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Abstract

“Sysem dories’ are systemdtic verba accounts of how key parts of a modd’s structure
influence important paiterns of behavior in the modd. System dories are how managers
make sense out of modd output and undersdand a sysem’'s dynamics. This paper
identifies three ways of thinking al of which support the creation of system stories—
operationdl thinking, feedback loop thinking, and dynamic thinking. Dynamic thinking
requires that the modeler be prepared to describe precisdly what structure influences most
drongly a given paitern of behavior. The paper briefly defines and describes the Pathway
Participation Metric (PPM), a mathematical calculation (that can be rdlated to eigenvaue
andyss) as a usgful dgorithm for identifying influentid dructure. Next, the Digest
software is presented. Digest is not a Smulation language. Rather Digest accepts a text
veagon of a dmulaion modd from any commercid sysem dynamics package and
performs post formulaion andyss of the modd. Digest is an experimenta piece of
software that automaticaly detects and then displays which feedback loops are most
influentid in explaining a sdected pattern of behavior in a modd. Output from a sample
Digest run is presented and described.

System Stories: Understanding How and Why Patterns of System Behavior
Arise from Most Influential System Structure

An important purpose of many sysem dynamics modding efforts, indeed of most such

modeling projects, is to help teams of nontechnicad managers better understand the
sysems which they manage and in which they live. One key task in this search for



indghtful, sysem levd underdanding is the tdling of “sysem dories” By sysem
dories we mean coherent and dynamicdly correct explanations of how influentid pieces
of system gtructure give rise to important patterns of system behavior.

A key task in cregting system dories is accuratdy detecting exactly what system structure
gives rise to (or contributes most importantly to) some pattern of behavior identified in
one or more smulation runs. Richardson (1997) has identified this task as one of the key
research problems presently facing the field of system dynamics.

Mog skilled practitioners gpproach this problem with some combination of intuition and
andyss coupled to a program of repested smulations, testing hypotheses about what
structure controls what behavior in a controlled way with some of experimenta logic.!
For linear dynamic sysems, some mathematical tools exis to meke this trid-and-error
process more tractable. Indeed, patterns of overadl sysem behavior have a dealy
defined meaning in the concept of modes of overdl sysem behavior for linear systems.
Sysem behavior is understood to aise from a linear combination of the dynamics
associated with the egenvdues of the liner matrix of sysem dructure.  Hence, the
cdculation of a sysem’'s egenvaues can go a long way towad describing overdl
behavior modes of a system.

Closgly coupled to egenvdue andyss of dominant modes of system behavior is the
notion of “dominant loops” Dominant loops are seen as a reduced set of closed feedback
paths that contribute most to the overdl behavior mode of a system. Indeed, for linear
gysems, one can work out mathematica reationships between a set of such dominant
loops and the system’ s eigenva ues (Forrester 1982).

The work presented in this pgper continues in the line of eigenvaue and dominant loop
andyss in that it continues the search for formd andytic gpproaches to support the
detection of which pieces of sysem dructure contribute most to sdected patterns of
system behavior. However, as opposed to previous attempts to solve this problem, our
gpproach does not focus on eigenvalues or on dominant loops as the key building blocks
of influentid sysem dructure.  Rather pathways, links of causd dructure between two
system stocks, are envisoned as the primary building blocks of influentid structure? Of
course, one or more pathways can define closed feedback loops. Under this new
gpproach, some combinations of pathways (some of which form a closed feedback loop)
define mogt influentidd system dructure. This mog influentid system dructure, explicitly
linked to a pattern of behavior identified by the modeer, forms the bass for cresting
ingghtful system dories.

Below, we begin by exploring how it is that stocks, flows, feedback loops, and pathways
contribute to a manager's understanding of how system dructure determines system

! For example standard text in the field such as Richardson (1984, 1986) describe an approach to model
analysisthat relies on repeated simulations, as does Sterman (2000)

2 Actually, while most pathways are from one system state variable to another, some pathways can connect
astate variable to an ordinary auxiliary variable found in the system “between” two or more state variables.
See Mojtahedzadeh (1996) for amore formal definition of a pathway.



behavior (the creation of system gories). Next we briefly define a new measure caled
the pathway participation metric (PPM) and how it can be used to help detect most
influentid system dructure. A PPM is a mahematica dgorithm firs developed by
Mojtahedzadeh in 1996 that can automaticaly detect which pathway leading into a given
variable contributes mogt to the behavior of that variable a any given point in time.  For
the purposes of PPM cdculations, “behavior” is defined in terms of the dope and
curvature—the firg and second time derivaives—of any variable sdected by the modeler
to be explained.

One problem with PPM as an dgorithm is that it is cumbersome and difficult to compute
and no exiging commercid smulaion software packeges support these caculaions.
Digest is a piece of experimentd software that automatically @omputes the PPM and then
uses information from the PPM to automatically detect and display influentia pathways
and feedback loops. The mgor purpose of this paper is not to derive and explain the
mathemdtics that lies behind the cdculations of the PPM—that task has been reported
elsawhere (Mojtahedzadeh 1996). Rather, the mgor purpose of this paper is to illustrate
how Digest, an experimentd implementation of the PPM cdculations, can be used to
create system dories.  The paper gives the “look and fed” of usng Diges to
automatically detect and display the most influentid sysem dructure driving a specific
pattern of sysem behavior. The information obtaned from PPM cdculations, while
cosy reated to eigenvdue and dominant loop andyss for linear sysems, gives a
quditatively different underdanding both of wha modders mean by “pattens of
behavior” and by what we mean by “influentid sysem dructure” We bdieve that the
sysem dructure autometicaly identified by Digest forms that bass for ingghtful system
dories that can help nonttechnicd managers better to understand the story of how the
systems that they manage and live in evolve over time.

