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Causal Loop Diagrams

Illustrates causal links between concepts - ,

Varl Y var2 Var2 H “» Varl
(delay)

Abstracts from quantities

Variables only or Varl Var2

Describes system structure N

Links’ : How the independent variable affects the dependent one?

Brings out dynamic behaviour



Causal Loop Diagrams
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Challenges

e Complex interactions
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Causal Loop Diagrams

y B9
Used Vehicle O Used Vehicles for
Prices Used Vehicles Sale
Population
Degree of Market

(o1p

Vehicle
Price-Demand Effect

Saturation
C,

Market Saturation

+ of Vehicles
New Vehicle
Demand New Vehicle Present Vehicle
—— 9 Population
Market Retail . Purchases + P .

Price

Simulation el

{59)

Producer-Consumer
Interaction Effects

+ Fuel Emissions
Vehicle Flﬁ/\ Factors
Efficiency
Producer Supply of

+ Market Share of Fuel \‘+
New Vehicles Efficient Vehlcles
+ Fuel Demand
roducer Profit
In-Use Emissions
)
Fuel Prlce " i
Consumer Q
+ Den;::;tl.l.d.foz Fuel Total Vehlcle Miles
icien
i i . Fuel Demand  Traveled
Unit Profit Marginal Pr(')d'uctlon Vehicles
Cost of Efficiency

\ Producer Emphasis

<Vehicle Fuel
on Efficiency / Efficiency>
:\ Relative Marginal Utility \
of Efficiency vs. Cost/mile Miles/Veh
Performance

+ - ;
Lightweight @
N I/\ ghtweigh <New Vehicle

Production C Material Demand

Demand> .
<Vehicle Fuel + :\_/ <Vehl°le ‘F“e Scrappage of Aging
E‘muew + Efficiency> + Vehicles Effect

time

Scrappage Rate
f Recyclability
_'_‘/_\ + /“L
> ; - . . ,

LW Recycled

LW Virgin Exploration Lightweight Matetial Product
and Production Material Price \
’ N umber of
<LW Recycled @ @ Scrapped Vehi

Virgin Material Recycled
Material +
LW Recycled
LW Virgin Total Lightweight Material Stock

Material SUatenal w +
+

+

Material Stock>

External Sources of
Recycled Material

Production
Emissions <Producer Supply of

Vehicle Production New Vehicles>

Emission Factors

M.D. Stepp et al., Greenhouse gas mitigation policies
and the transportation sector: The role of feedback
effects on policy effectiveness]

Material Emissions
Factors

9



Causal Loop Diagrams
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Petri Nets
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True Concurrency
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e Multiple transitions enabled

e Transitions fired one at a time

t2 t3

Mo =(1,0,0,0)
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Causal Loop Nets

t1 t4
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Causal Loop Nets

Qualitative Abstractions

e Qualitative values

Variables increase or decrease

e Delays

Delays are qualitative

Tokens can be delayed

e Concurrency

Tokens are not limited resources
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Traffic
Volume
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Public
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Causal Loop Nets

Qualitative Abstractions

t1 t4

Qualitative values and non-deterministic delays

+
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_________________ Volume
Delay ¢ € N Public
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v

No change or no information

M:P— 2T0kens
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Causal Loop Nets

Qualitative Abstractions

t1 t4

True concurrency and AMAN strategy

o . Traveling +\ ]
® All enabled transitions must fire Times

Traffic

® As many tokens as needed Volume
Public
Transport
+ +
t2 t3

All transitions with { Ty, o } in their incoming places
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Causal Loop Nets

Concurrency (Semantics)
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Causal Loop Nets
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Causal Loop Nets
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Causal Loop Nets
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Causal Loop Nets

Concurrency (Semantics)
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Causal Loop Nets
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Causal Loop Nets

Concurrency (Semantics)
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Causal Loop Nets

Concurrency (Semantics)
t1 t4 Mo (1, 0 0)
Traveling T -
Times 0,1,0
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(-1,0,-1)
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Causal Loop Nets

Semantics
Delays ( )

11 t4 Mo  (1,0,0)

T _ l t
TrTa.VGI'ng 1 Each step is consider a tick (0,14,0)

Imes
Traffic Delay tokens are decreased l
Volume (0,1,0)

