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Abstract

Historically, the System Dynamics field has been using generic structures to transfer general
knowledge from one dynamic situation to another. Although generic structures are widely used,
there are still opportunities to explore how to use themspecificsituations.This researclproject

aims to determine the applicability of a generic resilience structure to different resilience
assessment cases/contexts and based on that derive a framework for using generic strdatures.
achieve that, a resilience gerie structure was adapted to five case studiasdifferent Latin
American citiesvith the same purposep analyze theD A (aBili€y o withstand disturbancedhe
original structure proposed byZhao et al. (2019)is a canonical situatiomodel desiged for
assessing resilience of soetmiological systems (SBE@)h two stocksconnected through density
dependence mechanismdhe use of the generic structure through the cases has shown that
updates for the model includé KS SEG Sy & A 2 y defhifion Bkl #hé deNdelof/tieS Q &
model to relative terms when lack of data and short time frame are limitations in the modelling
process. The framewoifor adapting generic structures to case studieldows the same modelling
steps described bgterman(2000)with a substep calledType of situationin whichthe modeller

can reason about how appropriatetige generic structure for the type of situation of the case study.
An important insight related to validation is that a generic structomest fulfill at least the tess
usedfor casespecific modelplus being validated through the case studies in order to show its
generality.Theresultsmade evident thatising generic structures practical angavestime in the
modelling processince it does not require buildg a structure from scratchhowever, there is a
trade-off with the Y 2 RS f Q & agfré&liGnfAlso? ihen using canonical situation models, it is
important to identifythe nature of the casstudy problemfrom the beginningso the modellecan
identify if the generic structure works or ifraore specifi¢detailed structure is neededrinally the
exercise made in this research project demonstrated that generic structures make the learning
process of the feedback and behavioral mechanisms behind complex systems faster and more

intuitive overtime.
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Chapter lintroduction

Problem statement

The creation and use of generic structures in System Dynamics have been evolving as the field also
evolves. The main idea behind the generic structures is that they support the transferability of

insights and general knowdge about certain systems or dynamic problems. This is concluded by

Lane & Smar{1994)in their research: Generic structures in all theirs forms express the basic

ambition to transfer experience and understanding from one dynamic situation to anothey. T

also mention that in the last three or four decadesthe Qi G KS ONBF A2y YR S@2f
A0NHZOGdzNBaQs a | @SKAOES F2NJ ad2NAy3 |yR | LILX @A

this aspiration has advancétane & Smart, 181).

In contrast, the big majority of System Dynamics (SD) studies arespasiic, the analyst
approaches the problem, creates a hypothesis about the structure that reproduces the behavior,
formulates a model and comes up with policy recommendations that specific to the
circumstancegPaich, 1985)On one side, the trend of SD has been customized studies for the
specific circumstances of a problem and on the other ,sids importan to gain general insights
about these structures so the knowledge dantransferred for the benefit of the field. Hence, there
is a dance between cadmsed structures and generic structures in which the field still has

opportunities to figure out how to move.

As Paicli1985)stated, the System Dynamics method offersguidance about how to move
from a group of casspecific models to generic structures and it is unlikely that much progress will
be made on generic structures until there is some accepted research method. If there is no
procedure to do so, there is neith@an accepted research method to do the opposite, adapting a
generic structure to a casspecific study. This is one of the motivations of this thesis, to provide a

framework for adapting generic structures.

In the case of resilience assessments, therg l@en a needb operationalize it and study
resilience in a systemic way. Different authors have offered solutions for the identified need through
diverse methodologies, including systemic approaches. For instance, Walkgi2€0&).as cited in
Zhaoet al., 2019yuggested a participatory framework for analyzing sestalogical resilience and

defining a procedure in workteps for carrying out such analysis. Using System Dynamics, Bueno
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(2012 as cited irZhao et al., 2019)evelopedasingld 1 2 01 Y2 RSt 6AGK GKNBS Tt 2,
Ft26 AYyQI WNBIdzZ | NI Ff 26 2dzFd>R ¢ VAR NPFONAOINBNHIR2Y G aT
stability. Also, Herreré2017, ascited inZhao et al., 2019)peraionalizes resilience analysising

SD, allowig policy testing in terms of five fundamental resilience characteristics. The added value

of SD in resilience analysis is noticed by Hawes & R as cited in(Herrera de Leon &

Kopainsky, 2019)This focus on how stocks, flows degdback structures drive behaviour makes

SD a great candidate for exploring how systems react and adapt to change.

Zhao et al(2019) developed a generic structure for resilience assessments from a case
study model related to water stress in the cif/Lisbon, Portugal. The proposed generic structure
works forsociatecological systems (SES) and has two stocks that interplay under the concept of
densitydependent responses. The model is taken to be used in this research project as a
continuation of KS  FdzNI KSNJ adSLJA &dzZ33SaiSR o6& GKS | dzi K2 NJ
generic structure and consequent critical research is needed to determine its generality when
applied to different resilience assessment contexts and projects. As consultaritgewe to utilize
it in our next resilience assessment projects and encourage other practitioners and researchers to
S E LJt 2(RhBo efhali, £019)



Research objectives and questions
This research aims to determine the applicability ofemneric resilience structure to different
resilience assessment cases/contexts and based on that derive a framework for using generic

structures.The next research questions will be answered through the different chapters as showed

in the table below:

Research questien

Chapter where it is answered

How is resilience represented in a gene
structure?

Chapter 3. Resilience generic structure anal

How to adapt a generic structure to differe
casegcontexts?

Chapter 5. Adaptation of the generic mdde

How to validate the generic structure throug
the cases?

Chapter 6. Results

How does the generic structure and adaptati
framework need to be updated?

Chapter 7. Update of the generic structure a
framework

What insights can the field gain from th
adaptation ofgeneric structures?

Chapter 8. Discussion

Tablel. Research objectives related to the chapters where they are answered



Chapter2: Literature review

Origin of generic structures

The transferabilityof System Dynamicgructureshas beerwidely discussedamong experts in the
field. As Forrester recognized 961 (as cited inPaich, 1985)in management situations, it is
expected that students learn about the principles underlyihg tases they study but the rapid
stride of professional progress coswhen those identified structures or prindgs can be taught
explicitly so the student can inherit an intellectual legacy from their predecessors rather than start

over again.

The evolution of generic structures was pictured by the pioneer of the field, Jay Forrester,
back in (1989) He mentioned that whether we think of pallage or management education, the
SYLKI ara gAft F20dza 2y W3S ydmaticely dmphkzOciudes®&@B QT N
be found repeatedly in different businesses, professjamsl reallife settings. Forrester went even
beyond the SD scopstatingthat such transfer of insights from one setting to another will help to
break down thebarriers between disciplinesyhich means that learning in one field becomes
applicable to other fields. Peter M. Sen@®90)also identified the potential of generic structures
in systemic approaches: One of the most important, and potentially nmagoering, insights to
come from the young field of systems thinking is that certain patterns of structure recur again and
F3FAYy® ¢KSaS aaeadsSy | NOKSGeLlSaé¢ 2N ISYSNARO &l Nz

in our personal andrganizationaJives.

Definition of generic structure

There is not an official definition of what a generic structure is, but there have been several

attempts. Paict{1985)defined it in this way: Generic structures are dynamic feedback systems that

support partizlar but widely applicable behavioral insights. Andersen and Richard$&4 as

cited inLane & Smart, 1994hid that generic structures are elementary structures, simple feedback
a0NHZOGdz2NBas gKAOK OlFy 0SS dza R NdE R LINBLONESIYGK ddzy R S
a0NHzOGdz2NBEa ¢SNB RSTAYSR Fa a2leéa 2F altaNAy3d (y:
dza A ¥ S & & (Marerrdfi) B8B83 cited inLane & Smart, 1994 Alternatively, Paiclj1985)

(@]}



proposes that is perhaps better that there is not a unique definition because diversity of opinions is

healthy for the field.

Lane(1998)opens thedefinition of a generic structure into three swdperating definitions
based on the stylepurpose,and applicationFigurel. Three subtypes of the concept 'generic
structure’, with brief definitions and examplélsane, 1998ijllustrates a summary dhe definitions

and some examples.

Generic
Structure
Canonical ) (" Abstracted h f Counter-intuitive
Situation Model Micro-structure System Archetype
General models of types of Stock and flow combinations Simple causal loop diagrams
situations; fully specified each of which produces a and associated siory; explain
simulation models producing distinctive behaviour mode: odd behaviour and/or suggest
many different modes of effective intervention:
behaviour: .
* Proportional response to gap
= Urban Growth and Stagnation - goal-seeking « Drift To Low Performance
« Stock influencing its own
« Commodity Production Cycles outflow — exponential decay « Tragedy of the Commons
« Stock reinforcing its own
* Corporate Growth growth — exponential growth * Organisational Addiction
\_ _J \. Y, \. J

Figurel. Three sultypes of the concept ‘generic structure’, with brief definitions and exan(ipéeee, 1998)

Canonical situation models are basically case studies reduced to their essémtbrder to make
explicit the causal explanation of the dynamic behavior that the structure generates. This type of
models can reproduce different modes of behavior. In terms of practical applications, canonical
situation models are prexisting simulaon models which are adapted to a particular situation. One
example is the theory created by Meado{#©7Q as cited inLane, 1998for commodity cycles

applied to pork, beef, and chickens.

Abstracted micrestructures are mostly used as building s®f larger models; they are
combinations of stocks, flowsnd auxiliay variables that reproduce a particular behavior mode.

For instance, the combination of a stock with an inflow or outflow proportional to the gap between
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the stock and a desired conidin of the stock is known as a gesdeking structure, that reproduces

an exponential adjustment towards the goal.