Operational Thinking, Feedback Loop Thinking as the Basic Components
of System Stories

Usng the PPM as implemented in Digest to detect and display influentid structure is a
necessary but not sufficient component of the process of credting indghtful system
dories. The classc literature in system dynamics returns to the basic problem d how it
is that managers mentad modds grapple with and make sense out of the complexity of
dynamic sysems. Many tools come into play as human actors learn about the systems
that they must manage.

The argument is that while complex systems cary enormous varigbles, connections and
rdaionships within a sysem, the mentd modds of managers and andyds are sngularly
ill-prepared to comprehend the complexity of reoccurring processes. There seems to be a
conensus that mangers mentad models have this information, however, they are not
organized in a way to produce the knowledge necessary for managing their organization.

Senge (1990) suggests that  “... The increasng complexity of today’'s world leads
managers to assume that they lack information to act effectively.” Senge adds, “1 would
suggest that the fundamentd ‘information problem’ faced by managers is not too little
information but too much information” (p. 128).



What is needed to overcome the mass of information is a framework to organize and
process the available information in a way that expands the ability to produce the results
policy makers redly want. Forrester (1968) writes, “Without an integrating structure,
information remains a hodgepodge of fragments ~ Without an organizing sructure,
knowledge is a mere collection of observations, practices and conflicting incidence.”
The contribution of the system dynamics gpproach is to provide a framework to organize
and dructure avalable knowledge about the complex systems, thus producing a better
understanding of the sysem. For such purpose a few thinking skills are required,
described in detail by Richmond (1997), Senge (1991), and Richardson (1981). To some
extent, these skills are recognized as a least three fold: operationa thinking; feedback
loop thinking; and dynamic thinking.

Operational Thinking:  The badc principle of organizing knowledge in system
dynamics goproach lies in differentiating socks from flovs and how flows ae
determined.  Identifying the integration points facilitates underdating a source of
dynamic behavior in the sysem. An example can reved the contribution of stock-and-
flow exercisesin learning about complex systems.

cliert yield product b ity
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Backlog
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engagement team
Clients

Figure 1: A smple stock-and-flow structure for Engagement Backlog

Figure 1 depicts a smple stock-and-flow sructure for engagement backlog. This smple
dructure tells a gsory about the engagement backlog in a conaulting firm: Engagement
backlog increases by prospecting rate and decreases by executing rate.  Prospecting is a
product of the number of clients and client yidd. Executing rate depends on engagement
team efforts. It is determined as a product of the sSze of engagement team and their
productivity.

A stock-and-flow diagram shows flows and accumulations, which are essatid in
cregting the dynamic behavior of a sysem. It dso gives a brief description of how
flows of the system ae deermined.  Stock-and-flow diagrams accderate what
Richmond (1994) cdls operationd thinking. In operaiona thinking one not only
identifies the integration points, but focuses on how the flows in the sysem, like
prospecting in the above example, are determined. Stock-and-flow diagrams divulge
and visudize the scope and breadth of our thinking about a syssem as we attempt to
invedigate a problem.



Feedback Loop Thinking: Although stock-and-flow diagrams indicate the integration
points, they may not reved reinforcing and baancing feedback loops that are present in
the sysem. Feedback loop diagrams, in turn, convey information about feedback loops
and crcular causdity in a system. Feedback loop thinking is used to explore how the
operating system at the present time is affected by its past. In feedback loop thinking,
dynamic thinking is implicit; each feedback loop has its behaviord implications,
however, the overdl dynamics of the whole dructure reman unclear. Feedback loop
thinking helps us to undersand how a variable can influence other variables and how, in
turn, they change the origind variable.

Figure 2 shows a feedback loop concerning employee layoffs in an organization. The
feedback loop sates that increasing layoffs leads to a decrease in employee confidence.
Declining employee confidence causes an increase in anxiety. As anxiely rises, the
employee performance declines, which in turn can lead even to more layoffs.

/) Layoffs
Performance T Employee
B Confidence

Anxiety

Figure 2: Employee-layoffs feedback loop

The gory told in Figure 2 is based on how layoffs and anxiety interact and reinforce both
layoffs and anxiety. The naure of information conveyed by Figure 1 is different then
that of Figure 2. Whereas a stock-and-flow diagram focuses on how variables like
engagement backlog, prospecting new engagement and executing are determined, the
focd point of a feedback loop is how changes in a vaiable like layoffs can lead to a
bigger change in layoffs. Both types of information are condructive in learning about
complex sysems. Both diagrams organize available knowledge about a sysem in a way
that is mutudly complementary. Both forms of information contain detals on how
different parts of the sysem are connected. Both types of information are captured in a
full amulaion modd.

