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System Dynamics

* In this class, we shall introduce a new Dymola
library designed to help us with modeling
population dynamics and similar problems that
are described as pure mass flows.

« The system dynamics methodology had been
Introduced in the late sixties by J.W.Forrester as a
tool for organizing partial knowledge about
models of systems from soft-sciences, such as
biology, bio-medicine, and macro-economy.

December 13, 2012

© Prof. Dr. Francois E. Cellier SRS T —




ETH IMathematical PMobdeling of LPHhy3ical ©ystems

Ciagendssische Technische Hochsthule Tdrich
Swiss Federal Instiute of Technology Rurich

Table of Contents

 From bond graphs to system dynamics
* EXxponential growth

 Levels and rates

e Gilpin model

o Laundry list

e System dynamics modeling recipe

o Larch bud moth

e Influenza

December 13, 2012

© Prof. Dr. Francois E. Cellier SRS T —




ETH IMathematical PMobdeling of LPHhy3ical ©ystems

Ciagendssische Technische Hochsthule Tdrich
Swits Federal Institute of Technology Rurich

From Bond Graphs to System Dynamics |

 Remember how we have been modeling convective flows
(mass flows) using bond graphs.

Q3
Emﬁ smk
= — = -
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From Bond Graphs to System Dynamics I

* |f we weren’t interested, where the energy came from, we
could leave the pumps out, and replace them by flow

sources.
> =
=
Se —== 1 F=> O —=> 1 == Se
= e
e, = e(t) f=ft) | | 9@ =T-T | ¢ =) e, = e(t)
e=C(q)
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From Bond Graphs to System Dynamics |11

e |If we furthermore aren’t interested in the efforts at all, the
effort equations can be left out, and all the bonds become

activated, I.e., turn into signal flows.

=e=1
S

=0="1

1
T
= O =

= =
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f, = (t) der(q) =1, -1, f, = f(t)

J

December 13, 2012

© Prof. Dr. Francois E. Cellier

Start Presentation

5>



ETH

Ciagendssische Technische Hochsthule Tdrich
Swiss Federal Instiute of Technology Rurich

IMathematical PMobdeling of LPHhy3ical ©ystems

From Bond Graphs to System Dynamics 1V

e Forrester introduced a graphical representation tailored to
exactly this situation.

SC D =
;
Se- 1 -0 - 1 -2
| |
Lewell
TE
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Exponential Growth Model

o Let us start by implementing the simple exponential growth
model that had been introduced two classes ago:

P=BR-DR
BR = Kgg - P
DR =kKgy - P

Source and sink elements
are provided for optical
purposes only, because
the systems dynamics
modelers are used to
them. However, these
models do not contain
any equations.

Fopulation

Birth_Fate

#0 = x0

W

December 13, 2012

© Prof. Dr. Francois E. Cellier SRS T —




ETH

Ciagendssische Technische Hochsthule Tdrich
Swiss Federal Instiute of Technology Rurich

IMathematical PMobdeling of LPHhy3ical ©ystems

_evels

» Levels represent the state variables of the system dynamics

modeling methodology.

Etevel- Systembynamcs RETET
B Fle Edit Simulstion Plot  Animation Commands  Window  Help =
QA& W " mey AR L -&-H[N,|=-
R~ ¢ »m@HEE[0: -]
E— — Hlblock Level
EHE'—- A jﬂi temDynomics.Level - [Diaoramn ;@ﬂ Packages |AI parameter Real xz0;
Eaa W MD':-'E:;A__Ti'z"' hy Ei= = g 1 mndm o == output Real level;
B-¢seEHEE " = Dﬁuu@plﬂfmoiy A ._ﬁ'_,g,j.j_::i('_'.g_:v_ > Monlin_3 =
name E* ?lﬂﬂﬂ £ [ ]‘ Source ;E:"at' =
Sirk. |
i i level b
0 0 ::d ,E-El ‘ | ’l K | end Lewel;
XU=X —’ il T %1 Line: 1| Modeling | P Simulation I
2 © VA |
i 21|
e General | I Add modifiers I
Camponent loon
T T Mame  [Integrator] Integrator
—
Commen 13 I > /
Model =
. . :‘ly Fath FModelica Blocks Continuous |ntegratar
Th IS Is an I n Po rt d raWn the {’I_Iﬂ l Comment Output the integral of the input zignals
il i & & .
- 3 T} Ve Pararme! ters
wrong way for optical [[f = C L
- w_stark I =0 » Start walues of integratars
reasons. An explanation
T - ak Info I Cancel I
follows shortly.
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Rates |

o Rates represent the state derivatives of the system
dynamics modeling methodology.

