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BALANCING LOOP

« SFD, Differential equation
 Exponential decay, two type of representing

SIMPLE BALANCING LOOP with INFLOW

« SFD, Structure Graph (negative sloped)

« Stable Equilibrium, different parameters values
« Differential equation

SIMPLE REINFORCING LOOP with OUTFLOW
 SFD, SFD, Structure Graph (positive sloped)
« Unstable Equilibrium, Repellor

GOAL SEEKING BEHAVIOR

« SFD, structure graph

« Equilibrium, different initial parameters values
« Differential equation

« Assignment4:4.1,4.2



NMigxia cucteMHoI ANHAMIKMU

SFD (Stock and Flow Diagram)

Feedback
Outflow = b * Stock
v Outflow
Stock e SO
+
Balancing loop
b

Loop b — fractional decay rate y == B y



OundepeHuianbHe PIBHAHHA

y'=-By
Po3B’A30K

dy /dt=-By,
dy/y=-pgdt,

[ (1/y) dy = -[ B dt, [NoyaTtkosa ymoBa : y(0) =vy,,
Iny=-Bt+InC, t=0:y(0)=C=y,

Iny =Ine?f +InC,

t)= y,e#

J() = C &P y(t)=1Y,

exponential decay



SFD

Peanizauina B STELLA

I\Stock

Structure Graph

Net Flow
s
S

Stock vs. Net Flow

-0,04
0,1

0,325

0,55
Stock

0,775

Outflow
& DO
S(0)=1
0.04
@,
b
Behavior Graph
|:> % 1\
years
— Stock

exponential decay



Peani3auisa B STELLA

Outflow
SFD kStock & NS
B S(0)=1
0.4
@)
b
Structure Graph Behavior Graph
Stock vs. Net Flow

usD

..
...
L]

L]
:
™ -0,2 ..
-— [
(0] .
Z °

L
L
.
* 0
.
04 . 0 10 20 30 40 50
0 0,25 0,5 0,75 1 years
Stock —— Stock

exponential decay



[1Ba TN npeacTtaBneHHS

Flow = decay fraction * Stock

exponential decay
flow

Stock ® N

Flow = Stock / average time in stock

d ti
ecay fraction Flow

Stock ) N

decay fraction =1 /AT

avg time in stock
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BALANCING LOOP
« SFD, Differential equation
 Exponential decay, two type of representing
SIMPLE BALANCING LOOP with INFLOW
« SFD, Structure Graph (negative sloped)
« Stable Equilibrium, different parameters values
« Differential equation
SIMPLE REINFORCING LOOP with OUTFLOW
 SFD, Structure Graph (positive sloped)
« Unstable Equilibrium, Repellor
GOAL SEEKING BEHAVIOR
SFD, SFD, Structure Graph (positive sloped)
Equilibrium, different initial parameters values
Differential equation
Assignment 4 : 4.1, 4.2



Balancing Loop with Inflow

Net Flow
Inflow = const
| Outflow = b * Stock
nflow QUiow Net Flow = Inflow — Outflow
O %/ D Stock O © )
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const

1)S(0)=0 2)S(0)=5

PiBHoBara (Equilibrium)
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30iXKHICTb A0 piBHOBaru

Net Flow

Net Flow =0 : Inflow = Outflow
Stock (equilibrium) = 2,5

Stock

const

Stable Equilibrium

Pi3Hi no4yaTkoBi 3Ha4eHHS /

1) S(0)=0 0 25
2) S(0)=5 -
3) S(0)=25
0
0,0 7,5 15,0 22,5 30,0
years

exponential decay S(0)=2.5 S(0)=0 S(0)=5
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OundepeHuianbHe PIBHAHHA

Net Flow

y'=a-by

y(t) =Ce® +alb
[NouaTkoBa ymoBa : y(0) =y,,
t=0:y(0)=C+alb=y,, C=(y, - ab) const

y(@®) =a/b+(y,— a/b)e™

1) y,=alb — y(t) = a/b = const = equilibrium value
2) Yo>alb —(y,— ab)>0, °
y(t) decrease and approach equilibrium
3) Yo<ab —(y,— ab)<0,
y(t) increase and approach equilibrium

Stock

2,5

uUsD

0
0,0 75 15,0 22,5 30,0

years
—— 8(0)=2,5 — S(0)=0 —— S(0)=5
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3aBOaHHSA

KoxkHoro aHst pipma BMpobnsie a ToBapiB, siki HagcunarTbesa B marasuH. CepeaHin TepMiH
nepebyBaHHA TOBapy B MarasnHi 3 MOMEHTY HAOXOOXKEHHSA A0 MOMEHTY Npoaaxy
CTaHOBUTb T OHIB.