Dynamic Thinking: Nether stock-and-flow diagrams nor feedback loops illuminate the
dynamic consequences of inter-reaionships as a whole In a complete system
dynamics modd, various pieces of the dructure are defined with enormous detals,
While each piece is asociated with an over time behavior, the dynamics of the whole
sysem ae the result of the interactions between dl the feedback loops and stock-and-
flows in the sysem. Once detals about the dructure of a sysem are cgptured and
formulated, the dynamics of the system can be determined. Computer smulation alows
us to reved the over time behavior of various variables. At this stage, we have much



information about the structure and we know the overal dynamic of the whole structure.
When formulating sysem sructure we are aware of how individud pieces of gtructure
operate. However, when examining the overdl behavior, we have little information as
to which pieces of dructure are mogt influentid. Getting & which pieces of the whole
sysdem ae manly respondble for cregting the behavior is a the heart of underganding
dynamic complexity.

The fundamentd principle for credting indghtful sysem dories is to integrate learning
from operationa thinking, feedback loop thinking, and dynamic thinking. In stock-and-
flow thinking, we tel stories about how market share is operationdly determined. What
do we exactly mean by profitability? What influences qudity and how can it be
changed? Those ae the questions for which operationd thinking can help in finding
good answers. Although stock-and-flows have dynamic implications, they are weskly
connected to the overal behavior of the whole system.

In feedback loop thinking, on the other hand, the story centers on how low profitability
could influence other vaidbles like insufficent investment and ultimatdy leed to a
lower profitability. Agan, feedback loops are dynamic concepts;, they are associated
with some sort of behavior, but they adone have only indirect connections with the
behavior of the sysem as a whole. The focus in both stocks-and-flow and feedback
loops is in deal complexity, if they are not linked explicitly to the overdl behavior of
the whole structure.

In coupling behavior and dructure, the focus shifts from detail Sructurd complexity to
dynamic complexity.  Attention must focus on which pat of the dructure is manly
respongble for creating the overdl dynamic behavior of the sysem. The dory beng
narrated in this stage is based on why a variable such as prdfit is risng or faling. What
is making the market share grow? Why does qudity of products and services reman
low despite efforts being made for its improvement? Perhaps, the key to improving
managerid mental models is the ability to create indghtful and precise dories that trace
how the feedback dructure of an organization or socid system generates over time the
dynamic behavior that characterizes such an organization or socid system (Senge, 1990)

Despite the importance of understanding the linkages between the dructure and dynamic
behavior in Imulation modes, tools to accomplish this task are lacking. The only
practicd way to generate system dtories about the linkage between system structure and
sysdem behavior is via repeated dmulations guided by hypotheses generated by
experienced modelers.  Years of experience with system dynamics models is needed for
launching artful hypotheses and tedting them via repested smulaion, and no satisfying
accounts exigt in the published literature prescribing a precise set of steps for completing
this key task. Even experienced modelers experience difficulty in the teding of ther
hunches about the connection between structure and behavior.



Pathway Participation Metrics (PPM): A Mathematical Algorithm for

Detecting Most Influential Structure

Mojtahedzadeh (1996) has proposed the Pathway Participation Metrics (PPM) as a
mathematica tool that could hep support modder intuition in deding with the task of
unraveling relationships between system dructure and system behavior. Earlier methods
have sought to characterize the overdl behavior mode of a sysem in terms of a linear
combination of the dynamics associated with each of the eigenvalues of the sysem. For
linear systems, these overal modes of behavior persst for the whole time period of the
gmulaion and hence identifying the egenvdues of a liner sysem goes a long way
toward defining its overal behavior mode® Another set of approaches to the anaysis
and undergtanding of Structure-to-behavior linkages has focused on feedback loops as the
primary unit of andyds. The question dominating this approach has been to identify
what feedback loop or set of feedback loops dominates the overal behavior mode of the
system.  Some approaches (Forrester 1982) have combined dominant feedback loop
andyss with egenvdue andyss by mahemdicdly computing relationships between
linear system eigenvaues and the strength of feedback loops.

The PPM agpproach takes a more limited tact and in the first instance asks a smdler
question. The basic dructurd building blocks of PPM andyss are pathways, not loops.
A pathway is a causa link between two system dates (or in some cases between one
gysdem dae and some other non-date variable in the modd). The basic behaviord
building block of the PPM is a single phase of behavior for a sngle variable (as opposed
to the overdl mode of behavior for the whole system). A single phase of behavior for a
sected variable is a time dice of the smulation where the sdected variable has the same
dope and curvature (firsd and second time derivatives). Hence, there are seven patterns
of behavior that may exig within a sngle phase (1) reinforcing growth, (2) linear
growth, (3) bdancing growth, (4) reinforcing decline, (5) linear decling, (6) baancing
decline and findly, (7) equilibrium. Fgure 3 depicts the 6 first pattern of behavior.

reinforcing liﬁh gm@
growth gr growth
Time Time Time
T~ renfordng lineer belandng
\ —
Tire Time Time

Figure 3: Six patterns of over time behavior

3 Indeed, the PPM method can be related to eigenvalue analysis. Appendix B demonstrates that for a
second order linear system, the PPM method produces values that are mathematically related to the two
eigenvalues of the system. The same result can be shown to hold for higher order linear systems.