:-:m_l Spsteminmamics Kate. | - {lron] .-JQIZ!I SiRate_1 - SystemDynamics.Rate 1 - [Diagram =180 1 -

e ,fl.Dc-f}'.-\l_ﬁvﬁ.v:':' et REF 5 = B Rate_1 - SystemDynam ! (0]
:; E nal!izzlﬂ 5 %) II!E o B Fle Edt Smulation Plot Animation Commands Window Help i ._|5’ | ]
mp’u,.m By o b JJB'"-EQ@ \QJJNI.VAli*!*ﬁ’h M

a- name Do B¢ v mEAELE
Y B Hlblock pate 1
Lewel
_I Packages |A| -output Beal rate;
% Rate 2 i =
- = E{::]Slnk equation
EE AR AL i L L Level b
———— > }I;ate = y;
= Fate 7 T||end Rate 1;
AR IEALS
Line: 1| [ Modeling Simulation
= ¥ y
A
Mndehng
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Rates |1

e For convenience, rates with multiple additive inputs are
also provided.

Notice that this is an
OutPort that was drawn in
reverse for optical reasons.

Whereas mass can be
envisaged to flow from the
source to the level at a rate
controlled by the rate valve,
the flow of information,
however, is from the rate to
the source.

< T o
GH'\&\?HDC)J’AI - g | B = .FI Edit Simulation P\ jmation Commands Windaw Help =18 =
'&**-SEI'I___! - HwﬂQéH”MﬂDO@AIJ D~ Z-
— B~ mEAHEEm =

4B sk |

e Packages :

A name B

B Rl - Level

B Reed

et — - I Rale_1
i {greez ]

o - B Rate 3
[Copioms ] SR

Epirniyromies Foue 7
Fre] .

:x‘ B Rate 5 j
) IR AEATY| : §
Ay m D i D

amparnents
- stemUynamics. ale_,
, EAddl =

8 ]| o= g
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« Also available are rate gauges with built-in limiters, e.qg.

Rates |11

valves that let flow pass in one direction only.

EEEE-"E'_"’"“'E":_' - [luasi}

=inix =
ry b o =01 EIRRate - SystemDyna o |m] o4
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« Also available are levels with overflow protection and with
protection against pumping from an already empty storage.

L evels |1

clLevel

cinflow cOutflow
w0 = 20
_/_ -—I/ v (S _/_
/ \

full.

A Boolean variable that is
set false when the tank is

Another Boolean variable
that is set false when the
tank is empty.
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The Gilpin Model |

 We now have everything that we need to create a system
dynamics version of the Gilpin model.

S T B o Z==| This model can be compiled.

12 HAS RN/ OOC ARMS- 2T =B+ +=EHE S0 o

=l
—_ =
Packages I:I _Igl_l
=
[ ] Constants Syntax Error Translation I Dialog W|
[]@Elaclnca\ - . e 9 y - Tranzlation of Gilpin. Gilpin_ kModel:
= (G leons = = DA E hawving 125 scalar unknownz ai 125 scalar equations.
& [ Math STATISTICS
B o Mechanics )
& JMedia Birth_2 Prey.2 Desth_2 Original kodel
oo {3 Mumber of components: 41
3 (] Slurits ) “ariables: 156
B o Stateliraph Constants: O
& Th ' Parameter=: 31 [31 scalars)
[P Thermal g Urnkrnowns: 125 [125 scalar=]
b [T Utilities @ Differentiated wariables: 3 scalars
- Unnamed A Equations: 125
£ [ SystemDynarmics @ Montrivial : 108
R ser's Guids e
B [ Interfaces Translated MModel
b (] swsiliary Coaonstants: O
- Free parameters: 28 scalars
[+ Functions {
g Farameter depending: 3 scalars
Bl [Levels Irputs: O
[+ [] Rates COutputs: O
i Sources Continuous time statfs: 2 scalars
Time-varying variablg&s: 17 zcalars
[H [T IndustriaiDynamics Aliaz wariables: 108 =Nalars
1 (7] PopulationDynamics FHurmber of mized reals/d ems of equations: 0
worldD Sizes of linear systermnms of equations: {1
B [ worldDynamics Sizes after manipulation of the linear spstems: { }

Sizes of nonlinear svstems of eguations: { }
Sizes after manipulation of the nonlinear systems: { 1
MHurnber of nurnerical Jacobians: O

=[] IntroductonyE samples

|

[ Hair_Lur_lnteraction

[CQinfluenza Finished
g Sugar_Cane A4 empernment StopTime=5000 Tolerance=1=-010
- Finished
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a
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The Gilpin Model 11

Experiment § 2|

General Ilranslation |Qutput |erug Igompiler Bealtime |

Experiment

Mame |Gilpin_todel

Simulation interval

Stark time |0

p—
Stop til‘e h00o ’
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(dymosim input file)
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Minimum integration stepsize
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= plot [1°]

Prey_1 lewel

The Gilpin Model 111
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The Gilpin Model IV

* What have we gained by representing the Gilpin model in the
system dynamics formalism?

Absolutely nothing!