The last type of generic structurésthe counterintuitive system archetypes, which are
simplified causal loop diagrams (CLD) associaitiua story that encourages the development of
feedback thinkingOre known archetype ithe tragedy of the commonsyhichshows how can be
degraded a common resource, such as grazing land, when several individuals with goals and

objectives related to the use of the resour®enge, 1990)

Confidence in generic structures

Validation tests in SD are used to generate canfak in the model both to the modeller and to the

stakeholders using the model. There are frameworks already to validate SD structures, like the one
proposed by Barlag1996) with three major steps: direct structure testing, structuneented

behavior esting and behavior pattern accuracy test. In the case of generic structures, the
framework is not as clear as for caggecific structures. Pai¢i985)stated that generic structures

must meet all the tedtrequired of a casaspecific model, and in aition, the analyst must be able

to argue that the model is in some senses, general. In the samé_ne,& Smart (1994pnclude

GKFG GDNBIFGSNI O2yFARSYOS Ay dzaAy3a | OFy2yA0Lf &aA
only come about whethe structure is accepted within the application domain as a valid theory for

AVOSNIINBGAY I I LI NIAOdzZE F NI Of Faa 2F LINRGE Syae o

Hence, can we have confidence when using a canonical situation model? Accodimg to
(1998)a modeller can be confident thatwill be well constructed, will generate interesting modes
of behaviour and can yield interesting insights; but we might have reduced the confidence that users
will accept that such a model represents their system, or that they will be able to checksthat
structure and variables fit the system of interest. The representativeness of canonical situation
models can thus be tested, and, in principle, we can have confidence that it is appropriately applied

to a given situatiorfLane, 1998)

Concept of edliencein Socialecological systems

Resilience is a relatively new used concept and has diverse interpretations depending on the context

where is applied. ABiksel (2006nentioned, the concept of resilience has emerged as a critical
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characteristic otomplex, dynamic systems in a range of disciplines including econfintbsr,
1999) ecology(Folke et al., 2002)pedology(Lal, 1994) psychologyBonanno, 2004)sociology
(Adger, 200Q)risk managementStarr et al., 2003)and network theoryCallaway et al., 2000)

Bhamra et al. (2011&lso recognized the use of resilience in the context of small and
medium enterprises in a wide variety of fields as ecolfigy Walker et al., 2002)metallurgy
(Callister, 2003)individual and organisational psycholo@®arnett & Pratt, 200@Powley, 2009)
supply chain managemeriSheffi, 2005) strategic managemeniHamel & Valikangas, 200&8hd
safety engineeringHollnagel et al., 2006)he authors say that althoughe context of the term
may change, across all these fields the concept of resilience is closely related with the capability and

ability of an element to return to a stable state after a disrupt{Bmamra et al., 2011)

The concept of resilience wassfipopularized by Holling in 1973 within the seminal work
GAGEf SR WYwSaAtASyOS FyR {GFroAftAGe 2F 902t 23A0Ft
studies of the concept of ecological resilience as well various other forms of resi{@nama et
al., 2011) For Holling (1973) resilience, in ecological systems, determines de persistence of
relationships within a system and is a measure of the ability of these systems to absorb changes of

state variables, driving variables and parameters] still persist.

Specifically foSocialEcological Systems (SESgalker et al. (2002yefined resilience as
the ability to maintain the functionality of a system when it is perturbed or the ability to maintain
the elements required to renew or reorganise if a disturbance alters the structure of function of a
system (as cited iBhamra et &, 2011) Based orPetrosillo et al. (2015systems vhere social,
economic, ecological, cultural, political, technological and other components are strongly linked are
1y26y a {9{azX SYLKIaAT Ay3 {anS I NyiNEDNeLIBRE LS2 yOS
authors mention that SESs are truly interconnected ane\aaving across spatial and temporal
scales, where the ecological component provides essential services to society such as supply of food,

fiber, energy, and drinking watéPetrosillo etal., 2015)

Modes of behavion resilience studies
Resilience is often measured through the behavior of system outcomes (e.g. food security, energy
supply, or quality of drinking waterduring and after the system has been shocked by a change in

the environment(Biggs et al., 2012s cited irHerrera de Leon & Kopainsky, 201@pnsidered F(x)

12



as the outcome functionWalker et al. (2004as cited inHerrera de Leon & KopainskyQ1®)
describe three general changes that F(x) might exhibit after the system has been affected by a

disturbance:

Stability (no change)based orHerrera de Leon & Kopainsky (2018g systenoutcome F
(xX) shows the same behavior that it will show otlvexe, despite the system being affected by a
disturbance, as observed in Figure 2. The concept of stability is not necessarily a synonym of a
constant or a linear behaviour. For instance, the amount of available crops might remain stable
despite the presece of moderate droughts if sufficient crops are maintained in storage facilities
Adaptation ¢ KS 06 SKI @A2dzN) 2F GKS &aeaidSY GoSyRagé HK¢
eventually bounces back while retaining its current nat(iierrera de Leon & Kopainsky)1®)
Walker et al. (2004as cited inHerrera de Leon & Kopainsky, 20EMphasize that this return to
normal behaviour is not given but driven by factors (e.g. resources, decisions, actions) within the
system. For instance, food systems might adapt to changing weather conditions if farmers introduce
different seed varieties mdifferent crops that require less water.
Transformation¢ KS aé&3GS8SY Ia Al OdNNByidfeée SEA&GA &0 NE
with a fundamentally new structuraelationships,and identity Ludwig et al., 199AValker et al.,
2004, as cited irHerrera de Leon & Kopainsky, 2018he new system might or might not produce
the same outcomes or just might not produce them at the same Bésed orHerrera de Leon &
Kopainsky (2019)while certain transformations might be positive, risk managenisrmtoncerned
with those transformations that are not positive and the cases in which the system might collapse
(see Figur@). For example, food systems might become economically unfeasible if they are not able

to recover from severe weather disasters.

13
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Figure2. Generic system responses to a disturbance affecting one of its out@ideresra de Leon & Kopainsky, 2019)
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Chapter 2Resilience gneric structure analysis

The Resilience Generic Structure thtady is usingis classified as aanonical situation model
according to the sultypes explored by.ane (1998)The first reason for such a classification is that
the generic structurgsee Figure 3iy ageneralization of a case study frafhao et al. (2019}hat
represents the dynamics of resilience in terms of slow and fast vasidbladdition, he modelcan
reproduce several modes of behavior like equilibrium, recoadigr an external disturbanceand
regime shiftafter an external disturbance. Lastly, in practice, the structure has been adapted to

different situations wherairbanresilience is beingssessed.

The concept of resilience behind the generic structure is based on the research made by
Holling(1973, as cited inZhao et al., 2019who characterizes resilience as the ability of a system
to absorb changes of different variablétsis ako important to establish that the type of systems for
which the structure is designed is defined as sestallogical systems, which atemplex adaptive
systemawhere ecological (nature) and social (humans) components are interconnectedtaratt
dynamically.
Maximum Regeneration
Rate

Maximum Resource
Capacity

Consumption

Slow
Variablel
1

Q

Sufficiency

Effect on Development
or Depreciation Rate

Unit Consumption
of slow variable
by fast variable

per year

+

9% % Fast
S Variable
Net Development
@/ or Depreciation Height
Reference External Shock ) .
Development on society Duration

or Depreciation Rate L
. Introduction time
O

Figure3. Resiliencgeneric structure proposed f¢hao et al., 2019)
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Sructure analysis

The resilience generic modslrepresented in a stock and flow diagram (SFD) in Figure 3. which also
indicates the feedback loops interplaying in the modietontains two stocks undehe concept of
Wat26Q G NRIFOf Sa areysd inddiakaolbgcal @ysthids FedrheSadthors Krd
ecosystems for other author3he stocks are interconnected by a densigpendent mechanism

that determines how the fast variable changes based on how available the slow variable is. Also, the
system is affected by external circumstaadbat can change the behavior in different ways that

will be analyzed laterThe logic for describing the structure will be taking a feedback loop, define

the meaning of the variables involveghd then reason about the interconnections.

Regeneratiorfeedback loo(R/B0)

Slow variable in socialecological systemsds a variable that changes sliywin relation to the
timescale of ecosystem service provision and management. They are typically natural resources
consumed by a certain type of user. This Valgaetermines how the fast variable reacts to external
shocks. Slow variables are commonly harder to measure than fast variables becatlsir of
magnitude; when is very hard to measure the stock size, estimates or predictions are used, rather
than the raal value. Example: The slow variables, such as amount of soil organic matter, shape how
a fast variable, such as crop production, responds to variation in an external driver, such as variation

in rainfall during the growing seas¢wWalker et al., 2012)

The maximum regeneration ratés the maximumrate at which the slow variable can

regeneratebased on natual lawsor another type of restrictions

The maximum resource capacitg the maximumamount of the resource that the system
can containthat controls thesystemfrom growing infinitely, playing the role as the carrying

capacity (CC) of the environment for that resource.

The egenerationvariable rg@resents the selfegeneration of the slow variable when is
assumed that typically it is atural resourceA great number of types of natural resources are able
to regenerate but only withim certain growth rateThere is a notinear relationship between the

slow variable stock and the regeneration which is represented by a plaraoation

e YA AT QOOG D OB QI E DIOG DOV @I QYOO Q
0 WwhQQAE Qi MOVE ¢6————F 7 i T T T
0 O® QI ¢ WOQDWQO® dWd Qi ¢ MDD D Q0 ®
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The interpretation of the equations better explained by the structure graph in FigureThe
maximum resource capacity plays the role of the carrying capacity (CC) of the re@ssuamed as

2 in the structure graph)The maximum regeneration ratgalue of 0.5)s reached when the slow
variable is at the resource capacity that generates the maximum sustainable yield (MSY). In this
model, the MSY(value of 1)is reached athalf of the CC. That point defines the behavior of the
regenerationas can be observed in Figure 4. For values®fstow variable between 0 to 1, the
regeneration rate increaseafriven by a reinforcing loop mechanism. The regeneration rate reaches
its maximum point of 0.5 when the slow variable is at the MB¥ exact point where the two
variables are in equilibriuni=or values of the stock above 1, the regeneration rate starts decreasing
again towards zero, as shown in the structure graph. This relationship indicates that the behavior
will be driven by a balancing feedbatiechanism. After the slow variable reacttee Maximum
resource capacity2 slow variable unitsthe regeneration is negativéndicating that the system

tendsto put the slow variable again at the GCbelow it, as a control mechanism

Slow Variable vs. Regeneration

0.6
05 . .