With these two badc building blocks in mind the mathematics of the PPM sets out to
address a sngle and gpparently limited question. Which pathway leading into a chosen
variable contributes most to the current behavior pattern of that variable? This
goparently smple question requires some mathematics to be answered. In doing so, the
PPM cdculates how much the net-flow could change given a smdl change in the date
vaiadle a the tal of the pathway. The magnitude of the changes in the net-flow is then
digributed among pathway coming into the net-flow. The mog influentid pathway is
defined as the one whose paticipation is the largest in magnitude and has the same dgn
as the total changes in the net-flow when it is disurbed by a infinitesma change in the
date varidble at the tal of the pathway. It can dso be shown tha the derivative of the
net-flow of a dae variable with respect to the same date varidble contains information
curvature of the overtime behavior of the state variable. Thus it is used to characterize
the current pattern of behavior. A more forma definition of the mathematics underlying
the PPM isgivenin Appendix A.

The cdculation of one PPM, teken in isolation, does not do much to help anyone
understand the overdl reationship between sysem dructure and system behavior.  All
that this cdculation does is to identify for one phase of behavior and for one chosen
varidble which incoming pathway contributes most to that smal piece of behavior.
However, sysematic and repeated cdculations of the PPM can be very indghtful,
ultimatdy yielding a picture of what loops are controlling the evolution of the system
over time.

A metaphor might help to understand why. Imagine that the overal dructure of a system
dynamics model is a lattice composed of many links fastened a nodes to form a complex
pattern. A sarious sysem dynamics modd is made up of literdly hundreds of these
gructurd links (pathways). A sngle PPM cdculation indicates that some single piece of
gysem dructure is most important for understanding (contributes most to) some pecific
piece of behavior. Color that link of structure bright orange so that it stands out from the
complex mosaic of the whole mode dructure. As the PPM s repeatedly caculated a full
st of related dructura links are subsequently painted bright orange. Hence, application
of the PPM cdculations identifies a complete set of Sructura links (pathways) that
contribute mogt to the overdl behavior (defined as the linked set of distinct phases of
behavior) of a sdected variable of interest. Using this metaphor, a smal set of links and
loops known to contribute most to mode behavior have been detected and painted bright
orange because these are the loops that have the greatest influence on some selected
pattern of behavior. It can be shown that if the PPM is gpplied systematicaly, it will
adways identify closed loops or exogenous time series that contribute most to system
behavior.

The PPM is important because it identifies influentid structure and hence supports
dynamic thinking. It ultimately helps modders craft indghtful sysem dories that can
help managers better to understand which feedback loops contribute most to the
dynamics that they need to understand.



But how does this metgphor of painting links of structure bright orange one a a time
actudly work itsdf out in practice? How can a modder compute even one PPM? In
what order should a sequence of PPMs be caculated? How can a sdlected variable have
its overdl peattern of behavior diced up into diginct and mahematicaly wel-defined
phases of behavior? These are the practicd questions that are handled by the Digest
software.

Digest: Experimental Software that Implements PPM

Digest is an experimentd <oftware package designed to automaticaly detect most
influentid sysem dructure usng the PPM method. Digest is not a smulation package
such as iThink, Stela, Vensm, or Powersm. Digest cannot support most of the
gamulation functions that these languages can. Digest is desgned to be used &fter the
mode has been condructed to detect and display influentid structure. Of course, & some
point in the future, the rdevant and most useful features of Digest could be integrated
into any of the commercid smulation packages.

Digest accepts model equations from any commercid smulaion package in text form.
In its present verson, some hand editing of the text equations may be necessary if the
moded uses macros or functions that are not yet parsed by the Digest equation trandator.
Once a text versgon of the modd equations has been edited and accepted by Digest, the
software leads the modder through a series of step-by-step procedures that uses the PPM
caculation to first detect and then disolay modd structure.

As dated immediately above, the fird dep in this process is having the user edit the
modd eguations and then have Digest parse them. After Digest has loaded the
gamulaion modd, the modder sdects a modd varidble of interest. The behavior of this
sdected vaiable will be the object of subsequent PPM cdculations and the influentia
Sructure associated with that behavior will be displayed by Digest.

Here in a nutshel is what happens (a complete step-by-step description showing sample
screens is given below). Digest begins by automaticaly identifying dl of the pathways
that flow into the sdected variable of interest. Next, Digest identifies the dice of time for
the firg phase of behavior of that modd. Digest then uses the PPM caculdion to
identify the dngle pathways that is most influentid in its contributions of this dice of
behavior. The vaiable a the tall of the causd chain of the pathway just identified then
becomes the sdected variable of interest.  In a recursve fashion, the most influentia
pathway leading into the newly sdected vaiable is identified usng the PPM cdculdion.
This process is repeated until a closed loop has been identified. The set of pathways with
one asociated loop is then displayed as the mogt influentia structure for the first phase
of behavior.

This same process is repeated for each phase of behavior of the variable initidly selected
by the modder. When the process is complete, Digest will have identified and displayed
a series of loops that contribute most to the individua phases of behavior of the sdlected



vaiable of interes. Taken together, these loops hedp to tdl a complete system sory,
indicating what portions of sysem structure have contributed most to what phases of
behavior. Each of these steps is now described in more detail. In the discussion below,
when Digest automaticaly produces a result, we will show the actua output from Digest.
When the modeler must conceptuaize or sketch a loop or other piece of Sructure, that
artwork will appear in a rough hand-drawn verson. This convention is designed to more
clearly separate out what Digest does automaticaly from what the modder must do in
interpreting and responding to Digest output.