[ocnigutn guHamiky KinbKoCTi ToBapiB y MarasuiHi, NpunycTMBLLM WO B NOYaTKOBUM
MOMEHT Yy MarasuHi byno HasiBHo K ToBapis.

Pi3Hia, T, K

BuaHaunTn ymoBy piBHOBaru
1) a=10,T=4,K=20,

2) T=2

3) T=8

4) T=1

5 a=10,T=2,K=20

6) K=10 + pi3Hi T
7) K=30

8 a=10,T=2,K=20

9) a=20 + pi3Hi T
10) a=5
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BALANCING LOOP
« SFD, Differential equation
 Exponential decay, two type of representing
SIMPLE BALANCING LOOP with INFLOW
« SFD, Structure Graph (negative sloped)
« Stable Equilibrium, different parameters values
« Differential equation
SIMPLE REINFORCING LOOP with OUTFLOW
« SFD, SFD, Structure Graph (positive sloped)
« Unstable Equilibrium, Repellor
GOAL SEEKING BEHAVIOR
SFD, structure graph
Equilibrium, different initial parameters values
Differential equation
Assignment 4 : 4.1, 4.2
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Reinforcing Loop with Outflow

Net Flow
Inflow = b * Stock
Outflow = const
Net Flow = Inflow — Outflow
Inflow Outflow
O (= > }—Stock \% DO
R
83 1, Unstable Equilibrium
5 const Repellor
° & > \(’\0\“
= A\ S
3 1 Outflow . D
= o
O 0 L: 0
- (b}
= Z
o
“— -1
k=
) 3
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30iXKHICTb A0 piBHOBaru

Net Flow

i/\ Net Flow =0 : In Flow = Outflow
Inflow Outflow Stock (equilibrium) =2,5
O = ™ EStock/ ~F DO
/b \ Unstable Equilibrium
o 5 Repellor

b const Stock

Pi3Hi noyaTKkoBi 3HA4YeHHHA

1) S(0)=3 a
2) S(0)=1 c
3) S(0)=25 1
0 \
0,00 1,25 2,50 3,75 5,00
exponential growth years

——S(0)=3 ——S(0)=1 —— S(0)=2,5
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BALANCING LOOP
« SFD, differential equation
 Exponential decay, two type of representing
SIMPLE BALANCING LOOP with INFLOW
« SFD, Structure Graph (negative sloped)
« Stable Equilibrium, different parameters values
« Differential equation
SIMPLE REINFORCING LOOP with OUTFLOW
« SFD, SFD, Structure Graph (positive sloped)
« Unstable Equilibrium, Repellor
GOAL SEEKING BEHAVIOR
SFD, structure graph
Equilibrium, different initial parameters values
Differential equation
Assignment 4 : 4.1, 4.2
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Goal Seeking Behavior

SFD (Stock and Flow Diagram)

Inflow + Outflow

O % > ksgc’:k/ Stock . i E SO

AT

AT Adjustment Time

Adjustment Time

é/Gap

Goal Goal
desired stock desired stock
Gap = Goal — Stock Gap = Stock — Goal
Inflow = Gap / AT Outflow = Gap / AT
Inflow = ( Goal — Stock ) / AT Outflow = ( Stock — Goal ) / AT

Balancing loop
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Goal Seeking Behavior

Inflow

J—
O % > kStock

AT
Adjustment Time

Goal
desired stock

0,00 3,75 7,50 11,25 15,00
years

— Stock — = Goal desired stock

Outflow

Stock 1° E SO

AT
Adjustment Time

(3)/Gap
Goal
desired stock

0,00 3,75 7,50 11,25 15,00
years

— Stock 1 — = Goal desired stock



Goal Seeking Behavior

SFD (Stock and Flow Diagram)

Flow
+/-
@ I ™ Stock
+ Gap = Goal — Stock

Biflow B
Inflow = Gap / AT
Inflow = ( Goal — Stock ) / AT

AT
Adjustment Time Goal

desired stock

State of the G oal
System Desired
State of System)

48) Ix)e'niwv{/

Corrective
action

CLD (Causal Loop Diagram)



30iXKHICTb 3a PI3HUX NOYATKOBUX 3HAYEHb

Change
Goal =3 in state State

. f;__ii} Desired

state

USD

years
—— S(0)=1 —— S(0)=5 —— S(0)=3 —— S(0)=4 —— S(0)=2
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Npuknap (oxonoaxeHHs KaBw)

Choose behaviour 1, 2 or 3?7 Write down your choice!