Systems dynamics has been invented as a tool for graphically
capturing partial knowledge about a poorly understood system,
generating a model that can be successively augmented, as new
knowledge becomes available.

p—

System dynamics is not particularly useful for implementing
an already fully developed model, such as the Gilpin model.
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The Laundry List

. m dynami | '
System dynamics, just I_|ke L evels Rates
any other decent modeling T Ao
methodology, always starts
out with the set of variables | Population Birth Rate Death Rate
- Money Income Expenses
to be used in the model, Frustration St;fess Affection
: Love Affection Frustration
eSpeCla”y the levels and the Tumor Cells Infection Treatment
rates. Inventory on Stock Shipments Sales
Knowledge Learning Forgetting

Population

Material Standard of Living
Food Quality

Food Quantity

Education

Contraceptives

Religious Beliefs

Birth Rate:

For each of the rates, a
list of the most influential
variables is created. This
is called a laundry list.
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System Dynamics Modeling Recipe

 We always start out by choosing the levels to be included in
the model. These must be quantities that can be accumulated.

 For each level, we define one or several additive inflows and
one or several additive outflows. These are the rates.

* For each rate, we define a laundry list comprised of the set of
most influential factors.

e For each of these factors, equations are generated that relate
these factors back to the levels, the rates, and other factors.
These equations are created by using as much physical insight
as possible. Algebraic loops are to be avoided.
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The Larch Bud Moth Model |

e We shall now attempt to come up with a better model for
describing the population dynamics of the larch bud moth
making use of the systems dynamics modeling methodology.

 \We stipulate that the insect/tree interaction Is the dominant
Influencing factor regulating the population dynamics of the
larch bud moth. We assume that the influence of the parasites
Is of second order small, and can be neglected.

 We shall try to come up with a model based primarily on
physical insight.

e Curve fitting shall be used, but limited to local measurable
properties only.
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The Larch Bud Moth Model |11

e The insects breed only once per year. They lay their eggs onto

the branches of the larch trees in August.

The eggs then

remain In a state of extended embryonic diapause until the
following spring.
 Hence It makes sense to use a discrete-time model, I.e.,

describe the population dynamics of the larch bud moth by a
set of difference equations.

e To this end, a discrete level model is being offered as part of
Dymola’s SystemDynamics library.
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Discrete Levels

e Discrete levels are another form of state variables for the
system dynamics modeling methodology.

jjJ j,_l_ DlscreteLevel SEtemﬁamlcs.Levels.DlscremLevel - [Modelica Text] _ = | = 2

B File Edit Simulation Plot Animation Commands Window Help

bPlock DiscretelLevel

SEEHAS W " mey ABL--(FF = -+ =0 BEE 0%

Packages -

"Discrete level of the System Dynamics methodology™

= [ SystemDynamics
¥k User's Guide
[ Interfaces

output Real lewvel (Start

1 Awaliary

=]
[# [ ] Functions =
egquation
= Levels
ﬁ rate_in = wul;
= Level o rate_out = ul2;
= ClLevel m vl = pre(lewvel) ;
[ = Z2 = r - -
EDlscreteLevel ¥ pre(level):
—’ ¥3 = pre(level)

= Reverse_Level

UL LIS T S

= Levella 5 pre(level) ;
B Clevella whe gample (h, h) then
lqwel = pre(level) +
B Levellb sl end WIISTLF
[ =N ][ ][ ‘ ] * [ [ ] end DiscretelLewvel;

i

parameter Real =®x0 = O "Initial condicion™;

parameter Real h=1.0 "Sampling rate™;

=x0) "Di=screce =2tcate variakle"™;
output Real rTate in "Inflow™:

output Real rate_out "Cucflow™;

p* (rate_in - rate_out):

Line: 17 | & Modeling v Simulation

The when-clause is executed for the first time at
time=h, then once every h time units.
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The Larch Bud Moth Model 111

* There are two discrete state variables: the number of eggs,
and the raw fiber, which the insect larvae use as their food.

MewEgos

el

Eggs

OldEggs

x0 = eggl

B e

MewFiber

C}—ﬁ—*

Rawfibar

‘ OldFiber

=0 = rawwfiberl

|

N e

Since both the eggs and
the needle mass are being
replaced every year, the
old eggs and old fibers
simply all go away. Thus,
the outflows are equal to
the levels.
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The Larch Bud Moth Model 1V

 During the fall, the eggs are preyed upon by several
species of Acarina and Dermaptera.

« During the winter, the eggs are parasitized by a species of
Trichogramma.

« The surviving eggs are ready for hatching in June.

* The overall effects of winter mortality can be summarized
as a simple constant.