\ Public
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+ +

t2 3 Different Marking Graphs for different delays
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Causal Loop Nets

Semantics
Delays ( )

t1 t4 MO (1 ,O!O)
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t2 3 Different Marking Graphs for different delays
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Causal Loop Nets

Semantics
Delays ( )

t1 t4 MO (1 ,O!O)
N ] | t1
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Causal Loop Nets

Semantics
Delays ( )

t1 t4 MO (1 ,O!O)
N ] | t1

T'rTefve"ng 1 Fach step is consider a tick (0,14,0)
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Analysis of Causal Loop Nets

oo, ) = N sy (65 - 500 ~ FG)

Queries on traces (Sequence of Markings) j=
Over a variable

e Does a CLN exhibits a given behaviour?.....~ o,(v,f) = di,r: @i, v, f)

e How X behaves when Y satisfies some behaviour? o1, (V™ 1), pe, g'“ﬂ)

Simulation relations

* One to one relation T l vy T l
e Abstract similar behaviour

M~
e~ Ti~1_1
(1.~ {1.1)
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Analysis of Causal Loop Nets

Queries on traces

e Does a CLN exhibits a given behaviour? T —

e How X behaves when Y satisfies some behaviour?

Simulation relations

e One to one relation . .

e Abstract similar behaviour T

™~
"~
P D B
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Analysis of Causal Loop Nets

Can Traveling Times eventually Increase and then Decrease? ™.

@(TravelingTimes,( 1 | )) (Semantics)
t1 t4 Tr1 = Mo M1 M2 M3 M4 (1,0,0) Mo
Tr2 = Mo M1 M2 M1 M2 M3 M4 | t1
. + -
Traveling M

Times Tr3 = Mo M1 M2 M1 M2 M3 M4 M3 M4 (0,1,0) 1
Traffic t1|t4< l t2t3
Volume (1,0,1) Mo

Public
\ Transport l t1]t4 t]t4
+ +

01,00 | M
to t3 tijtd < | tolt3
(

-1,0,-1) M4
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Analysis of Causal Loop Nets

Can Traveling Times eventually Increase and then Decrease? ™.

@(TravelingTimes,( 1 | )) (Semantics)
t1 t4 Tr1 = Mo M1 M2 M3 M4 (1,0,0) Mo
Tr2 = Mo M1 M2 M1 M2 M3 M4 | t1
. + -
Traveling M

Times Tr3 = Mo M1 M2 M1 M2 M3 M4 M3 M4 (0,1,0) 1
Traffic t1|t4< l t2t3
Volume (1,0,1) Mo

Public l t1(t4 t1t4
Transport | |
+ +

@,(TravelingTimes, (1 | ), PublicTransport) < (0,-1,0) Ms
(

t2 t3 t]t4 | to1t3
Tr1 = _,1,0,-1,0
-1,0,-1) M4

T2 =_,1,0,1,0,-1,0
3 =_,1,0,1,0,-1,0,-1,0

v

How Public Transport behaves when Traveling Times Increases and then Decreases?
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Analysis of Causal Loop Nets

var traffic = newclpn ++ (

1l —>+ 2 by "t1",

2 —>+ 1 by "t2",

2 —>+ 3 by 2 *' in 2,
3 —>- 2 by "t4

) initMark((1, Set(l)))
reach2dot(traffic;behavior):A
val tréce# relaxedExists(traffic.behavior,1,List(Inc,Dec))

traceZdOt(traffic.behavior,trace)

Trace = st2, st3, std, st5

Sto

414

tlit4
KtS5

1(2)-1,0.1

(2It3

(2It3

1t4
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Wrapping up

-+ -

T . Traveling
Traveling Traffic Public Times
Times Volume Transport

e |Informal semantics

e Difficult to analyse behaviour in complex systems

e Simulation is not exhaustive | |
Automatic generation

------------------------------
- -
--
--
- -
- -
-
-
-
-
-
-
-
-
-
-
"
—’
-
-
-
-
-
-
-
“
-

(Semantics)

v~ N\
Mo (1,0,0) — (0,1,0) — (1,0,1) — (0,-1,0) —>(-1,0,-1)

\ /

/

1 t4
+ -
Traffic

Volume
+ +

{2 t3

e Formal semantics

e Exhaustive analysis

Public
Transport
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