0.4
0.3
0? . .

01| e .

Regeneration

01 .
02 .

0 05 1 15 2 25 3

Slow Variable

B Slow Variable vs. Regeneration

Figure4. Structure graph ahe stock 'slow variable' and its flow ‘regeneration’

Thereinforcingloop (ROxtoryexplains that the more slow variable, the more regeneration, and the
more regeneration, the more slow variabl®n the other way, the less slow variable the less
regenegtion rate, and the less slow variable the next time around. This is applitablalues of

the stock below the maximum sustainable yielthe balancing looB0) story explains why an
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increase in the slow variable causes a decrease in the regeneraien generating a slower

increase in the stock for values after 1.

Development or depreciation feedbdmbps (R/B3)

The fast variable is a stock that changes rapidly in relation to the timescale of the slow variable. They
are typically those factors thare primaily concern to ecosystem users, for exampl@est species

or (often) ecosystem goods and services, such as crop production, clean water extraction, oil

consumption, and so ofWalker et al., 2012)The fast variable can develop or depreeiaver time

and change through the introduction of external shocks. They are most easily measured and

immediately altered by some system of management.

The reference development or depreciation is themal or average change over time of
the fast variakd development or depreciatioThe net development or depreciatiamthe iesultant
rate influenced by the fast variable, the referencate, and the effect ofsufficiency as can be
observed in the equation:

0QOQL Q¢ | EOMNG QKD EE £QO B X0 T @R WY@ ¢ § MG QOQNO QE ¢

QOO EDQL Qa £ | EMNG QOIQH6 'VE &

R3is a reinfacing loop that represents the development dhe fast variable as long as it brings
progress to the territory/society where it operates. Tim@re fast variable, the more development,

and the more development, the more fast variabde represented in th€ELD of Figurs.

B3is a balancingbp that represents theseltdepreciation of the fast variableonsidering
that are humaamade and managed processes or assets, commathlg. more fast variable, the
more depreciation, the more depreciation, the lesstfaariablenext time around, as portrayed in
Figureb.

Depreciation

@

Fast

or

Development

Figure5. CLD of the processes of development or depreciation of the fast variable
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Consumptiorfieedbackoop (B1)

Consumptioris the useover time of the slow variabldt is givenby the fast variable value anoy

the units of consumption of the slow variable per each unit of the Yastable as represented in
the equation below As an example, being the slow variahMater resource and the fast variable
water treatment plants, per each treatment plant there will be a certain amount of water that is

extractedper time. That value will be the unit consumptiof slow variable by fast variable.

6&&i 6an 0COIEI QOOE WS £d PO RER & HWOT QGO GBGW A1 "Qeh Qb QG|

Sufficiencyis theratio between the slow variable level and the fast variable level which establishes
how adequateis the amount of the slow variabler the fast variablgsee equation below)The

higher the ratio, the more adequate is the slow variable in relation to #s¢ ¥ariable Staying the

slow variable constant, an increase in the fast variable will decrease the sufficiency, and a decrease
in the slow variable will increase the ratio. On the other hand, staying the fast variable constant, an
increase in the slow viable will increase the sufficiency and a decrease will decrease the ratio.

oA QO0aQ

YO QOO QRS T s ha 0

The dfect of sufficiency on development or depreciation rgsee Figure) is based on the initial

scale of the stocks, this is, how sufficient was the slow variable to the fast vaaiethie beginning

of the simulation (equilibrium). This linear relationship is assuming that whenever the sufficiency is
10 there is zero effect on the development/depi&tion rate. When the sufficiency is more than 10

(the resource is more available than in the equilibrium/initial situation) the effect is positive, which
means the fast variable is going to develop. When the sufficiency is less than 10 (the slow variable
is less available than the initial situation), the effect is negative, which means the fast variable is

going to depreciate.
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.

Effect of suff.. reciation Rate

.

Figure6. Effect of sufficiency on Net development or depreciation rate.

This balancing loop representhe consumption of the natural resource that is controlled by its
availability. When the fast variabl@creases, consumption also increases, decreasing the slow
variable and making it lessufficient The less sufficiency, the less effect on Development or
depreciation rate and the less net development or depreciation, decreasing the fast variable next

time around.

Development or depreciation contfeédbackoop (B2)
This loop represents the controf the development or depreciation rate based on how sufficient
the slow variable isThe more fast variable, the lesafficiencyand the less effect. The less effect,

the lessnet developmentor depreciationand consequently théess fast variable.

External Bock mechanism

This mechanismyhichis exogenously influencing the system, created a disturbance for which the
slow and fast variables will try to adapt. Thanks to this mechanism resilience can be analyzed. An
external shockis anexternal sudén shortterm deviation from longerm trends that ha the
potential to change substantially the current state of a system and/or the ability of the system to
withstand future disturbanceg¢Zseleczky & Yosef, 20140 this generic structure the shock is
thought to be a disturbance for the system through society, hence, it directly impacts the fast

variable which is the human component.

The external shock on society is represented by a step function, as shown in Figure 7, that

at given introduction timencreases a certain height of fast variable units with a specific duration.
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In Figure 7. the introduction time & 10 years, the magnitude of the shock is 0.06 and the duration
is 2 yeas. The magnitude of the shock céwe a positive or negative value, ¢&d on the given
meaning to the disturbance. As positive it will add to the fast variable and as negative will drain the

fast variable.

E]|
)

0.06

0.03

fast variable units/year

1.00 13.25 2550 3775 50.00
Years
—— External Shock on society

Figure7. Behavior's example of the external shock on society

Behawor analysis

As thisgeneric structure is centered on resilience analysis theretaee maintypes of behavior

that the outcome variablé (x) can generat&he three types portrayegreviouslyin Figure 2 are

stability, adaptation, and transformation/collapseThe F(x) of the system for this structure is
considered to be the slow variabtand Figure 8 shows the possible respasiethe outcome to a

disturbance.

The equilibrium state (blue line) can be compared to stedde state that occurswhen the
slow variable shows theame behavior even if there are disturbances. In the generic thabde
slow variable stays in equilibrium for a certain rangéhefshock. If the shock passie stability
threshold the behavior is then recoveryed line in Figure 8)The systentbend< and is capable to

go back to the equilibrium situation after a whilg its internal mechanisms.

The last type of behavior is the transformation, called regime shift (green line) in Figure 8.
Regime shift occurs whedt KS OdzZNNBy (i &deaiGSY GoNBlF1a¢ o0R2Sa

situation) and its structure is transformed into a new structure. It is possible for the system to find
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another equilibrium situation after the transformatioAlso,it can be said that a éansformation is
a collapseof the systenwhen the change represents something negative or unfavorable for the

outcome variable.

=

Slow Variable

0.8

0.6

04

slow variable units

0.2

1 8 15 22 29 36 43 50
Years
— Equilibrium
—— External disturbance and recovery
- External disturbance and regime shift

Figure8. Types ofasponsesf the slow variable ta disturbancen the generic model.
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Chapter3: Case studies

The analysis resulting from this research is thanks to the application of the previously discussed
generic structure to case studies. The cases come from the evaluation that a private foundation is
leadingof resilienceoriented imovation programs in Latin American cities, in partnership with the
OAGleQa 3I20SNYyYSylhad ¢KS yIFrYS 2F GKS F2dzyRIUA2Y A
condition terms. The information that can be shared freely is variable names, model serucitiyr

names, and other opeaccess information.
9F OK OFrasS &addzRé A& RSNAGSR FNRBY Ly aLyy2@0I (GA:
organizations/foundations and the government of the respective city. The general process of the

Innovation Challengis described ifkigure9.

Resilience Studies Innovation
Challenge Planning
» Shocks and * Theme's choice
.

* Private sector
engagement

Innovation
Challenge Execution
* Promotion

* Applications

* Project
evaluation and
selection

* Customized

support

Evaluation and
follow-up
* |mpacts and spill

over effects
* Project scaling

stresses
Stakeholder
mapping

* Resilience
evaluation

* Resilience

strategy

* Target audiences

Figure9. Description of the metprocess involving the Innovation Challenge

First, the organizers consider the previous Resilience studies made in the city as a precedent to plan
the challenge. Some of the cities do count with a Resilience strategy and some do not. Based on
GKFGX GKS lylrfeara 2F GKS OKIffSy3asSQa AYLI OG Oy

Secondly, for the planning phase, the organizers decide on the theme they want to focus.
Theycan use the Resilience studies as a starting point or choose an emergent problem that the city
is facing. Here, the organizers make important efforts to involve the private sector in the process
Also, they decide what is the type of audience the challersi@uld target to receive project

proposals in specific stages. In most of the Innovation Challenges, projects since early stages but
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with high growth potential are allowed to participate, until projects that have products/services on

the market already.

Later, the Innovation Challenge is launched, promoted, and closed. The winning projects are
selected based on criteria with weights and there can be several winners per challenge. The winners

receive two types of support: monetary investment and entrepreamicustomized support.