Small_larvae = (1.0 — winter_mortality) - Eggs

winter_mortality = 57.28%

: : Start P |
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Gain Factors
* Gain factors are modeled as follows:

= Gain - SystemDynanics, Gain - [ ;_II_IZLI — =1 =]
& Fie Edt Smulstion Plot Animstion Commends Window Help -8 x| x - 2 X = 5 z
ERQE e/ Oo A .i'g'ﬁﬁ = E Filz.  Edit Simulation  Elob  animation Commands.  Window  Help __| E[il
(%~ ¢ »mSAEE™ - |l "l QLS (W2 =me e A H L - [h,| =
| =
| B~ 4 » m S HEH =[x =]
P ZHlricck Gain
ig;’:ﬂif Packages I‘I -paramet.er Feal ki
i ByFunct - Y Const — .
J - B> Funct w = k*u;
retel evel |.|:|. Gain |_| end Gain:
2 - Linear _I
> —_ S =1 Haktching i il ||
k k = e | | =l a L
General I Add maodifiers I
Component —lzon
rame IHatching
Carmnment I .
nal I |e radel Zain
4 Fath SpztemDynamics. Gain
Carnrent
FParameters
k. I 1.0 - wintermortality »
OFk. I Irfo I Cancel I
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larvae have no food.
 This is called the incoincidence factor.

The Larch Bud Moth Model V

 Whether or not the small larvae survive, depends heavily
on luck or mishap. For example, if the branch on which
the eggs have been laid dies during the winter, the young

Large_larvae = (1.0 — incoincidence) - Small_larvae

« However, the Incoincidence factor 1S not constant.

depends heavily on the raw fiber contents of the biomass

of the tree.
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Linear Regression

A linear regression model was used to determine the
Incoincidence factor from measurements:

incoincidence = 0.05112 - rawfiber — 0.17932

e =l Linear - Sysl:en _ o] x|
B File Edit 5IIT|LI|E||:II:II'| P'I-:ut Animation  Cammands  Window  Help =|.5] x|
Q& [ W mevARL &-HF,|[=-
|I%a~ 4« =@ HEZ| 00z -

1 % b1lock Linear
F'ackages I:I parameter Real m "Gradient":
E'Fun-:t parameter Real kb "Offset";
=
|
Dﬁam ecpaation
|.Llnear I—l + = m*u + b;
HE I — I T tal auo | ;I end Linear:
R | el P
Line: 1 | [ Modeling Sirnulati
ine . “® Simulakion 4
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The Larch Bud Moth Model VI

e Hence we can model the population of large larvae using
two “linear regression” models In series, followed by a
two-input product model:

incoincidence = 0.05112 - rawfiber — 0.17932
coincidence = (-1.0) - incoincidence + 1.0
Large_larvae = coincidence - Small_larvae

: : Start P |
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The Larch Bud Moth Model VI

 |Insimilar ways, we can model the entire egg life cycle:

Small_larvae = (1.0 — winter_mortality) - Eggs
Large larvae = (1.0 — incoincidence) - Small_larvae

Insects = (1.0 — starvation) - (1.0 — weakening) - Large_larvae
Females = sex_ratio - Insects

New_eggs = fecundity - Females

« The animal population is further decimated, either because
the large larvae don’t have enough food (starvation), or

because they were sick already before (physiological
weakening).
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* Notice that we essentially created a physical model of the
entire eqgg life cycle.

e Curve fitting i1s only used locally to identify linear
regression models of measurable physical guantities.

incoincidence = 0.05112 - rawfiber — 0.17932

weakening = 0.124017 - rawfiber — 1.435284

fecundity = -18.475457 - rawfiber + 356.72636

 The sex ratio Is constant, whereas starvation depends on
food demand and tree foliage (food supply):

sex_ratio=0.44

starvation = f, (foliage, food_demand)

food _demand = 0.005472 - Large_larvae

: : S P i
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 |Insimilar ways, we can model the life cycle of the trees:

New_rawfiber = recruitment - rawfiber

where:

recruitment = f, (defoliation, rawfiber)

defoliation = f, (foliage, food_demand, starvation)
foliage = specific_foliage - nbr_trees
specific_foliage = -2.25933 - rawfiber + 67.38939
nbr_trees = 511147
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LBM - SystemDyvnamics.PopulationDynamics. — 13 =]
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leEHda&ES R ~yOoor AR L-B-11, | =Z~[|Ba-«+ »=8HE =10 -
=
FPackages I AI
=] SySte':“Dyn_am'CS e Egos Egas OldEgn=
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» We started out by deciding on the formalism itself, i.e., we decided
that we were going to use discrete rather than continuous levels.

* We then identified the number of levels, I.e., the number of quantities
that can be independently accumulated. In our case, we decided on
using the eggs and the raw fiber as the two state variables.

e We then identified life cycles for the two levels.

« We limited curve fitting to identifying locally verifiable relationships
between variables, which In our case turned out to be linear regression
models.

e This provided us with an almost complete model. There are only three
laundry lists: f;, f,, and f; that require further analysis.
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Functional Relationships

» The SystemDynamics library offers three partial blocks for capturing
functional relationships, one for functions with a single input, one for
functions with two inputs, and one for functions with three inputs.