How Digest Works, Step-by-Step

This section describes, step-by-gep, how Digest identifies and displays a series of links
and loops that contribute most to various phase of the behavior of a selected variable of
interest. In doing that as mentioned before, we need the equations of a “smulatable’
model saved in a text file format. The modd used as an example is a classic dructure
that illustrates how Indudrid Structure in a particular region grow over time until al the
resources needed to support the growth of Industrial Structure are depleted. Figure 4
depicts the dructure of the modd. (A ligt of the equations of the modd is provided in

Appendix C).

Industrial
Structures  demoalition

new
industries

effect of water

availability

Figure 4: A smple modd for the growth of Industria Structures
The modd captures three read-world processes.

1 Indugtrid  Structures grow with new indudries through a reinforcing loop
and demolish by abaancing loop, (shown in blue),
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2. Indugtrid Structures  consume water which decreases water reserves
(shown in green),

3. Water shortage (defined as the ratio of water consumption to water
demand) affects new indudtries indirectly (shown in red),

4. Water avalability (defined as the ratio of water reserves to water demand)
controls water consumption (shown in gray).

For an gppropriate set of parameters and initia values, the model generates an overshoot
in the behavior of Indudtrial Structures, while Water Reserves follows an Sshape decline.
In explaining the behavior of the modd the question is what feedback loops are more
influential in generating the behavior of the varigble of interest. For example, what is
making Water Reserves to decline rapidy and what controls it. What is deriving
Indugtrid  Structures to grow rapidly in the first few years? What part of the structure is
responsble for the decline of Indudtrial Structures followed by its growth? For modelers
who have worked with this sort of models, it is not difficult to explain the growth phase
and the declining phase of the behavior of this ample dructure. However, it may not be
as easy to didinguish what pat of the structure contribute most to the behavior of
Indusgtrid  Structures in the trandtion from reinforcing growth to a baancing decline.
Usng Digest one can identify the mogt influentid Structure as the behavior of the modd
unfolds.

Step 1: Digest Accepts Equations from Any SD simulation software in Text Form
Once in the Digest environment, the user can click of file menu to open the text that
contains the equations of the modd. Files with txt extendons, which usudly contain
models developed in iThink or Poweram will gppear as a default in the file sdection
didogue box. The user should change the file type to mdl for modds hilt in Venam or
to dyn for modes built in Dynamo.

[Poigest- | CENEN— 2
| File Edit Simulste Wiew  Help Look v | Digest R e s =
EREM) © i | 2 S| & -

Elase el ————————

Save CtrHS

Prink. .. ChrHP

Prink Preview

Prink Setup...

Exit N T Open |

I r

Houre5: FHlemenuin Digest Figure 6: File selection didogue box

Digest cannot interpret equations with built-in function unless they are defined in Macro.
In case the software fails to read and/or interpret the equations, the user gets a message
“can’t open thefile. Check the model/Macro”
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Step 2: The User Selects the System Variable of Interest and Digest Begins
Analysis

In the Digest environment, there are four windows, once the software successfully opens
the file containing the modd equetions, a list of varigbles of the modd will appear. The
left Sde of each variable indicates whether the variable is a sock (STK), flow (flw) or
auxiliary (aux). Figure 7 depicts the first window of Digest when the Indugtria Structure
growth modd’ s equations are loaded.

Li=t of wariables:

5TH  Industrial_Structures

Flwr rewy_industries

Fluee dernalition

grph  effect_of _water_shortage
5TH  Water_Reserves

Flwr weater_consumption

grph  effect_of _water_=wsilability
aux  water_demand

B RN

[ r
Figure 7: Thefirg window of Digest: A ligt of variables of the model

Step 2.A Digest Automatically identifies pathways associated with the user-
selected variable of interest

When the variable of interest is chosen, the causd route associated with the behavior of
interest will appear in the second window. This diagram reveds how the variable of
interest is determined by other variables in the modd. For the Industria Structure as the
vaiable of interest, Figure 8 shows the causd route diagram that is associated with
Industrial Structures.

The causal route for Industrial _Structures

dernalition
Structures
—
/demand Structures
effect_of
shortage \\ /demand Structures
water
consurmplio wiater
n effect_aof ﬂ;f/demand Structures
new weater

industries =vailabili
ty Water
Reserves
Industrial
Structures

Industrizl
Structures

Figure 8: Causd route diagram for Industrid Structures

Arrows in red indicate a direct (pogtive) impact of the variable at the tal of the arrow at
the dependent variable and a blue arrow refers to an indirect impact of the cause on the
effect (anegative or indirect relationship).



Step 2.B Digest Automatically analyzes distinct phases in the behavior
pattern of user selected variable of interest

There are four icons in the left 9de of the firg window that show a lig of modes
varidbles. By clicking on the second icon from the top, the first phase of the behavior of
the variable of interest, Industrid Structures, appears in the third quadrant of the Digest
environment.  Colored in pink, the fird phase of Indugtrid Structures is a reinforcing
growth as shown in Figure 9. Thereinforcing growth lasts for 24 years.