Finally, there is an evaluation of the impact of the winning projects focused on Urban
Resilienceln this context, urban resilience is the capacity of the city to withstand shocks or
stressors.This is the part of the process where System Dynamics takes place. Using a generic
structure each case study is modelled to analyze how some important varidolesd 4§ KS OA (@ Q
resilience respond to external disturbances. Also, three types of scenarios are created to study the
scaling of the projectgpolicies) base, pessimistic and optimistic. In this last stage of the meta
processthere is a deliverable for thorganizers called Systematization report. The report consists
of the next sections, and it is especially in the last ones (4, 5, and 6) where System Dynamics

modelling is used:

Challenge process development
Problem to solve

Proposed solutions
Scalingnodels

Potential impact on Urban Resilience analysis

o gk~ w bdpPE

Conclusions

In Table 2 there is a summary of the Innovation challenges with the respective order, city, themes
and objectives, and the number of resulting winning projects. Something important to riative
the table is the order of the cases because the insidfitecussed in Chapter @re accumulating

through them, and different decisions were made along the process.
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Number of

) Resilience - o o
Order City, country Resilience challenge objective winning
challenge themes .
projects
/ 2y GNRodziS G2 (K
) Gender equity | means of private sector participation
Buenos Aires, ) ] . ] ]
1 ) and circular incorporating actions, projects, or 4
Argentina ) . .
economy novel strategies to increase resilienc
in their business models.
Theinnovation process should
respord to a strategic axis of the
) Ecoefficient industries inside the polygon and
2 Quito, Ecuador| ) o _ 2
industrial polygon| should fit with the analysis process ¢
solutions and alternatives to the
problems raised.
Strengthen the sustainable
. . Ecosystenbased agroecological production and
Mexico City, . S )
3 _ adaptation to merchandizing in the chinampa area 1
Mexico ) _
climate change | as well as improve and regulate wate
quality in the area.
/ 2y GNROGdzGiS G2 {I
Salvador Bahia] through the participation of the
4 ) Circular economy| | 3
Brazil private sector, as well as reduce soci
inequality.
/| 2y GNRodziS G2 Gf
) through the participatiorof the
Urban circular . ) .
i private sector, incorporating novel
Cordoba, economy and ) ) ) )
5 ) ) actions, projectsor strategies or triple 3
Argentina Urban social _ )
impact that contribute to the
economy

economical renovation pogtandemic,

in the framework of circular economy

Table2. Summarized information garding the innovation challenges launched
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Chapterd: Framework fothe adaptation of the generic structure

As mentioned earlier, there was a process of adaptation of the Resilience Generic Structure to
different case studies. Each case study was an opportunity to iterate the adaptation process and
gain insights. During thehapter,the general framework for aptation is going to be discussed and
later, in Chapter 6, thedentified improvements of the frameworlafter the iterationswill be

established.

Paich (1985jnentionedthat the System Dynamics method offers no guidance about how
to move from a group ofasespecific models to generic structuréhat statement remains true if
it is considered that there is no official method. The procedure to do the opposite is also not clear,
reason why this thesis will give an attempt in operationalizing the way setiewedan move from a

generic structure to a case studgdapting the structure in the way.

Sterman (2000pffers a guideline for the modelling process with SD that has been used
extensively, especially for the caspecific modelling approaches. Thees$ consist of: (1)
articulating the problem to be addressed, (2) formulating a dynamic hypothesis or theory about the
causes of the problem, (3) formulating a simulation model to test the dynamic hypothesis, (4) testing
the model until you are satisfied is suitable for your purpose, and (5) designing and evaluating
policies for improvementlt is also considered that modelling a feedbaclkand iterativeprocess
(Sterman, 200Q)which means thahas the potential to bdlexible enough to adapt to défent
modelling approaches. Given that, the modelling process siepadjusted as shen in Figure 10

where key questions for the adaptation of generic structures are raised.

It is important to clarify that the proposed framework is the one followed @ngral through
the case studies described in Chapter 3. The steps order could vary from case to case, as well as the
guestionsto beanswered.The outcomes also varied, in some of the cases the generic structure was
more followed than in othes, based onhe client and case needset us detail more each step and

talk about insights gained.
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Problem articulation

The problem articulation started with the analysis of tlegising documentation about the case
study (the innovation challenges per city). For the clighere are two main deliverables: a report
and a modelThemodellershad tomakesure to obtain all the information required to complete

both deliverables in a maximum terni one month.

Interviews wee carried out to contrast the existing information and obtain new information
from the stakeholders. The interviews were usually with the organizers or the challenges and with
GKS €SIFRSNAR 2F (GKS 46AYyYAYy3T LINE 2 sdérs tire nbodeNeFsy 3 (G K S
made questions focused on gaining a better sense of the case and identifying possible variables

involvedin the modelling process.

All the case studies had the same saaltéch was local dynamics due to the focus on Urban
ResilienceThe information about the innovation challenge and the winning projects was clear, since
is information the client can directly controrhe Information related to the problemshat the
challenges tedto solve was clear but not very detailed. That fatated an extra burden for the
modellers, who had to research for open access information related to the-soological systems
involved. An important learning from this process of problem articulation is that, if the deadline to
finish each case studis as short as mentioned, it is very convenient that the modeller has
experiencewith Resilience assessments awith socicecological systems in generdlhis is an

advantage when conceptualizing the problem and having the big picture of the modellicgspro

Additionally, with the iteration of the problem articulation step through the cases, the
modellers leared what information was more useful for the process, what sources to use and how

to conduct the interviews to be more effective.
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1. Problem articulation

What is the context of each case study?

Is there something that all the case studies share?
= At which scale is the problem considered?

*  What documentation is available to reason about
the problem and the reference mode?

What valuable information can be obtained from

interviews with the stakeholders?

/ 2. Dynamic hypothesis ™

= Is the current story of the system similar to the
one that the generic structure tells?

* Are the feedback mechanisms of the generic
structure enough to represent the dynamic
hypothesis of the case study?

* Was it possible to identify most of the stocks and
flows that the generic structure uses after the step

. 4 \1? What is missing and what does not match?

5. Policy design and evaluation

* What scenarios can be analyzed?
*  What policies can be design to change the reach
the desired outcomes?
Is there an interaction among the policies?
How can be measured the impact of the policies
in the system?
\ * Are the policies feasible? /

-~
>
- N
-
-~ / 3. Formulation of the simulation model \\
4, Testing * Are details in the dynamic hypothesis that can be represented
in an aggregated level with the generic structure? Does the

Is there a good fit with the outcomes of the client/stakeholders need a certain level of detail?
model and the reference mode? = Are there time constraints that make the modelling process
Hoes does the model react to extreme challenging?
conditions? » Does the modeller need to add more structure to the generic
Do the results make sense for the stakeholders? one or modify it?
What strategies can be used for receiving = Are the formulations of the generic structure accurate for the
feedback from the client/stakeholders? / specific case? Do the formulations need adjustment?

Have the variables and parameters real world equivalents?//"

FigurelO. System Dynamics modelling process tailored for the adaptation of generic structures

Dynamic hypothesis

At this stepwith the main variablesdentified, it is possible to create a visual representation of the
system. For the first two case studjéise modellers departed from a Causal Loop Diagram and then
realized that it did not add the expected valuiter that experience, the process started directly

with the Stock and Flow Diagram of the generic structure presented in Chapter 2.

Since the starting point of the modelling process is the generic structure, thde in@asier
to accommodate the variables and create a first version of the dynamic hgpisand saved some
time that could be used in the next stejm that first version what the modeller tries to do is to

accommodate the variables in the generic structure and make the connections and check what level
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of matching can be accomplished to takhat as a departure point. The final version of the model

might be or might not be similar to the generic structundiichdepends on the needs.

Formulation of the simulation model

An important limitation for this step and the previous one was the time of only one week. That
reduced the level of detail and forced the modeller to stay at a more aggregated level, which is one
of the advantages of using the generic structure. Due tosdm@e time constraint and the role of

the client in the simulation process for this particular project, the involvement of the client was low.

The involvement was bigger in the testing step.

Knowing the level of aggregation that needed to be kept, evéreisimulation model was
different from the generic structure, the modelketried to make simple structuresThere were
several iterations at this step after calibrating the structure and testin§ame crucial variables in
the simulation model werehe outcome variables, the most important ones for the client to make

decisions.

Anaher big limitation in the formulation of the simulation model was the lackp@cise
data. As mentioned earlier, information about the projects (policies) was clear rfatnation
about the socieecological systems relied on opancess information. For the information that was
difficult to find within the time frame, the modellers used validation with the stakeholders,

calibration with other equivalent information or agsptions.

Testing

One of the biggest sources of validatioasthe stakeholdersAs there was a lack of information

and little time, in most of the cases there was no reference mode of behavior. That is why the models
were usually calibrated to start in equilibriussuming that théntermediate parameters are right

to deduce other alues, as the initial values of the stock for instance. It is based on deductive
reasoningif the parameters are righthe impactof a policycan bemeasured, and the results are

valid

The validation process with the stakeholders is mainly made throwglan interface

designed in Stella Archite@tsoftware, where the modellers try to validate the main variables used
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and calibrate the main values based on the stakeholder’s feedback. Depending on the stakeholder’s
level of knowledge on the case, the mdlées decide to show the model (represented in an SFD)

and discusg with more detail.

Policy design and evaluation

The policy component of the modelling procdsshe different projectsthat won the Resilience
Challenges, and their impact @alyzedbased on three main scenarios: base, pessimistic and
optimistic. In the base scenarithe modelers assume that the growth of the project is the same
that the one that they estimated they will have. In the optimistic scenative modelers assume a
growthx times bigger than the base scenario. And the pessimistic scenario assumes a growth x times
smaller than the base scenaritm this way, there is a way to compare the state of the system
without and with interventions and see how much the projects caprowe the outcome variables

the stakeholders are interested in.

Iterations and feedback

Although all the steps of the modelling process have feedback between them and there is constant
iteration, continual questioning, testingnd refinemen{Sterman, 200Q)acommon iteration in the
adaptation of the generic structure was the one from testing to dynamic hypotidsited arrow

in Figure 1Q) It is common because there is a constant process of adjusting the generic structure
based on the alibration process, results, and feedback from the stakeholders. In this process, is
completely possible that the final version of the model is a egmeific structure instead of the
generic one. The adaptation process of generic structures to casesthds to be flexible enough

to create a fairly good representation of the reality while fulfilling the clsgmairposes.
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Chapter 5: Resultsf the adaptation process

Generic structurealidationthrough the casstudies

The case studiemnriched the process of gaining confidence and validating the generic strudgure.
Paich(1985)stated, generic structures must meet all the testquired of a casaspecific model,
and in addition, the analyst must be able to argue that the model $bine senses, general. The
next tests applied to the generic structures are the ones propose@bias(1996)for casespecific

models(see Table 3)Later, in Chapter 7, more about validation will be discussed.

Structure confirmation test

The structue of the model is supported bynaexercise made b¥ghao et al. (2019f creating a
generic structure for resilience assessments from a case study. Both the creation of tispeeifie
model and the generic model has proper research methodology. Truetsre is consideredh

canonical situation model faesilienceassessments in sociatological systems.

