s)Vi(s)ds (6° = 0.7) <107 Jo vi(s)Vi(s) ds (6° = 0.72)

Time in weeks Time in weeks
) H
1
52 78 104 52 78 104
Time in weeks Time in weeks

 contact restrictions sufficiently strict ~~ vaccinate group with most contacts first

 otherwise ~~ vaccinate high-risk group first ("damage control")
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Impact of V" and ¢

ymax — 1 05

60
. [strict social distancing
3 [ light social distancing
g 40
=
5}
g 20
=

06 07 08 09 1
q

for convenience:

« light contact restrictions: 0.8 < §

Time in weeks

« strict contact restrictions: 0.6 < § < 0.8

« lockdown: 6 < 0.6

/max x10°
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