Eehawior and phases of Industril _Structures |

Gel

del 7

Jel

el

} Time

el t T T T
0.oo 6.00 12.00 18.00 24.00

Figure9: The first phase of behavior of Industria Structures

During the fird 24 years of dmulaion time, both dope (fird time deivaive) and
curvature® (second time derivative) of the vaiable of interest, Industrid Structures,
remain postive. Digest recognizes the nature of the behavior of Industrid Structures and
thus it colors the background of the over time behavior graph in pink.

Step 2.C Digest automatically detects and displays most influential
structure contributing to behavior pattern identified in Step 2.B

Corresponding to the firs phase of the behavior of Industrid dructures, there is a
reinforcing feedback loop that, according to Digest, is the mogt influentid feedback loop
in generaing the reinforcing growth in Indudrid Structures.  The reinforcing feedback
loop is shown in Figure 10. Based on this feedback loop a higher levd of Indudrid
Structures attracts more new indudtries, which in turn increases Indudtrid Structures. By
ingpecting the dructure of the modeds in Figure 4, one could identify about 6 feedback
loops. Using pathway participation metrics, Digest automaicdly sdects the reinforcing
feedback among al the other loops in the mode. At the present time, no other smulation
software does that. Bear in mind that the iterative process of identifying mog influentia
sructures corresponding to a particular pattern of behavior in smal models and complex
models are principaly the same.

“ Actually Digest calculates neither the first nor second time derivative of the variable of interest; it merely
determines the derivative of net flow of the variable of interest with respect to the variable of interest at any
time. Thederivativeisrelated to first and second time derivatives of ht variable of interest. A positive sign
of the derivative indicates that both slope and the curvature of the variable of interest have the same signs.
(See Mojtahedzadeh 1996 for details).
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From 0.00 to 24.00

(R) rmew_indust...
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Fgure 10: The most influentid structure in creating the first phase of the
behavior of Industrid Structures

-
hd|

Step 3: Digest Automatically Completes Analysis

During the fird 24 years of dmulaion, the mog influentid dructure in cregting the
behavior of variable of interet, Indudtrid Structures, remains unchanged. Digest stops
gamulating the modd behavior when the most influential dructure in behavior of interest
is about to change®. To continue smulation, the user should dick on the second icon
from the top on the left Sde of screen. Repedting the same procedure used previoudy,
Digest identifies the next phase of the behavior of Industrid Structures.

Step 3.A Digest automatically detects next distinct phase in behavior
pattern of user selected variable of interest

The next disinct phase in the behavior of the variable of interest, Indudrid Structures,
identified by Digedt, is a bdancing growth followed by a reinforcing decline.  Figure 11
shows the second and third phases in the behavior of Industrid Structure.  Colored in
blue in the period that the variable interest experience a balancing growth in its over time
behavior. In the second while the firgt time derivetives of Indudtrid Structures is
positive, its second time derivatives is negative. In the third phase, however, the variable
of interest shows a reinforcing decline, which is colored in pink. Both first and second
derivatives of Industria Structures have the same sign during the third phase.

EBehawvior and phases of Industril _Structures |

fel

Gzl

Zel

1el } 4 } + Time
0.00 a.50 19.00 28.50 28.00

Figure 11: The behavior of Industrid Structures and its three phases

® When the user click on the third icon (from the top) in the left side of the screen that is called “home run”
simulation continue until the final time.
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Step 3.B Digest automatically detects and displays most influential

structure for phase of behavior detected in 3.A.

The fourth window in the Digest environments presents the most influentid Structure that
is manly respongble for creaing the behavior of the varidble of interest, Industria
Structures in its second and third phases. Figure 12 depicts a baancing loop that
controls water consumption as Water Reserve continues to fal, dong with a pathway that
dhifts the effect of the baancing feedback loop to the variable of interest, Industria
Structures.

4 I 2of 2 I * I Praminert structures for Industril_Structures i All-Loop I Fl
Frorm 24 .25 ta 32.00 | |
Industril _.. [=sl— news indust | el — ef'fec:t_af_.....-_water_shor__‘\
water_cons... (B) water _awai .
effect_of ...
B

-

Figure 12: The mogt influentid structure in the second and third phases of
the behavior of Industrid Structures

It may not be difficult for the modders to draw attention to the balancing feedback loop
that controls water consumption, when comes to explan why Indudtria Structures is
generding a baancing growth in its second phase. Water availability due to a continuous
fdl of water reserves is dropping and, therefore, new industries cannot grow any more.

The subtlety in explaning the behavior of the variable of interest is the subsequent
reinforcing decline in the behavior of Indudrid Structures in phase four. Some novices
may even look for a pogtive feedback loop to explain the reinforcing decline.  Digest
reveds that what forces Industrid Structures to fdl faster and faster is exactly the same
process that controls it. The balancing loop that controls water consumption pushes
Indugtrial Structures to the edge by continuoudy plunging new industries and once new
indugries fdls behind indusrid demalition, the Indudtrid Structures generates a
reinforcing dedline.

Step 3.C Steps 3.A and 3.B are repeated until influential structures for all
phases of behavior pattern of selected variable have been detected and
displayed.