100
80 Tem?erature 2
60 1 Temperature 3
40 <
SN S
Room temperature
0 ) : ) Temperature 1
0 30 60 90
Minutes

Professor: Erling Moxnes 22 GEO-SD 302



Npuknap (oxonoaxeHHs KaBw)

Structure of the physical system

Stock and flow diagram Causal loop diagram
Temperature Coffee Temperature
change temperature
:"li._q‘. "I‘; i i @
Ly f;i_i | =
() I' T +  Gap
Adjustment () Room
time —" temperature
Room
temperature

Temperature change= (Room Temp. - Coffee Temp.)/Adjustment Time
Newton’s law of heat transfer: dQ/dt=k(Ty,,,,-T)

Professor: Erling Moxnes 23 GEO-SD 302



Balancing Loop — Zero Goal

Outflow ? Exponential decay
jStock e NG
B 4 3
° Goal =0
AT i
Outflow = ( Stock —=0) /AT years
—— Stock

Gap = Goal — Stock
QO I N Stock Inflow = Gap / AT

Inflow = ( Goal — Stock ) / AT

AT
Adjustment Time

Goal 5 Goal seeking behavior

desired stock

Goal =3

usD

years
—— S(0)=1 =——S§(0)=5 —— S(0)=3 —— S(0)=4 —— S(0)=2



Zero Goal

When the goal is zero

Water Outflow
: E & Bathtub with time to empty
"~ Tmeto  Population with lifetime
OC) /' empty
G;a

1. Implicit Goal-Seeking
flow Flow = stock * decay fraction

Flow = stock / avg time in stock
flow

Stock Stock |

Q.

o).

decay fraction 2 Explicit Goal-Seeking avg time in stock

flow

@Q % (9 Stock

Flow = stock gap / stock adjustment time

stock gap goal for
stock adjustment time stock



OundepeHuianbHe PIBHAHHA

Flow
O< e | Stock y/ _ ( Goal - y) /AT
Adjustment T Gap y' = a-by
justment Time
| desirc::;asltock y (t) = (yO — a/b) e —bt
Inflow = ( Goal — Stock ) / AT B
| ) y(t) = (y,— Goal) e ~t/AT

1) Yy, =Goal — y(t) = Goal = equilibrium value

2) Yo>Goal — (yo—Goal)>0 , 5
y(t) decrease and approach goal

3) Yo<Goal — (y,—Goal)<0 |,
y(t) increase and approach goal

Stock

2,5

usD

0
0,0 75 15,0 22,5 30,0

years
——S(0)=2,5 — S(0)=0 —— S(0)=5
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3aBOaHHSA

1. Temnepartypa 3anapeHol kaBu ctaHoBUTbL Q. Temnepartypa B kimHaTi 20°.
[ocnigutn guHamiky TemnepaTypu KaBu B YallLi 3a pi3HMX 3HAYEHb Yacy MPUCTOCYBAHHS.

1) Q =80°, AT =20 xB
2) AT =30 xB
3) AT =10 xB

2. Temnepartypa 3aMOpOXXeHOro NPoAykTy ctaHoBUTb Q. TemnepaTypa B KimHaTi 20°.
[ocnigutn guHamiky TemnepaTypu NPOAYKTY 3a Pi3HUX 3HAYEHb Yacy NMPUCTOCYBaHHA.

1) Q=-18° AT =30 xB
2) AT =2 rog
3) AT =10 rog

27



Adjustment Time - AOTUYHA

b |

Tangent and adjustment time A7

S(t)=S,e""*"  where S;=100 og AT=4

Tangent:

te o =AT
S =8 —1S, /AT fa

S(AT)=0.37S,

100

o 63% RULE
§ 40 -

20 - 63% decay

0 when t=AT

Professor: Erling Moxnes 28 GEO-SD 302



Graphical solution for a balancing feedback loop with varying goal

Stock AT=4
2000

1500 <+

Professor: Erling Moxnes 29 GEO-SD 302



3aBaaHHA 1

a) Consider a stock and flow model with a negative minor feedback loop:

Stock

Q/Dg%i() 1) AT=5

Jjustment time 2) AT :10
3) AT=15

Desired stock

Stock=Integral {(DesiredStock - Stock)/Adjustment time}

where Adjustment time is 5 time units and DesiredStock develops as shown in the figure
below. The initial value of Stock is 10 units. Sketch the development of Stock over time. Do
not spend time calculating exact values; just show in the sketch how you derive the stock
behaviour. Add a few words to explain your approach. Remember to put units on both axes.