The model uses the concept of slow variable and fast variable for smciklgical systems
(Walker et al., 2012)Also, the structure has two@tks related in a denskgependence that can
generate several behaviors as the predapoey model(Swart, 199Q)Finally, in the adaptation of

the generic structure to each cagbere was a process of adjusting and validating the structure.

Themodel of each case study is built based on sources of information as official documents,
business plans, and interviews with the stakehold@tserewere also sessiamnof validation with

the stakeholders for the structure and behavior of the model.

Parameer conformation test

The cases use similar parameters the ones used in the generic structure with additional
parameters specific to each of the cases, validated with the stakeholders. The generic parameters
are Maximum resource capacity, Maximum rageation rate, Unit Consumption of Slow variable

by Fast variable per year, Reference development or depreciation diggyrbance height,
disturbanceintroduction time &disturbanceduration. Parameter units are consistent with the
model calibration. Alli KS O 8SQa aLJS OA fworld eduivaidtsy SG SNB KI @S
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Extreme conditions test
The behavior of the outcome variables of the model makes sense when it takes extreme values in

the parameterqsee Appendix 2).

Dimensional consistentsst

The models ardimensionally consistent without the use of fudge factors

Integration errottest

The behavior of the output variable does not change dramatically with changes in the integration
method. The ones that seem more precise in behavior reproduction are RK2Kah(see Appendix

3). With the chosen integration method RK4, after DT=5 the behavior stays with the same shape.
The one used by the model is DT=15.

Behavior reproductiokest

The model reproducgthe real data with someoint-to-point differences The casatudiesbehavior
reproduces the behavigpatterns stated in resilience theories when their structure is the same or
similar to the generic one. As the case studies mbdsfewerandfewermechanisms present from

the generic structw, the behavior patterns changes consequence.

Behavior sensitivitgst
Since the model is designed to test how disturbances change the system, the generic model is highly
sensitive to changes in the parametegespecially the one related to disturbees.The study of the
aeaisSyQa NBFOGA2Y (2 RA &G dBabel gh@hé specificchalacteriSigha A G A G A
of the system, the behavior can be more or less sensitive to certain parameters.

In Appendix 4 can be found how the generiaisture reacts to changes 20% below and
above thenormal value of the different parameterBor the analysis of the parameters not related
to the disturbance arecovery type of behavids assumed as the bas€he possible combinations
are infinite and camenerate several behavior variations within the ones already studies in Chapter
2.

Generality of the generic structure

This analysis is more a discussion than a test peAier the process of building five different
models with the generic model asdeparture point, one of the characteristics that was followed
more precisely is the type of system. Almost all the pairs of -&mivvariabls represented social

ecological systems, being the slow variable a representation of nature and the fast eahabl
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human component. This is followed in all the cases except in one (Buenos Aires model), where the
slow variable wasocialcohesion and the fast variable was Gender salary gap, both social variables.
Later in the behavior analysis will be observedtttiee mentioned pair of variables could not
represent the three generic modes of behavior. This might indicatettieageneric structure can
include several socigcological systems but not only social systems, at least that is what the

evidenceshows. M98 G(SaldAy3 Aa ySSRSR (G2 OKIffSy3asS (KS

Also, it can be claimed that the structure is general because the concepts of slow variable
and fast variable are general and encompass a great buheariables. Additionall, the concept
of the external disturbance is flexible enough to represent several patterns,-shontand long
term alterations with different trends. Finally, the concept of sufficiency and the effect of sufficiency
in the development or depreciation tais flexible to represent any type of relationship, linear, non

linear, and so on.

Structue analysis

The results of the modelling process of the case studies are summarized in Tabiet;ontrast

the feedbackloops from the generic structure andthe onesfrom the cases. For a better
interpretation of the results, it is important to remember that the cases are chronologically

organized, the first model developed was Buenos Aires and thedadblia.

It can be observed that the first two modelspteall the loops from the generic structure.
Starting fromMexico Citymodel, the original loops were less represented in the case study models.
Mexico City modehad the loops associated with the slow variable regeneration process and the
consumption of he slow variable with some constraints of capacity that represented partially the
sufficiency conceptater, h Salvador model, the concept of regeneration was included but not the
concept of sufficiency in theonsumption.The ame case happens i@ordoba model, the fast
variable dynamics from the generic structure are not representedy some of the slow variable

dynamics.

The fact that the models represented less and less the generic structure loops does not
mean the structures are a more sinfd version of it. There are other feedback mechanisms
present in the casspecific models, especially associated with material delays of the slow variables.

Those details are not analyzed in the current research project.
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Generic
model
feedback
loops

Descriptionof the feedback loop

Buenos
Aires
model

Quito
model

Mexico
City
model

Salvador
model

Gordoba
model

R/BO

These loops represent the self
regeneration of natural resources
A great number of types of
natural resources are able to
regenerate but only withira
certain growth rate, that is why
the parameter maknum
resource capacity is introduced,
to control the upper limit of the
stock.

R/BO

R/BO

R/BO

R/BO

R/BO

Bl

This loop represents the
consumption of the natural
resource that is controlled by its
availability. When the slow
variable is less sufficient foine
fast variable, the fast variable
develops slower and consumes
less of the slow variable next tim
around.

Bl

Bl

Bl

Consumption
is
represented
without the
sufficiency
concept

Consumption
is
represented
without the
sufficiency
concept

B2

This loop reprsents the control
of the development or
depreciation rate based on how|
sufficientthe slow variable islt
makes the development not to b
reinforced every time the fast
variable grows.

B2

B2

None

None

None

R/B3

R3loop represents the
development ofthe fast variable
as long as it brings progress to tk
territory/society where it
operates.

B3loop represents the normal

depreciation of the fast variable.

R/B3

R/B3

None

None

None

Table3. summarized results d¢fie generic structure adaptation to the case studies
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Behavioral Analysis

In this subsection, thebehaviorof the output variable ofthe generic mode{slow variable) will be
compared to the behavior of theubput variables of the five cases. For a better interpretation, let

us notice that some of the values are in relative terms (further explanation in Chapter 6) and some
of the values are in reacale terms. Threessentialtypes of behavior are going toe identified
through the cases: quilibrium, external disturbanceand recovery and ternal disturbanceand
regime shift In the different figures, the slow variable is always represented by a blue line and the

fast variable by a red line.

Generic struare

As analyzed in Chapter 2, the three types of behavior, based on resilience theories, for the outcome
variable F(x) are Stability (Figure 11), adaptation (Figure 12), and transformation/collapse (Figure
13). In the case of the last behavioollapses theone commonly represented. Transformation can
also be observed, based on the particular problem and loops interackonshis model, the system

can recover to shocks less than 0.08 fast variable units approximately. After that, the system

collapsegFigure 13).

05

1 8 15 22 29 36 43 50
Years

— Slow Variable
—— Fast Varnable

Figurell. Equilibrium Generic model
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Figurel2. External disturbance (0.06 units) and recovédgneric model

E
0.75
0.5
0.25
0
1 g 15 22 29 36 43 50
Years
— Slow Variable
—— [ast Varable

Figurel3. External disturbanc€.0856 units) and regime shifGeneric model

Buenos Aires model

In the case of Buenos Aired| the feedback mechanisms of the generic model are represkinte

two sets of structures. The first one is relatedttee energy balance of the city and how the
consumption of plastics and textiles can affect the energy matrix. It is expected that if the relative

use of home cleaning plastics and textiles increatbesconsumption of energy increases, and the
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energy balance decreases as a consequence. In the Figures aad1B can be seen the three

types of behavior from the generic structure.

B

Unitless

L]
2020 2020 2040 2080 2080

Years

—— Relative energy balance
— Relative home cleaning plastic and textiles

Figurel4. Equilibrium Buenos Aires motleEnergy balance

unitless

0
2020 2020 2040 2050 2080

Years

—— Relative energy balance
— Relative home cleaning plastic and textiles

Figurelb. External disturbance (89 units) and reovery- Buenos Airemodelc Energy balance
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unitless

2020 2030 2040 2050 2080
Years
—— Relative energy balance
—— Relative home cleaning plastic and textiles

Figurel6. External disturbance (@4 units) and regime shiftBuenos Airemodel¢ Erergy balance

For the second structure, social cohesion is represented in relation to the gender pay gap. If
womernis salary is closer to ménsalary, there will be less pay gap and social cohesion will increase,
as social cohesion involves reducing disparities in wealth and income. This effect is observed in
Figure 17. This strare can be consided as a social system more than a purely seetlogical

system.

In this can, it can be observed that the model, altjo having the same loops of the generic
structure, does not reproduce the three typef behavor mentioned. The strcture itself is capable
to do so because contains the same mm&cisms; however, the nature of the problem defined by
the intermediate parameters anddditional variables does not allow the same behavior of the

generic stucture.
The fact that tlis set of variables do not include the ecological component directly can

influence the resultant behavior. More applications of the generiacstire would be needed to

define better the boundaries of the type of systerhsan represent.
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unitless

—— Relative social cohesion
- - Gender pay gap

Figurel?7. Behavior of the slow variabluenos Aires modeBocial cohesion

Quito model
For Quito, two structure were built, one related to unused waste withe potential of being
recycled and the other related to petroleum availabilits portrayed in the different figures, both

systems are able to reproduce the behavioral modes: equilibriresgvery,and regime shift.

The exception comesrdm the relative unused waste in Figure 22. The system can
reproduce a recovery behavioral model as in Figure 20 if all the loops are activated. Although, in
practice, the relative unused waste does not have a regeneration process since it is not a natural
resource. It can have on the other side a degradation that is not considered in this exercise because
the waste is mainly plastic, which takes a reldiiteng time to degradefor this system of waste

managementthe behavior of recovery is not natural, tilne regime shift is.
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—— Relative unused waste
- - Relative waste sorted in companies

Figurel8. Equilibrium Quito modek Waste management
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unitless

Time
—— Relative petroleum available
- - - Relative use of fossil fuels

Figurel9. Equilibrium Quito model Fossil fuels

unitless

—— Relative unused waste
- - - Relative waste sorted in companies

Figure20. External disturbance arrécovery- Quito model Waste managementAll loops activated
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Figure21. External disturbance (0.1 units) and recovepyito model Fossil fuels
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unitless

—— Relative unused waste
- - - Relative waste sorted in companies

Figure22. External disturbance (0.03 units) and regime sl@jfiito model Waste managementnot regenerationoop

E

unitless

2035 2042 2080
Time

—— Relative petroleum available

- - - Relative use of fossil fuels

Figure23. External disturbance (0.3 units) and regime stftito mode} Fossil fuels
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Mexico City model
As mentiored earlier, from this case study the models start changing significantly in structure.