Nonlin_2 - SystemDynami =10l x|

S File  Edit  Simulation Blot - Animation: Commands  Window  Help ;|i|_|
IZHQAS | | mey ARL-&-H"|=Z-
By~ ¢« @ BHAB &0z -]

x| partial block Nonlin 2

Eapkgges ﬂ =
E"DN':'”"”J 1 e-nd Nonlin 2;
g--DNnnlin_E

: Ty Monlin 3 =

(e ElelP[n]

Line: 1| B Modeling " Simulation
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This block was used to create a model for the starvation:

[ J
: ~18]x =) Starvation - Larc__j_'__,_ Motk - O] x|
rsuﬂ.én'{?;fuov;\lfg_ iy - (B¢ e@BEE® o TN
Em— o File Edit Simulation  Plak .ﬂ.mmatu:un Commands  Window  Help - | 8] =
s
o4 lzEdQE |/ meoey AR L-&-HN, =~
{E) ez
ey b i |Ba~ 4« > m S HEBE[00: -]
Do | u
[:}ielewm I _I hlack Starwvation
§;~I:mu J _ Packages :I extends ESvstemDynamics. Interfaces.Nonlin &
[ Zlel|n y - f(u1 1u2) 7 T T output Peal foliage:
= .
- "Lir‘lE!-Elr outbput Beal fDDd_dEI!lEIld,
u2 oubput Real starvation:
- Dizcretelevel =
= ﬁ LarchBudidoth egquation
. foliage = wul;
DStawatmn food demand = uZ;
M ; -- D D efoliation J starvation = expi{-foliage/food demand):
E}Grecr _I o= Etarvs-ttlnn;
end Starwvation;

AR IE2L Y

Line: 1| [ Modeling " Simulation
— 4

Start Presentation <][>
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o . T =lax=l
FHOES V¥ /OO0 FARZE-B-11h B~ = E Fil=  Edit  Simulation  Plot  Animation Commands Window  Help o | E'[ =
=}

-¢vecnac e QS (W2 -w e A WL & [, [=Z-|
- — name jfa- ¢ > = 8 H B =T

block Defoliation
I A| extends SystcemDynamics. Imterfaces_ Momnlin 3:

Fackage=s

ocutput Real foliages
. Lir==p ocutput Real food demand:
ocutpuat Real starwvatiomns

cutputs RBeal defoliation:

= Dizcretelewel

[ LarchBudioth =
- f(u1 ,u2,u3) H > Starvation eq‘;a::f'on N
— cliage = wul:z
| Defaliation | food demand = uz:
> Greor starwvation = u3;
defoliacion = (1.0 — scarvacion)*(food demandsfoliagel :
" Logarithm -1 v = defoliation:
> = EEEI & | ¥ | ||| == pecoriavion:
Limne: 1 | Modeling I 4 Simulakion I
— udrokh.Gre 2 Text =10 =]
B Fil= Edit Simulation  Plot  gnimaktion Cormmands  Window  Help =] =

iy . _ el Qs [ W) mee A B _ZL- &1,

SR P %~ + » = S HE =0

B-++mSAEE W

-

2 block Crecr
Packages I:I extends SystemDynamics. Intcerfaces_ HNonlin Z;
H e output Real defoliastiorn "First impuat™ o
-} Gain ocutput RBeal rawfiber "Second dnpuat";
output Real =raw "Auxiliary wariable";
- {E=} Linear output Real grecrl "Auxiliary wariahle":
- =k Dizcretelewvel ocutput REeal grecrZ "Auxiliary wariable";
cutput Real recr? "Auxiliar wariahle" ;
=l [JILarchBudrdath outEut Deal grecm "Auxiliari wariakle" :
..DStafvatiDn oucput Real grecr "Oucput variable;
- I D efoliation =
=
| Grea equation
Tucuioh e - > Logarithm defoliacion = ul;
+ Wilorie 2 - Sysienly. L LEM rawfiber = wuZ;
- =Zraw = 0_4ZE + =sgre{(1l2.0 - rawfiber) /max{[{rawfiker - 11l.93;"~2, O_.011};}
IE. |:||:||:|I * I *I I grecrl = if =raw * rawfiber — 11.23 then 11 23 7srawfiber el=se 1.0 — =Zraw,
x| rawfiber ;
grecrZ = if rawfiber = 11_.29 themn grecrl =ls= 1.0;
Components I grecr3 = 1.0 + f(defoliatijion — 0.4)]%{(1l8.0 — rawfiber), /(0.2 rawfiber) :
Z|LarchBudt oth. Grecr | grecrd = 18 _ Ofrawfiber:
[+ Mo M onlin_2 - SysternDy... grecr = if defoliacion < 0.4 then grecrZ else if defoliacion =< 0.5 then
grecr3 else grecrd;
W = grecr;
end Grecr;
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» The equation window of the main model looks as follows:

B Fil= Edit  Simulation

LBM - LarchBudroth.L

Elak

Model: =10] =]

animation  Commands  Windows Help _IEI =]

|l d QLS (R~ mee 5\ H _L- & H%, | ===

By~ 4« » = = H[EH [0 -]

=i

FPackages=s

S

N == el
i E--"E‘DiSC[EtELEVE'
EI [JILarchBudrkdoth
> Starvation
> Defoliation
s Grecr
% Logarithirn