Units
15

10

0 5 10 15 20 25 30 Days 35




JomallHe 3aBAaHHSA

a) Consider a stock and flow model with a negative minor feedback loop:
Stock

Flow O 1) AT =5
PdjusEnenstms Desired stock 2) AT :10

Stock=Integral {(DesiredStock - Stock)/Adjustment time} 3) AT: 1 5

where Adjustment time is 5 time units and DesiredStock develops as shown in the figure
below. The initial value of Stock is 10 units. Sketch the development of Stock over time. Do
not spend time calculating exact values; just show in the sketch how you derive the stock
behaviour. Add a few words to explain your approach. Remember to put units on both axes.

Desired and actual stock
15
10
5
0 i
0 5 10 15 20 25 30
Time




JliHinHO 3pocTaroumn Goal

Linearly increasing goal, AT=5 years

Rate of
change Stock

g

I__,.-.\_- -.I‘ Ir’ 1.: |_I
I‘\_'i _.-l'. “”"‘-\_.-“'l ¥

oy

'\\_\__.r
Adjustment .
time AT \_/ Goal

Steady state:
Rate of change = 100
= (Goal-Stock)/AT

Goal — Stock =500
Delay = 500/100 = 5 years

Net Hiring Ral e
(peoplelvwedk)
=

b 2 4 & & W0 12 B B W AN 2 N

Figure 8-14 Trajectory for the workforce and net hiring rate
when the desired workforce increases linearly.



Differential Equation

Inflow = ( Goal — Stock ) / AT
Goal = G + k(t- to)

y = (6 +k(t—-t)-y)/AT
y + (1/AT)y = (G- kty,) + kt

y(t) = Ce-""AT+ At + B
A=k
B = G- k (t,+ AT)
y(@) = Ce V"AT+k(t-t,) + G- k(t,+ AT)
y(©0) =y, €= ¥~ (G- kAT)) /4T
y (@) =(y,— (G—KkAT))e /AT 4 | (¢~ t,) + G- kAT

Stock approach line with the same slope as goal but shifted intercept
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3aBaaHHA 1

Goal: y=G+k(t=ty)=0+k (t—ty),t,=20,G=0
y () = (yo— (G—KkAT))e ¢t)/AT 4 k(- t)) + G- KAT

15

10 -

1) AT =5
Il 2) AT =10
3

-3) AT =15
‘/

0 5 10 15 20 25 30 35 40

y (t) = (y, + kK AT) e~ t0)/AT 4 | (¢ - t,) - KAT

y =0forGoal:t=t,—G/k,
y = 0 for Stock : t =t,+ AT — G/k 3cyB BnpaBo Ha AT
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3aBaaHHA 2

0 5 10 15 20 25 30 35 Time 40

1) AT=5
2) AT =10
3) AT=15

35



Examples of goal seeking behavior

Semiconductor Febrication Defect Hate Nuclear Plant Load Factor

1500 & 100
Start of TOM Progrem &
-lil - am
B 1000 i
¥ = &0
! 1
g sa0 s 48
E 28
] . - - 0 ; . - :
1887 TRES 1589 1950 1991 ISTE  1SED  1SAD 1EB4 VBB 1EED 1§50 1882
S Telovision Share of All Advertising, US US Traffic Fatalities per Vehicle Mile
: ' 25 ' : :
i
20 ] ;:n
15 - 154
&
e i 10 4
8
5 | 3s
1950 1958 1967 1975 1883 1382 1820 1940 18R T80 2080
Figure 4-5

Sowee: 1666-1571: Delects: Sterman, Repanning, and Kofman (1887); Load Factor: Annual report of Tedllisudden Vaima Oy
{TViD), Finland, 1584: Adverstising: Kurisn [1884); Fatalities: Historical Statistics of the US, Ststisticel Abstract of the US.

Professor: Erling Moxnes 37 GEO-SD 302



Numerical instability

Too long timesteps S, =8, +DT*(G_, -S,_)/ AT
Numerical instability e

Rate of change

AT=4, DT=6

Goal
Adjustment time, AT

Stock
2000 -

1300

1000

a 4 A 12 16 20 24

Professor: Erling Moxnes 38 GEO-SD 302



STEP, PULSE Function

Soa units Goal =0+ STEP (100; 1)

Flow oc T |

£ = N

Ao P v 60T — Stock
(---.‘]., 1.‘ y ; i 404 — oAl
N "l-\_. 1
AT "{L:] Goal *

& : : : B

« Start simulation in equilibrium (All net flows = 0)

* Add one exogenous disturbance to reveal the internal dynamics of
the model (Step or Pulse)

* Allows focus on internally generated behaviour

» Conversely, with many exogenous variables, it becomes difficult
to separate effects of exogenous variables and internal dynamics

Professor: Erling Moxnes 39 GEO-SD 302
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