Clicking on the second icon from the top in the left Sde of the screen reveds the fourth
and the last phase of the behavior of the varidble of interest, Indudtriad Structure.  The
vaiable of interest experiences a baancing decline in it behavior during the fourth phase.
In this phase while the first time derivative of Indudtrid Structures is negetive, its second
time derivative remain podtive.  Fgure 13 depicts the four phases of the behavior of
Industrial Structures.
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Behawior and phases of Industril_Structures

fiel

Zel

1el } Time

0.00 12.50 25.00 3740 50.00

Figure 13: The behavior of Industrial Structures and its four phases

The mogt influentid structure thet is mainly respongble for the baancing growth in the
behavior of the variable of interest identified by Digest is depicted in Figure 14.

4 I =of 3 I 4 I Praominert stroctures for Industril_Structures | All-Loop I l

/7N

(B)  comoin

From 28.25t0 50.00

Figure 14: The mogt influential Sructure in the fourth phase of the
behavior of Industriad Structures

Step 4: User Reviews Digest Output and Creates a System Story

This section needs to be written. Return to figure 3 and use some sort of a shading
convention to show how the mog influentia loops have been moving around the modd
during the various phases of behavior.
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Figure 15: The essentid sructure for explaining Industria
Structures growth model

Acknowledge tha this is a very different mode of explanation and understanding than
comes from dominant loop or from eigenvaue andyss.  Spend some time ruminaing on
the qualitative aspects of this behavior. Play up the fact that it is more akin to repeated
gmulaion andyds than to eigenvadue andyds in qudity of explanation ddivered, but
more like eigenvalue analysisin rigor of gpproach (i.e., best of both worlds.)

Next Steps: Further Research Into How Modelers and Managers Use Digest
and PPM

Thisisanew section that needs to be drafted Pointsto include

See how thisworks with many classes of systems (especially oscillatory)

See how it works with very high order and complex systems

Experiment with different algorithmsin getting from the raw pathway matrix to identified dominant
structure

Explore waysto automate, support and enrich step 4, the derivation of system stories from digest output
See how actual users gain value from using this approach (the experiment we did not do with Hassan)
WAIT AND SEE WHO TAKESFIRST CRACK AT THIS.
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Appendix A: A Mathematical Definition of Pathway Participation Metrics

This appendix introduces the mathematics of pathway participation metrics (PPM).
Consder the following n-order norlinear system:

x=f(x;p) [1]

Where x isthe vector of state variable, x isthe vector of derivative of x with respect to
time, and p is the vector of the parameters of the system. The equation of the k™ state
variable as the variable of interest may look like:

X, = fi (X %5000 X, P) [2]

Taking the derivative of the net changesin the Sate variable of interest, X, , with respect
to the dtate variable of interest, x,, yields.

dx, _ Tf, dx; N Tf, dx, N T, dx, N Tf, dx,

..... t———+ .t —— [3]
dx, Tx dx, X, dx, fix, dx, T, dx,
Or smply,
di: g ﬂ_fki for x 10 4
% - x ( %1 0) [4]

Each term in equation [4] represents al minor feedback loops and pathways leaving it
date variable and coming into the variable of interest, X, We can decompose the effect of
each minor feedback and pathway coming into the state variable xy.

3

d%, _

X i

) 1 .
T % 5
15210 TX X

Qo5
Qo

Where m(i) is number of minor loops and pathways thet leave ai" state variable and
comeinto the k™ state varigble, and f,/ /Tx isthe polarity of the pathway or minor
feedback loop. Theratio X, /X, representsthe net changesin thei™ state variable and the

net changesin k™ state variable. Thetota effect infinitesmal chengein x of the net rate
of Xk isthe not only driven by the polarity of the feedback loops and pathways but aso
the ratio of net changesin the two State variables.

The effect of each pathway could be normdized in such away thet it varies between —1
and 1. Thusfor each pathway coming into varigble of interest we could have a metric
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that measure the impact of that pathway (or minor feedback loop) in creating the behavior
of the varigble of interest. This metric is called pathway participation metrics (PPM).

"
PPM(i) = — J‘ﬂf"k [6]
aar- ‘

5 %

i=1 j=1

Themost influentid pathway (or minor feedback loop) is defined as the one whose
participation metrics (PPM) isthe largest and hasthe same sign as dx, /X, . For i ! k
the same cdculation is done until there is a feedback loop.

If the variable of interest is a nonSate variable, we need to determine the net changesthe
variable of interest and the follow the same procedure. Suppose a presents the vector of
non-date variables and it is related to state variables through g and a vector of parameters
g. Thuswe have,

a=g(x;q)

If the ay isthe varigble of interest, that is anon sate variable, the net changesin ay over
the period of dt will be,

9.,
lﬂxx [7]

QJ°:

a =

Taking the derivative of the net changesin the varigble of interest, &, , with repect to the
date variable of interett, a,, yidds:

da, _ 8 7°g, % . Jg % 0 .

T 8
da, .al ﬂxﬂak ﬂx da g -
Which can be rearranged as.
day _ “8%“88112 . Jg, dx % Q

FracE oY Sy [9]
da, .13,1 T % T dx a

The pathway participation metrics can be determined after decomposing the impact of
esch pathway leaving a particular state variable and coming into the variable of interest.
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Appendix B. Pathway Participation Metrics and Eigenvalues

In linear systems there is a close relationship between the pathway participation metrics and eigenvalue
analysis. Infact we show that

In the steady state condition, the total participation metricsis equal to the largest eigenval ue of
the system.