L [CEM

I -

m EHl e P> = |

Cormponents

=
-

ELarchE udhd oth. LE M

Sourcel
MewEqggs

||

model LEM

rarametaer PBeal wintermortalitsy=0_ L5723
"Percentagse of =2ggs dying daring the wintexr" s

rarameter Feal biomass=91_3 "Dry nesdle biomass per tres in Eog' s
prarameter Integer nbr trees=511147
Paramsetasr Integer eggl=47&s537E5
rarametser Peal rawfiberOo=1E5_0
P==l LogDemnsitsyrSim
P=al LoghensityMeas
PF=eal wwears

"MHioimber of trees";
"ITritial mamber of =oggs" -
"ITrnitial rawtfibexr":
"Eimalated logaritlhmic larwvas dernsitsy"

"Measured logarithmic larvas densits"
"Simnalartion time in wears":

()

(=}

=oiat ion
LogDensityw®im = Logaritlhml . s:
wears = time + 1349 -
Measurement .11 = Wears:
LogDensityvMeas = LogaritlhmZ. sr:

g

=rnd LEM:

4]

LarchBudrMokh . LEM

|1

|Line: 16| B4 Modeling I Ty Simulation I

L

« Notice that no global curve fitting was ever applied to this model.
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* We are now ready to compile and simulate the model.

Syntax Ermor

Translation IDiang Errar I Sirnulatian I

Translation of LarchBudidoth. L Bk
DAE having 113 zcalar unknowng and 113 scalar equations.

_(Of ]

STATISTICS

Original Maodel
Mumber of components: 34
Variables: 143
Constants: 0
Parameters: 30 [88 scalars)
Unknowns: 113 (113 scalars]
Diifferentiated wariables: 0
Equations: 113
Moantrivial : 91

Translated Model
Constants: 0
Free parameters: 83 scalars
Parameter depending: 5 scalars
Inputs: O
Outputs: O
Continuaus tirme stafes:
Time-varying wvariablgs: 40 scalars
Aliaz warables: 73 sc®
Assumed default initial condibions: 2

Mumber of mized real/dizcrete spstems of equations: 0
Sizes of linear systerns of equations { }

Sizes after manipulation of the linear systems: {1
Sizes of nonlinear systemns of equations: { }

Sizes after manipulation of the nonlinear spstems: 1+
Humber of numerical Jacobians: 0

Finished
/¢ experiment StopTime=26
Firished

LogDrefaullnitialConditions=true; gives mare information

Exper

General Illanslation |Qulput |erug | Compiler |Eealtime |

21

Experiment

Name [LBM

Simulation interval

Start tim

Stop tijge |26

Output intereal

" Interval length IU

% Mumber of intervals |500

Integiation
Algorithm I Dassl j
Tolerance ID.DDDW

Fixed Integrator Step ID

Ok I Storeinmodell Cancel |

Syritas Errar | Trarilation | Dialog Errar | Sirnulation |

=10/ x|

Log-file of program . /dymosim

{generated: Wed Jan 231 16:0Z:05 Z007)

dymosin started

. "dzin.txt" loading (dymosim input file)

. "LBM.mat" creating (simulation result file)

Integration started at T = 0 using integration method DAZEL

(DAE malti-step solwer {dasslfdasslrt of Petzold modified by DIynasim))

Integration terminated success
CPU-time for integration : 0,06 seconds
CPU-time for one GRID interpie—e

H-E ]
HE0 )
o 4lZ
: 730
H-k

Mupber of result points
Mupber of GRID  points
Number of (successful) steps
Number of F-evaluations
Number of H-evaluations

Number of Jacobian-evaluations:
Mumber of (model) time events :
]
]
]
o de-008
o 0476
HS

HNumber of (U) time events
Mumher of state
Humber of step
Ninimum integration stepsize
Naximum integration stepsize
Haximum integration order
Calling terminal section

events
events

a7e
26

. "definal.txt" creating (final states)
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— LogDensityMess

=101 ]

—— LogDensitySim

o

o

T
1950

T T T T T T T T T T T T T T T T T T T T
1955 1960 1965 1970 1975
YEars

 The model reproduces the observed limit cycle behavior of the larch
bud moth population beautifully, both in terms of amplitude and

frequency.

Since no_global curve fitting was applied to the model, this is an

Indication that the important relationships were modeled correctly.
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The Influenza Model |

Let us create yet one more model today, describing the spreading of an
Influenza epidemic in a community of 10,000 souls.

Since influenza can be contracted at any time, we shall use continuous
levels for this model.

People, once infected with this particular variant of the disease, take
four weeks before they come down with any symptoms. This is called
the incubation period. Yet, they are already contagious during that
period.

Once they are sick, they remain sick for two weeks.

Once they have recovered from the disease, they are immune to this
particular stem for 26 weeks. Thereafter, they may contract the disease
anew.

December 13, 2012
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The Influenza Model 11

e Let us now choose our level variables.

* We can identify four types of people:

» Non-infected people.