Having the SD principle that structure drives behavior in mind, it can be said that the differences of
structure make the system behave as in Figure 24. The system oesvndt reproduce the three
types of behavior of resilience. For this system, the water resource of Xochimilco is decreasing at a

constant pace, even with the policies implemented (winning projects).

E 30M

24m ’\

12M

Cubic Meters

&M

1580 2005 2020 2035 2050
Years
—— Water resource Xochimilco

Figure24. Behavior of thelsw variable- Mexico City model
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Salvador model
Similar to Mexico City casgudy, the changem the structurecreate a changén the behavioral

modes. Here, the water availability increase decreasingly due tahe impact of policies

implementation.

E] 2.62M

T.7M

o

.78

Cubic Meters
w
=

1.93M

1990 2002 2014 2028 2038 2050
Years
— Available water

Figure25. Behavior of the slow variabl&Salvador model
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Cordoba model

For Cordoba, nowulassified esidues is the representation of the slow variable. Given the yslic
intervention, the amount of residues #ecreasing over time. Another output variable, important
for the client is the contribution of the policies to the reduction of living costs of the local population

(see Figure 27). As in Mexico City and Salvador, the model is not able to reprodszenthe

behavioral modes of the generic structure.

[] 1.42M

1.41M

Tonnes

1.39M
Y2021 Y2028 Y2035 Y2042 Y2050

Time

—— Non-classified residues

Figure26. Behavior of the slow variabie€Cordoba model
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—— Contribution to living costs reduction

Figure27. Behavior of the output variable ‘contribution to living costs reducti@Qurdoba mdel
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Chapter 6Update of the gneric structureand framework

Generic structure

After the adaptation of the Resilience generic structure through the case studies there are two main

identified updatesthe concept of disturbance and model scale. Regardivg first update,the

original model proposed &hao et al. (2019panages thelisturbances in the resilience assessment

as shocks, which were defined in Chapter 2. as dieont deviation from longerm trends. As
systems can also be affected by lehdd NY RS@GA Ll A2y as GKS @I NARIFIofS o0ST¥F
a20AS0e¢ aORKEEBFAL GRAAGAIND I y OBé striicture Hoashlit Blarge&S R Ay C
but the definition of external disturbance doemn external sudden shotterm deviation from long

term trends (shocks) or loAgrm trends or pressures (stressors) that halre potential to change

substantially the current state of a system and/or the ability of the system to withstand future

disturbances(Zseleczky & Yosef, 2014)

This change in the definition of the disturbance opens the spectrum of deviations that can
be modelled, adding more flexibility. The equation behind the external disturbance can be changed
to represent longer disturbances and the parameters defining the equation as height, introduction

time and duration can be customized too.
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Figure28. Updated resilience generic structure

In Figure29 can be found an example of the behavior of the system where it is exposed to-a long
term stressorlt can be observed that for run 1, the disturbance magnitude is so large¢hatgtes

a collapse of the system, which is a behavior a stesrh disturbance can also generate. Now, for
runs 2 and 3, the disturbance does not create a collapse in the system but a transformation. If the
system is permanently exposed to a disturbaritadjusts and finda new stable situation, it does

not come back to the previous equilibriu.K A & Aa | @FNAIFGAZ2Y 2F GKS
with a pattern it has not been seen for shderm disturbances. Hence, the opportunitiésr

analysisare more open

46

w»



Slow Variable = External disturbance
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Figure29. Response of the slow variable to a ldagn external disturbance

Regarding the model scaliéwas discovered as useful in practice the use of relative terms for the
resilience assessment whehere is uncertainty or lack of datéeing these problems considered

as common irlLINJ O G A dppliéato&sNiR dnodel is rescaled in values around 0 to 1, and the
logic of proportions in the model works around the Slow variable. The slow variafitiaiized in

1, assuming that is the original value of the stock when the simulation starts. The fast variable is
initialized in 0.1, assuming that the fast variable is 10 times tle@s the slow variable. That
assumption changes based on the applicatid the generic model to a specific problem. The other
variables and parameters are calculated as proportions of the relative terms. If the slow variable
is a groundwater source with annitial value of 3 million cubic meters and thenaximum
regeneration rate is 1 million cubic meters, in relative terms the value of the stock is 1 and the

maximum regeneration rate 0.33.

Because the model is now working with decimal numbérg€ S LJ NI YSG SNJ a G NI y 2
NBf I GAGS (tdanjistisomeifihe dabBRaEthe right magnitude when the model is on
relative termgsee Appendix 1 for more detail§)his parameter keeps the behavior consistency and
scale It was calibrated based on the original model in equilibrium first and then tested by its ability
to reproduce the modes of behaviowhen there is plenty of data and time, the model can be
I R2dzZa G SR G2 GKS y2NXIf aol {25 oie2 N2 @My GKSNILEHEN
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Framework

Along the modelling process through the cases, it was observed that the simulation models were
moving farther and farthe away from the generic structure. The modellers assumed, given the
nature of the cases (resilienceiented), that the type of situation that applied for the generic
structure could alste applied for the cases. This assumption was rediscovered later when the real
nature of the assessmentshowed up. Although the client considered the approach of the

challenges as resilieneariented, they were more close to sustainabidyiented.

Thanks to this finding, a stdtep of problem articulation in the adaptation framework
proposed in Chapter 4. was added. The-stdp defined as Type of situatigeee Figuz 22)seeks
to avoid the use of generic structures that do not fit with the actual problem. Asking questions like
GAa GKS LINRPofSY gAGKAY (G(KS o02dzyRFNASa 2F (GKS GelL
will make the modeller reason about theyhit fit between structures. In the case studies used in this
research, most of the problems were identified as part of seialogical systemsence, the fit

between types of systemsvas appropriate

Now, with the type of situation is where the disagreent comes. Thgenericstructure
was designed for resilience situations where resilience has a specific meaning. The case studies, as
mentioned above, had a different approatihresilience focused on sustainability. This deviation
madeit unnecessaryd use the same mechanisms of the generic structure, simplifying the feedback

loops interplaying but increasing the time spent in the formulation of the simulation model step.

The same feedback (dotted arrow) that was proposed in Figure 10. is preseatipdated
framework with a variation, the relationship goes from testingtype of systemsinstead of
dynamic hypothesis. This is because the testing process will guestion the fit between the generic
structure and the adapted structure, reassuringattering the previous perception about the fit

with the type of system or situation.

For resilienceassessments particularly, a good question to be answered since the problem
articulation that will benefit the analysis diie type of situation is tk one presented byierrera
(2017)is: resilience of what to whatWith this question, the modeller can identify which is the
aeaisSyQa NBalLlRyaS NBLINSaSyGaSR o0& |y 2dzid2YS TFdzy

disturbance to analyz¢Herrera, 2017) If the client can identify the outcome function for the
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resilience analysis and the disturbance, it can be said that the type of situation that the resilience

generic structure proposed in this research is design for can fit with tbiglgm.

1A. Problem articulation \

What is the context of each case study?

Is there something that all the case studies share?
At which scale is the problem considered?

What documentation is available to reason about
the problem and the reference mode?

What valuable information can be obtained from

interviews with the stakeholders?

5. Policy design and evaluation 1B. Type of situation

+ s the problem within the boundaries of the
type of system the generic structure is

What scenarios can be analyzed?
What policies can be design to change the

reach the desired outcomes? v designed for?
* Isthere an interaction among the policies? > = Is the type of situation of the generic model
* How can be measured the impact of the -~ accurate for the problem? Is the definition of
policies in the system? | -~ the type of situation of the problem aligned
k Are the policies feasible? -~ with the one of the generic structure? '
I L
/ 4, Testing P ” 2. Dynamic hypothesis
* Is there a good fit with the outcomes of ” = Is the current story of the system similar to the one
the model and the reference mode? -~ that the generic structure tells?
* Hoes does the model react to extreme = Are the feedback mechanisms of the generic structure
conditions? enough to represent the dynamic hypothesis of the
* Do the results make sense for the case study?
stakeholders? * Was it possible to identify most of the stocks and
* What strategies can be used for receiving | flows that the generic structure uses after the step 1?
&feedhackfrom the client/stakeholders? : What is missing and what does not match?

3. Formulation of the simulation model

Are details in the dynamic hypothesis that can be represented in
an aggregated level with the generic structure? Does the
client/stakeholders need a certain level of detail?

Are there time constraints that make the modelling process
challenging?

Does the modeller need to add more structure to the generic
one or modify it?

Are the formulations of the generic structure accurate for the
specific case? Do the formulations need adjustment?

Have the variables and parameters real world equivalents?

Figure30. Update of theSystem Dynamics modelling process tailored for the adaptatioaraical situation models
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Chapter 7: Discussi@md conclusion

This sectiompretends to highlight the main findings oli@d from the research exercisewtll start
with an overview of the research questions answered throughdbcument anawill finishwith a
detailed answeto the last questionwhichsummarizes the insightsr the field in the use of generic

structures.

How is resilience represented in a generic structure?

Resilience can be represented in a generic structure with two stocks that follow a density
dependence relationship. Isocialecological systems there is a classification that dsideiables

into slow variables and fast variables, being slow and fédativeterms. The $ow variable is usually

a natural resource that changes slgwver timerelative to the time horizon of the problem. This
variable has a setkegeneration capacitand can bedifficult to measuredue to its magnitudeThe

fast variables usually the human asttiesthat influence the slow variabl#grough consumption

The fstvariablechanges relativelyapidy and can be measure eastlince theyrepresenthuman
controlledsystemsThe behavior of the slow variahblerelation tothe behavior of the fast variable,

called sufficiency in the model, determines how the fast variable will develop or depreciate.