In doing so, we use a second order linear system and derive pathway participation metrics for a state
variable. Then, we show that the sum of the pathway participation metrics, or total participations metrics,
for any state variable equal the largest eigenvalue of the system.

Consider the following second order system:

X = ax+ by [1
y =cx+dy [2

The pathway participation metrics for state variable xis:

%:a+b_y 3
dx X

There are two pathways coming to the state variable x whose participation metrics are:

Participation metrics for Pathway 1: a

Participation metrics for Pathway 2: b—Y
X

The pattern of behavior of x is determined by the total participation metrics, which is the sum of
participation metrics for these two pathways. If total participation metrics is positive the state variable x
experiences a reinforcing growth and if it is negative, x shows a balancing behavior. The most influential
pathway then isthe one whose participation metricsisthe largest in magnitude and has the same sign asthe
total participation metrics.

Now we calculate Y/ X through the response of state variables x and y. We can rewrite the second order
linear system presented in [1] and [2] as:
éxu_é buéxu ”
gU~—&. Jueu
&yu & dgeyu

The above system has two eigenvalues, | , and | ,. For each eigenvalue we have:

ar, +br, =1;r, [5]
cr,+dr, =11, [6]
Where I, and I,, are the elements of the right eigenvector associated with | ;. The time response of the

statevariablesis:
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7 U
u

Where X,and Y, are the initial values of the state variables and  (t) with the dimension of 2*2 isthe
transition matrix of the system which can be calculated as:

. g iéi l:l
j () :é. e’ é 1l;|[fi1 fi2] (8]
i=1 i2U

Where f,, and f,, are the elements of the left eigenvector associated with | ;. Substituting [8] in [7] and
expanding it yields:

7

@(tu tllérllfll r11f12L:BiX0l;|+ tlzéerfZl r21f22l\;|éxol;|

g u=¢€ é (9]
eVt H %12 fi nofy %yo H &t Tfy %yog
Thevalueof x andy at any timeis:
X, = (g fXo + 131 T1oY0) €0+ (1 FonXo + T T oY) €' 2 [10]
Y, = (np fiuX + 1o T1oY0)€' + (N FuXo + 1 T Yo) €2 [1
We can calculate X and Y by taking derivatives of [10] and [11] with respect to time.
X = | l(rllfllXO + r.ll leyO )eﬂ 't I 2(r21 fZlXO + r21 f22y0)eﬂ ? [12]
y = | 1(r12 fllXO + r12 f12 yO)etI tt I 2 (r22 f21X0 + r22f22y0)e[1 ? [13]
Using [12] and [13], we calculate theratio of Y/ X.
y = | fiXo + 1 FYe) €' + 1, (hy Foh + 1y fpYo)e [14]
X | 1(r11 fllXO + rll leyO)etl 't I 2 (r21 f21XO + r21f22y0)et| :
Cr,
y_ |y FiaXo + 1Y) 2 1, (r, foiX + 15 f20Y0) [15]
X Fy(r fiyxo +1, flz)’o)et(ll-l 2+ 2 (11 F21Xo + 1515, ¥0)

Assuming | ,isthelargest eigenvalue, when time approach infinity terms | ,(r,,f, X, +1,,,,y,)€(*"'?

and | ,(r,, f +r,, f e'(+""2) in[15] approaches zero. Thus, for Y/ X we have
1\ T X T T2 Yo y

X - | 5(rp FauXo + oo 50 ¥0) [16]
X

l 2(r21f21X0 + I’21f22y0)

The above equation can be rewritten as:

21



X Iy

Now we can substitute [17] in [3],
dx r
—=a-+ bﬁ [18]
dx ()

Equation [18] according to [5] isequal to | Py
dx _ 19
dx ?

It can be easly shown that the above proposition istrue for an n-order system.



Appendix C: A list of the equations of the Industrial Structures Growth
Model (iThink version)

Industrial_Structures(t) = Industrial_Structures(t - dt) + (new_industries - demolition) * dt
INIT Industrial _Structures= 10

new_industries = Industrial_Structures* effect_of _water_shortage* normal_growth

demolition = Industrial_Structures* dem_frc

Water_Reserves(t) = Water_Reserves(t - dt) + (- water_consumption) * dt

INIT Water_Reserves = 10000

water_consumption = effect_of water_availability* water_demand

dem frc=.05

normal_growth = .12

water_demand = Industrial_Structures* water_demand_per_industry
water_demand_per_industry = 10

effect_of_water_availability = GRAPH(0.1* Water_Reserves/water_demand)

(0.00, 0.00), (0.1, 0.06), (0.2, 0.14), (0.3, 0.255), (0.4, 0.395), (0.5, 0.535), (0.6, 0.685), (0.7, 0.825), (0.8,
0.92), (0.9, 0.975), (1, 1.00)

effect_of_water_shortage = GRAPH(water_consumption/water_demand)

(0.00, 0.00), (0.1, 0.06), (0.2, 0.14), (0.3, 0.255), (0.4, 0.395), (0.5, 0.535), (0.6, 0.685), (0.7, 0.825), (0.8,
0.92), (0.9, 0.975), (1, 1.00)
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