» Infected healthy people.
» Sick people.

» Immune people.

 \We shall use these four variables as our levels.

o Clearly, there are only three state variables, since the sum
of the four iIs always 10,000, I.e., we can always compute
the fourth from the other three, but as long as we don’t
Insist that we must choose our Initial conditions
Independently, this doesn’t cause any problem.

December 13, 2012

© Prof. Dr. Francois E. Cellier SRS T —




ETH

Ciagendssische Technische Hochsthule Tdrich
Swits Federal Institute of Technology Rurich

IMathematical PMobdeling of LPHhy3ical ©ystems
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» The four level variables are placed in a loop.

« They are fed by four rate variables:

» Contraction rate.
> Incubation rate.
» Recovery rate.
» Re-activation rate.

 \We shall use these four variables as our rates.
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 The contraction rate can be computed as the product of
the percentage of contagious population multiplied with
the number of contacts per week multiplied with the
probability of contracting the disease on a single contact.

e The incubation rate can be computed as the guotient of the
Infected population and the time to breakdown.

e The recovery rate can be computed as the quotient of the
sick population and the duration of the symptomes.

« The re-activation rate can be computed as the quotient of
the Immune population and the immune period.
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The Influenza Model V

x|
Fackages I;I
=l ]| SwstemD ynarmics
B User's Guide
[JlInterfaces
E].f-‘-.u:-:iliar_l,l
[ Functions
[CJLevels
[Rates
[C]5ources

# [ 'ndustialD pnamics

|j] PopulationDynanics
@WorldDynamics

EI @ IntroductomE xamples

|:| Gilpin

|:| Hair_Lyre_Interact. ..

= [ ]lInfluenza

> Infection_Rate
{CrRate_equation  —

Fo 1~
B EH|lel>|m|
=l

Components —

E||S_l,lstemD_l,Jnamics. Introductor. ..
Morn_infected

Infected
Incubation

Contacts
Contraction LI

D¢

Flu - SystemDynamics.IntroductoryExamples.I — |I:I|£|
B Fil= Edit Simulation Plot  Smimation Commands  Window  Help = =l
g p— -
SIS R~/ OO ARL-D-TR, ([ =Z-|h-¢ »=EHE =[x -
!
activation Imimune
a4 XO0=0 o
Total_Pop
+1 [
+  +1
+1 <}
Immune_Pe...
Sick_Durati...
Perc_Infected

w

=

- i 2

= = +
<3 E T ¥
X
Mon_infected ‘ Infection Infected Incubation Sick
=100 =1 =10 |
Contacts  Contraction Time_to_Br...

| Modeling I ISimulation I /Itatlon <]E>

2 |
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« We want to take into account that the numbers in each
level are supposed to be integers.

Im“w m_l ..... T =

unqm ¥ ﬂl:l " CARL-B-1Th B ¢ raSAB LW J -Ral:E Equal:lun rﬂ 'LT:“- -------- ;IQIEI
@ B Fil= Edit Sirulation) Plat Snimation Commands  Sindos Help — | =12
lEdQ& (W[ me¢ AR L &-H,|Z-]
i=N e |-« P mBAEE: ]

O

E;:I.

1 X p1ook Bate_equation

v F'-Ell:kagES I - I extends SystenmDyvnamics. Interfaces MNonlin Z;
y s f(u1 ,u2 T T T T =

: > Rate_eguation ermaation
> u2 | |—'

= I w = noEvent (integer (vl aZ) ) ;

= E| ey m] = |

Ling: 1 Modeling @ Simulation

By default, the integer function will schedule events in Dymola. As

this is not useful here, we use the noEvent clause to prevent these
unnecessary event iterations from happening.
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* One additional problem concerning the contraction rate needs to be

taken care of.

Q SEES
FHAS W:JDCVAI +B-inih | B
-+ t':lB'

(=) Infection_Rate - rht. |
E Fil= Edit 5|mu|atlnn Elat Anlmatlnn Commands  Window - Help — =] =

_ o] x|

|l QS [W2[~ mey A ML & ", =
|Ba~ 4« & '-'.ﬂl_""hl:u:ux =1

PECkEQES I = |
- Grecr

! T Logarithm
i LLEM

EI [l !nfluenza
| - lnfection_R ate |
- [ Fate_equation

-~ Fliu

_::zld-l-blnl

@ iy [rwmion

block Infection DRate
extends SystemDyvnamics. Interfaces Nonlin =

inpiat Real P_nd "Hondinfected population®:
input Beal B con "Contractiomn rate";
cutput Real B oinf "Infection rate":

=

=

eoaation
P_ i = wual:
B _com = wuZ;
D _inf = noEvent (integerimin{([P_corn, P_rnilirdl:
¥ = R_dinf;
end Infection Paters

|Line: 1| Modeling I W Simulation I =
e

» It could theoretically happen that the model tries to infect more people
than the total uninfected population. This must be prevented.
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The Influenza Model VIII

The equation window of the main model looks as follows:

Flu - Inﬂuenza.FluL—-

whern time = 2 _ 0 thern
i L LBM
=1 [ Irnflusnza

-~ [ Infection_Rate

reimit- (Horn dinfected Integratorl s
reimitc  ({Infected. Intcegratorl .. 57 .
=i whaer s

B

- = Rate__esquation

=cpAast d or

i =) .