One of the key pieces of the generic structure is the representation of external disturbances
which allows to shock the systermé analyze how the variables resmbito that, answering
guestions like:Can the system recover after a certain disturbance? If it cannot recover, what is the
new state that the system reaches? How large can the disturbance be before the system breaks? Is
the system more vulnerable to shock or stressors? Ingbigericstructure,the slow variablés the

outcome variable where the response of the system to a disturbance can be measured.

The generic structure can reprodutte three types ofresponses to disturbances proposed
by Walker et al. (2004as cited irHerrera de Leon & Kopainsky, 20IR)e system can remain stable
after being shockedtiOF'y |t a2 WoSYRQ YR FRFLWG G2 GKS OKI y:
system. The transformation can also be a collapse when it is considered as a negative response for
the system. For the resiliee generic structure, the stability mode is calguilibrium,adaptation

is calledrecoveryand transformation is calledegime shift
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How to adapt a generic structure to different cases/contexts?
Theresiliencegenericstructure is adapted based orhe needs of each casad the limitations of

the project.The result can be either the samasthe generic structure, an enlarged version of the
generic structureor a totally differentmodel As the modelling process proposed3igrman (2000)

is flexible to adapt, the same modelling steps can be used as a framework for adapting a generic

structure to a case study.

Particularlywhen usinggeneric structures, the modeller should have anexsal focus in
each stage. For the problem articulation step, the modeller can focus on which is the context of the
case study and how does thadlate to the context of the generic structure. Then,tire Dynamic
hypothesisstep, there should be speciattantion to the fit of the case feedback mechanisms in the
generic structure feedback mechanisms. At the moment of formulating the simulation ptloeled
are decisions in adding more structure to the generic one or not based on the needs. The test step
isthere to challenge the adapted structure and make it more robust for the specific context. Finally,
the policy design and evaluation step will focus on how the system can give different outcomes,
which in the type of situation of the generic model is tethto how can the system be more

resilient.

How to validate the generic structure through the cases?

The validation of theresiliencegeneric structure through the cases consistd analyzing the
representation of the structure and behaviof the adaped structure.The more case studies can
represent the main mechanisms arab a consequengéehavioral modes of the generic structure,

the more confidence can a modeller have when using the generic structure proposed in this research

project.

As mentiored earlier, generic structures must meet all the tests required of a-spseific
model, and in addition, the analyst must be able to argue that the model is in some senses, general
(Paich, 1985)The modelling framework followed along this researchjgmbis aligned with that
conception. Hence, the tests for creating confidence in generic structures proposed by(B29B)s
are followed. In addition to thatan analysis of the generality of the structure was made, showing
that the generic structure is quite general regarding the context to which can be applied. For the

variety of socieecological systems studies, the results seem reasonable and realistie.\id&one
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case of a system without an ecological component directly involved that could not significantly
represent the behavioral modes of resilience responses. Shémgthensthe assumption behind

the generic structure that the mechanisms apply witthie boundaries of soctecological systems.

How does the generic structure and adaptation framework need to be updated?
After the adaptation exercisehere was a process of autvaluation where some opportunitider
improvement came outRegarding thegeneric structure, there was a change in the way of
understanding the external disturbances sector. The original model propmsegternal shock on
society, which limited the type of disturbances that the system could experience. In the updated
version,the external disturbance could be either a shtagtm deviation or a longerm stressor,
making the generic structure more flexiblBiven that in practice was useful to rethink the model
scale due to the lack of precise data, the last update is the tiangf the model to relative terms.

This allows the modeller to work in projects that have uncertainty in the data while using not the

real value but proportional values of the variables.

Regarding the framework, a sidtep of the problem articulationtep is added in order to
make easier the adaptation process of generic structure. Thestbis called Type of situation and
seeks to assure from early stages that the case study can be well represented by the generic
structure. If the modeller discovethat the type of situation of the problem, in case of canonical
situation models, is different from the one in the generic structure, can shift to another structure

proposal faster.

What insights can the field gain from the use of generic structures?

Precticality/time

Generic structuresoulddemonstrate to save time in the modelling proceBsiring this exercise,

the modellers could prove that when the generic structure was used the modelling time was within
the deadline, which was one week. As can beambed inTable 3, the further the modellers
advancedhe smallemumberof loops from the generic structure were represented. With this, the
modellers also experienced more delay in the modelling process, the time was duplicated in most

of the cases, from one week to two weeks when the generic structure was consigacspied.
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Even when theaumber of feedback loops in the structuresawless than in the generic structure

and not mgor loopswere added, the modelling time was more.

Generic structures can be very well used when the boundaries of the paojetght and
do notincludea deepa i I 1 S KigvbNe®enkik themodeling process Since the feedback
mechanisms are already there, the neéal iterating in the modellingsteps decreases. The
modellers adjust the model based on the available informationasocialize mainly the behavior
of the mode| not necessarilghe structure.Also, the aggregation level of the project should be
considered. If the client requisa vely detailed analysis, a generic structure is not the best option
It can be useful as a departupint, but the final structure might be quite different, or the generic

structure can be a component of a bigger model in that case.

The practicality propertgf generic structures was already recognized by the authors of the
original structures . @ O2YLI NAYy3I G4KS FAylLFft 3ISYSNRO &G NHzOG dzNJ
that the generic structure could have facilitated our initial conceptualization effoitts thve client,
as we could have started from a holistic understanding from the beginning instead of eliciting each
relationship. Even the problem definition could have been made easy if we had proposed the
definition of key variables within the propose@g S NA O #§ZhadHral(j 2000 ¢

Inconclusion, he use ofgeneric structure makes the modelling process faster and simpler.
What the modeller does isssociate the variables of the structure with the variables in real life,
without thinking from zeraabout the structure per seThis characteristic of being practical to use

can be a very good asset fopnsultant projects.

Type of situation

AsLane (1998%aid, canonical situation models represent a type of situatigmchin this case is
resilience as the abilityo adapt to external disturbances, isociatecological systems. It was
observed as a phenomenon in the process of adaptation through the caseghianodels
represented less and less the generic structure lo®asallel to that, there was a processr the
modellers of realizing that the focus that the client was putting on the assessments was not
resilience but sustainability. The challenges made by the client were identified as Resilience
challenges, althouy resilience was not understood as the abiltyadapt to external disturbances.

As the modellers realized that they adapted the focus of the models towards sustainability
assessments.The new focus then was to identify the variables that the winninggats were

supposed to impact, identify the feedback mechanisms involved (usually minor feedback loops), and
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then create scenarios of growth of the projects with an estimation of the impact in the main
variables or indexes, usually associated with suatdlity as water quality, land use, waste

management, vulnerable population employment, gender gap, CO2 generation, among others.

Under the mentioned conditions, an important insigham the adaptation process is that
the generic structure is indeed dggaed for a specific type of situation. Hence, in order to use it in
casestudies it is crucial to have a minimum match with the type of situation for which the generic
model is designedreducing the probabilities of misperception of concepts will sdfa@ten the
dynamic hypothesis step of the modelling process that can be invested in making the model more
robust. The more applications the canonical situationdelhas, the betteidefined the boundaries

of applicabilityacross context and/or systemll be.

Educatbnal tool

Generic structures are recognized by several members of the System Dynamics field as tools for

1y26f SRIS GGNIyaFSNY aDSYSNRAO a0 NHzOGdzZNBa g2dz R Yl

0 KS &l Y qPaicts B085pnyha d@daptation exercise, the modellers acquired more knowledge
with each iteration and case, and spent less time thinking about the mechanisms behind the

structures.

The generic structure proposed in this research paper has demonstrated to be akghed
the theories related to sociacological systems and resilience. Hence, it can be used as an
interactive way of learning from the mentioned domains. For SES, it can be used to learn about some
of the fundamentals of this complex adaptive system, ety the concepts of slow variable and
fast variable, andheir interactions. For resilience, it can be used to learn about the different

responses that@SES can generate when is disturbed by an external factor.

Limitations and future steps

One of the liggest limitations of the adaptation process was the lack of data acquisition and analysis.
That generated extra uncertainty in the modeling process and consequently increased the need of
creating assumptions. The way the modellers mitigated risks wasatang to relative terms. The

use of reference modes for the models could have made the adaptation and validation process more
robust. The data could have been more accurate not only through the availability path but through

the time path. The time expec® FNRY GKS Ot ASyid F2NJ SIFOK OAGeQa
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time was one month for all deliverables, being the model only a piece of the report, the modeling

time reduces even more.

For future steps, a more robust validation exercise might ireldiciding resilience
assessments made with caspecific SD models and translate those models into the generic
structure presented in this research study. After the adaptation, check how many loops are still
present and how many loops are left out. Alseeck how well the generic structure reproduces the
behavior of the case studies using the results of the case study as a reference mode for the generic

structure. This can be considered as a Family member test badeainen(1998)
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Appendices
Appendx 1.Model documentation

Equation Properties Units

Top-Level Model:

Fast_Variable@dt) +

(Net_Development_o| INIT fast
FastVariable(t) | _Depreciation + Fast_Variable| variable

External_disturbance | = 0.1 units

* dt

Slow_Variable(tdt) + | INIT slow
Slow . . .
Variable(t (Regeneration Slow_Variabl | variable

Consumption) *dt |e=1 units

Documentation

Variable thatthangegapidly in
relation to the timescale of the
slow variable. They are typically
those factors that are primdy
concern to ecosystem users, for
example a pest species or (often
ecosystem goods and services,
such as crop productionlean
water extraction, oil consumptior
and so on. The fast variable can
develop or depreciate ovaime
andchange through the
introduction of external shocks.
They are most easily measured
and immediately altered by some
system of management (Walker
al.,2012)

In socialecological systemé# is a
variable that changes sldwin
relation to the timescale of
ecosystem service provision and
management. They are typically
natural resources consumed by
certain type of user. This variable
usually determines how the fast
variable reacts to external shock
(Walker et al., 2012).