A N . 3 | R
=1=1=]

Influenza.Flu

933 -

El Fil=e Edit Simulation Plot  animation . Commands - wWindowe  Help = | =1 ==
e Q= ([ R2]]~ =9 A ML - ", | =~
|Ba~ 4 > == B &E [0 ]
_EI mode=1 Flia
Fackages I:I f—
{ -1 > Defoliation =
logoritlum
P b Greor =
- D Logarithim

|LinE.-: 13| Madeling I T Sirnulation ]

Z

general population of our community.

At time = 8 weeks, we introduce one single influenza patient into the
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The Influenza Model I X

e The model can now be compiled.

_(oj x|

Tranglation IDiang Errar I Sirnulation I

Syntax Errar

Tranzlation of [nflusnza, Flu:
DAE having 103 scalar unknowns ghd 103 scalar equations.

STATISTICS

Original kodel
Humber of components: 30
Wariables: 133
Constantz: 0
Parameters: 30 [30 zcalars]
Urknowns: 103 [103 scalars)
Differentiated wariables: 4 scalars
Equations: 104
Montrivial : 88

Tranzlated Model
Constants: 0
Free parameters: 26 scalars
Parameter depending: 4 scalars
Inputs: 0
Outputs: 0
Continuaus time
Time-varping wafables: 16 scalars
Alias variables: 8Ngoalars
Mumber of mixed reaf wlems of equations: 0
Sizes of linear systems of equations: { }
Sizes after manipulation of the linear spstems: § 1
Sizes of nonlinear systems of equations: §
Sizes after manipulation of the nonlinear systems: { }
MHumber of nurerical Jacobians: 0

tates: 4 scalars

Finizhed
Finished

Al

General Ilranslation |Qutput |erug |§ompiler |Eealtime |

Experiment
M ame IFIu

Simultion interyal

Start time,

Stop t#he |52

Output interval

" Interval length |D

(% Mumber of intervals |EDD

Integration
Algarithm I Dazsl j
Tolerance ID.DDD1

Fixed Integratar Step |U

oK I Stare i made!

Cancel |

Syntax Error | Translation | Diaslog Error | Simulation |

=13l

Log-file of program ./dymosim
{generated: Wed Jan 21 1&6:3Z2:15 Z007)

dymosin started
"dsin_txt" loading {(dymosim input file)

"Flu.mat" creating (simulation result file)

Integration started at T = 0 using integration method DASSL

(DAE multi-step solwer (dasslfdasslrt of Petzold modified by Dynasim))

. Warning message from dymosim
At time T = 2.753153e+001 in current integration interwval
T_interval = 3.744000e+001 ... 3.754400e+001
a large amount of work has been expended
{about 500 steps) in the integrator. Probably the communciation
interwval iz too large or the system is stiff.

Integration terminated successE
CPT-time for integration 0.171 seconds
CIMI-time for one GRID inter TP AL AR d

Mumber of result points : B0z
Mumber of GRID points : B0l
Number of {(successful) steps @ 7E3Z
Humber of F-evaluations L5660
Number of H-evaluations © 7804
Number of Jacobian-ewvaluations: 5212
Humber of imodel) time ewvents : 0

Humber of (U} time ewvents - o
Humber of state events g8 dh
Number of step BVents >

Minimum integration stepsize Se-006&
Maximum integration stepsizme @ &.8&
Maximum integration order : B

Calling terminal section
"dsfinal txt" creating (final states)

December 13, 2012

© Prof. Dr. Francois E. Cellier

Start Presentation

5>




ETH IMathematical PMobdeling of LPHhy3ical ©ystems

Ciagendssische Technische Hochsthule Tdrich

Swiss Federal Instiute of Technology Rurich

The Influenza Model X

e Simulation results:

= piot [+ =

Sick level

_infected level Infected level Immune level

1.2E4

1.0E4

5.0E3 4

5.0E3

4.0E3

2.0E3 4

0.0ED

-2.0E3

T T T T T T T T T T T T T T T T T T T T T T T T T
o] 10 20 30 40 a0
years

o Within only 6 weeks, almost the entire population of the
community has been infected with the disease. The
epidemiology of the disease Is just as bad as that of the
chain letter!
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Conclusions

 We have now improved our skills for developing soft-
science models in an organized fashion that stays as close
to the underlying physics as can be done.

o System dynamics was introduced as a methodology that
allows us to formulate and capture partial knowledge about
any soft-science application, knowledge that can be refined
as more information becomes available.

e Systems dynamics Is the most widely used modeling
methodology in all of soft sciences. Tens of thousands of
scientists have embraced and used this methodology In
their modeling endeavors.
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