Yow variables are commonly
harder to measure than fast
variables because dieir
magnitude; when is very hard to
measure the stock size, estimate
or predictions are used, rather
than the real value.

Example: The slow variables, su
asthe amount of sdl organic

matter, shape how a fast variable
such as crop production, respont

Annotation

NON
NEGATIVE

NON
NEGATIVE
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Consumption

External
disturbance

Net
Development
or Depreciation

Regeneration

Fast_Variable*Unit_C
onsumption_of Slow
variable_by Fasvwari

able_per_year*Transi
ion_to_relative_terms

STERHeight,
Intro_time)- STEP
(Height,
Intro_time+Duration)

Fast_Variable*Effect_
of sufficiency_on_De
velopment_or_Depre:
iation_Rate*Referenc
e_Development_or_L
epreciation_RateTra
nsition_to_relative_te
rms

Maximum_Regeneral
on_Rate*4*(Slow_Va
iable/Maximum_Resc
urce_Capacity)*(Maxi
mum_Resource_Cap
city-
Slav_Variable)/Maxi
mum_Resource_Cap
city

slow
variable
units/year

fast
variable
units/year

fast
variable
units/year

slow
variable
units/year

to variation in an external driver,
such as variation in rainfall durin
the growing season.

Consumption over time of the
slow variable given the fast
variable value and the unit of
consumption per fast variable of
the slow variable.

An external sudden shoterm
deviation from longerm trends
(shocks) or longerm trends or
pressures (stressors) that have t
potential to changesubstantially
the current state of a system
and/or the ability of the system tc
withstand future disturbances
(Zseleczky & Yosef, 2014).

In this modelthe disturbance is
programmed as a step function.
The model has the ability to adaj
to different types of functions
based on the disturbance. For
stressorsa ramp function might
work properly, for instance.

Resultant development or
depreciation rate from the norma
rate affected by the sufficiency
and by the previous level of the
fast variable.

This variable represents the self
regeneration of the slow variable
when is assumed that typically it
a natural resource. There is a no
linear relationship between the
slow variable stocknd the
regeneration which is represente
by a parabolic equation.

The maximum resource capacity
playsthe role of the carrying
capacity (CC) of the resource. Tt
maximum regeneration rate is
reached when the slow variable i
at the resource capacity that
generates the maximum
sustainable yield (MSY). In this

UNIFLOW
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Duration 2 years
GRAPH(Sufficiency)
Points: (0.00;10.00),
Effectof (1.00,-9.00), (2.00;
sufficiencyon | 8.00), (3.00;7.00),
Development |(4.00,-6.00), (5.00; dmnl
or Depreciation| 5.00), (6.00;4.00),
Rate (7.00,-3.00), (8.00;
2.00), (9.00;1.00),
(10.00, 0.00)
fast
Height 0.05 variable
units/year

model the MSY is half of the CC.
That point deifihnes the behavior of
the regeneration, If the slow
variable is increasing above the
MSY, the regeneration rate
decreases driven by a balancing
loop mechanism. If the slow
variable close to zero and mes
towards the MSY, the
regeneration rate increases &gn
by a reinforcing loop mechanism

After the slow variable reaches
the Maximum resource capacity
the regeneration isiegative,and
the mechanisms will tend to put
the slow variable again at the CC

The timeframe in which the
external disturbance is actively
affecting the system

This effect is based on the initial
scale of the stocks, this is, how
sufficient was the slow variable ti
the fast variableat the beginning
of the simulation (equilibrium).
This linear relationshifsiassuming
that whenever the sufficiency is
10 there is zero effect on the
development/depreciation rate.
When the sufficiency is more tha
10 (the resource is more availabl
than in the equilibrium/initial
situation) the effect ipositive
which means tb fast variable is
going to develop. When the
sufficiency is less than 10 (the
slow variable is less available th¢
the initial situation), the effect is
negative, which means the fast
variable is going to depreciate.

Magnitude of the external
disturbance that the system will
experience. It could be a positive
or negative value, based on the
given meaning to the disturbance
As positive it will add to the fast
variable and as negative will drai
the fast variable.

EXTRAPOL
TED
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Point of the time horizon in whict

Intro time 10 year the external disturbance is going
to be introduced to the system.
Maximum . SIO\.N Maximum rate at which the slow
Regeneration |0.5 variable .
. variable can regenerate.
Rate units/year
Maximum capacity of the resourc
Maximum slow that controls the system from
Resource 2 variable | growing infinitely, playing the role
Capacity units as the carrying capacity (CC) of 1
environmentfor that resource.
Reference
Development Normal or average change over
... 0.0001 Per Year |time of the fast variable
or Depreciation .
development or depreciation.
Rate
Ratio between the slow variable
level and the fast variable level
which establishes how adequate
slow the amount of the slow variable t
N SlowVariable/Fast varlable respo_rd to the fast_ variable level.
Sufficiency . units/fast | The higher the ratio, the more
Variable . . . .
variable |adequate is the slow variable in
units relation to the fastvariable. Also,
as long as the fast variable
develops and increases, the slov
variable might be less sufficient.
Parameter used to adjust some ¢
the variables to the right
Tran_5|t|onto 1000 dmnl magrntude When.the model is on
relativeterms relative terms.This parameter
keeps the behavior consistency
and scale.
Unit
. slow
Consumption .
variable . .
of Slow . Slow variable units consumed pe
. 0.005 units/fast . ) .
variableby Fast . each fast variable unit per time.
) variable
variableper .
units/year
year
Total Count| Including Array Elemen

Variables |16 16
Stocks 2 2
Flows 4 4
Converters| 10 10
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Constants | 8 8
Equations | 6 6
Graphicals| 1 1

Run Specs

Start Time

Stop Time

DT

Fractional DT

Save Interval

Sim Duration

Time Units

Pause Interval
Integration Method
Keep all variable results
Run By

Calculate loop dominance informatic

Exhaustive Search Threshold

50
1/15
True
0.0625
1.274

Years

RK4
True
Run

True

1000
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Appendix 2. Extreme conditions validation test

For the parametetJnit consumption of slow variable by fast varighites logical that when it takes
extreme high values the slow variable decreasgidly (depletes)and when it takes extreme small

valuesthe slow variable increases above the equilibrium because of its natural regeneration.

= Slow Variable = Unit Consumption of Slow variable by Fast variable per year
1.99

0.01

1.66

133
0.995
0.663 \/

0332

0.005

slow variable units

slow variable units/fast variable units/year

1 8 15 22 29 36 43 50 1.00 1325 2550 37.75 50.00
Years Years

= RuUn1 == Run2 = Run3 =——Run1 =——Run2 ———Run3

Figure31. Extreme conditions test for the parameter Unit consumption of géovable by fast variable

For the parameteMaximum Regeneration Raté is normal that when the parameter is close to
zero, the slow variable depletes because cannot be regenerated. On the other hand, when the
Maximum regeneration ratés very high, imakes sense that the slow variable grows fast because

it is regenerating more. Due to tmeaximum resource capacijtgven if the maximum regeneration

tends to infinite, the slow variable will not grow to infinite.
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Slow Variable Maximum Regeneration Rate

183 F ~— 3

1.52

1.22

0914 \f

0.609

slow variable units
slow variable unitsfyear
n

0.305

1 8 15 22 29 36 43 50 1.00 13.25 2550 37.75 50.00
Years Years
——Run1 ——Run2 ——Run3 —Run1 =——Run2 ——Run3

Figure32. Extreme conditions test for the paramet®faximum regeneration rate

In the case of thdMlaximum Resource capacitymakes sense that the slow variable depletes when
the parameter is zero because there is no capacity for the stock to gfow, when the Maimum
regeneration rate stays fixed, and tidaximum resource capacitakes extreme high valueshe

slow variable also deplete§his is logical when analyzing the structure graph because the parabola
is less narrow than beforehich indicates that is hder for the slow variable to move in it, and
more difficult to change the behavior. Also, thlaximum regeneration rates constraining the slow

variable to grow when thiaximum resource capacity increases

E Slow Variable = Maximum Resource Capacity
1.02 5
0343

® 0679 o
= T
3 3
@ o

O 0509 o 25
o @
= =
© o
= =
Z 0339 z
o o
® ®

017
0 0
1 ;] 15 22 29 6 43 50 1.00 13.25 25.50 3775 50.00
Years Years
= Run 1 =——Run2 = Run3 = RuUn1 ===Run2 = Run3

Figure33. Extreme conditions test for the parametdaximum resource capacity
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Slow Variable vs. Regeneration
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B Slow Variable vs. Regeneration

Figure34. Structure graph of the stock 'slow variable' and its flow ‘regeneratidven a extreme condition in the
Maximum resourceapacity

For the Reference Development or Depreciation ratben the parameter value is high, the fast
variable adjust much more quickly (see Figure 28), having smaller peaks and making the slow
variable recover faster todWhen the parameter is smaltlpse to zero), an increase in the fast
variable due to the disturbance is much more aggressive and takes longer to depreciate, which
causes the slow variable to cross the recovery threshold and turn into a collEpsse behaviors

in extreme conditions @ke sense because based on how quickly the fast variable will react to the

disturbance and the sufficiency, is easier for the slow variable to adjust.

=

slow variable units

1.02
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0.339

017

Slow Variable
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Reference Development or Depreciation Rate

0.0003

0.00015

Fer Year

—Run1

22 29
Years

——Run2 ——Run3

36

43 50 1.00 1325 2550 3775 50.00
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—— Run2

—— Run 1 ~——— Run 3

Figure35. Extreme conditions test for the paramefeference development depreciation rate
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Figure36. Extreme conditions test for the parameter Reference development or depreciatianrtte fast variable
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Figure37. Extreme conditions test for the paraters regarding ahortterm external disturbancen the slow variable
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Figure38. Extreme conditions test for the parameters regardirghort-term external disturbance on thiast variable

E Slow Variable = External disturbance
1.33 0.25
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Figure39. Extreme conditions test for the parameters regardirigrag-term external disturbance on the slow variable
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