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ABSTRACT

THE ANALYSIS OF CHARACTERISTIC DYNAMICS OF STOCK
MANAGEMENT STRUCTURES

Stock management is a dynamic task which is often found in managerial, physical,
and biological systems. The aim in stock management is to bring a stock at a desired level
and maintain it at that level by taking corrective actions. Stock management task imposes
difficulties to the decision maker, which results in unwanted oscillations. In this thesis,
different stock management structures are modeled and analyzed. We carry out complete
parametric analysis of stock management problems with continuous delays of first, second,
and third orders aiming to obtain the range of values for different characteristic dynamics
of stock. For parametric analysis, we use control theoretic approaches. We first provide
different stock management structures modeled using stock-flow diagrams of system
dynamics methodology. Secondly, we obtain the corresponding simplified differential
equations of the system dynamics model and, based on the differential equations, we
obtain block diagrams. Thirdly, we convert simplified differential equations of the model
from time domain to s-domain using Laplace transformation technique and obtain the
transfer function. Fourthly, the characteristic equation of the transfer function is
determined. Finally, we determine the critical values of the decision parameters at which a
qualitative change in dynamics is observed by analyzing the roots of the characteristic
equation. The critical values that are reported in this thesis are valid for all durations of the
delay between the corrective actions and their eventual results on the stock. We also
obtained a few counterintuitive results such as increasing the level of aggressiveness in
stock corrections can completely eliminate oscillations in one of the cases. Aiming to build
a bridge between system dynamics and control theory, the corresponding block diagrams
of many basic system dynamics models are provided in the thesis and also in one of its

appendices.



OZET

STOK YONETIMIi YAPILARININ KARAKTERISTIK
DINAMIKLERININ ANALIZI

Stok yonetimi; yonetimsel, fiziksel ve biyolojik sistemlerde sik karsilagilan dinamik
bir problemdir. Stock yOnetiminin amaci, diizeltici faaliyetlerde bulunarak bir stogu
istenilen seviyeye getirmek ve stogu o seviyede tutmaktir. Stok yonetimi problemi, karar
vericlyi istenmeyen kararsiz dalgalanmalarla da sonuglanabilecek zorluklarla kars1 karsiya
birakmaktadir. Bu tezde, farkli stok yonetimi yapilari modellenmis ve analiz edilmistir.
Birinci, ikinci ve tigiincii dereceden siirekli gecikmeli stok yonetimi problemlerinin g¢esitli
karakteristik dinamiklerini elde edebilmek i¢in parametrik deger araliklar1 belirlemeyi
amaclayarak eksiksiz bir analiz yapilmistir. Parametrik analiz i¢in kontrol teorisi
yontemlerini kullandik. Ilk olarak, sistem dinamigi yontemine ait stok-akis diyagramlari
kullanilarak modellenmis olan farkl stok ydnetimi yapilar1 sunuldu. Ikinci olarak, sistem
dinamigi modellerinin diferansiyel denklemleri ve bu denklemlere dayanarak sistem
dinamigi modellerine karsilik gelen blok diyagramlar: elde ettik. Ugiincii olarak, Laplace
doniisiimii  teknigini kullanarak modellerin diferansiyel denklemlerini zaman tanim
kiimesinden frekans tanim kiimesine ¢evirerek transfer fonksiyonlar1 elde ettik. Dérdiincti
olarak, transfer fonksiyonlarmin karakteristik denklemlerini belirledik. Son olarak,
karakteristik denklemlerin koklerini analiz ederek dinamiklerde niteliksel degisimin
gozlemlendigi kritik karar parametreleri degerlerini belirledik. Bu tezde raporlanan kritik
degerler, diizeltici faaliyetler ile bu faaliyetlerin stok {izerindeki nihai sonuglar1 arasindaki
gecikme siiresinin biitlin degerleri i¢cin gecerlidir. Ayrica, beklenmeyen bazi sonuglar da
elde ettik. Ornek durumlarin birinde, stok seviyesini istenilen diizeye getirmek i¢in yapilan
diizeltme miktarlarinin siddetini arttirmak dalgalanmalar1 tamamen yok etmektedir. Sistem
dinamigi ve kontrol teorisi arasinda bir kdprii kurulmasi amaglandigindan, birgok temel
sistem dinamigi modeline karsilik gelen blok diyagramlar tezde ve tezin eklerinden birinde

verilmistir.
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1. INTRODUCTION

In this thesis, different stock management structures are modeled and analyzed.
Stock management is a dynamic task that requires continuous effort. The aim in stock
management is to bring a stock at a desired level and maintain it at that level by taking
corrective actions (Mutallip, 2013; Sterman, 2000). Stock management structures are often
found in managerial, physical, and biological systems. For example, inventory control
appears in managerial systems (Barlas, 2002; Barlas and Ozevin, 2004; Riddalls and
Bennett, 2002a, Sipahi and Delice, 2010), the control of the level of production capacity
also appears in managerial systems (Paich and Sterman, 1993; Chapter 20 in Sterman,
2000; Vlachos et al., 2007), the temperature of a room that is regulated by an air-
conditioning device constitutes a physical system, the control of the angular position of a
helicopter is a result of human-physical system interactions (Seker and Yasarcan, 2010),
and the regulation of blood glucose in a healthy person is a part of a biological system

(Herdem and Yasarcan, 2010).

1.1. Delays in Stock Management

Stock management is subject to many studies (Angerhofer at al., 2000; Akkermans
and Vos, 2003; Edali and Yasarcan, 2014; Chaharsooghi et al., 2008; GroBler et al., 2008;
Sterman, 1989; Yasarcan and Barlas, 2005a; Yasarcan, 2010 and 2011). According to the
experimental studies carried out with human participants, stock management task imposes
difficulties to the decision maker (or to the controller), which results in unwanted
oscillations and costs associated with these dynamics (Barlas and Ozevin, 2004; Diehl and
Sterman, 1995; Moxnes, 2000; Sengupta et al., 1999; Sterman, 1989; Yasarcan, 2010). The
intrinsic cause of difficulty in stock management is the existence of delays because time
delays separate causes and their effects in time and, perhaps, also in space. Regardless of
the increase in the level of complexity caused by the existence of a delay, it must be
represented in the model of a dynamic system because models containing time delays are
more realistic compared to the models that do not represent delay causing structures, which
is also valid for the models of stock management tasks (Barlas, 2002; Chapter 11 in

Sterman, 2000; Yasarcan, 2011).



The existence of a delay causing structure brings difficulty to the stock management
task that may result in excessive stock, stock deficit, or intolerable oscillations around the
desired level. These undesirable dynamics bring about additional costs (Barlas and
Giindiiz, 2011; Li and Liu, 2013; Mutallip and Yasarcan, 2014; Riddalls and Bennett,
2002a; Rydzak and Sawicka, 2008; Sengupta, et al., 1999; Sipahi and Delice, 2010;
Sterman, 1989; Yasarcan, 2011). For example, in inventory control, overshoot of the
inventory level leads to an increase in holding costs while undershoot of the inventory
level results in an increase in backlog costs or lost sales costs (Edali and Yasarcan, 2015;
IE 413, Unpublished Lecture Notes; Sterman, 1989). As the aim in stock management is to
bring a stock at a desired level and maintain it at that level and as it is costly to have
oscillatory dynamics, eliminating oscillations is suggested as a solution (Edali and
Yasarcan, 2015; Riddalls and Bennett, 2002a and 2002b; Sipahi and Delice, 2010;
Sterman, 1987, 1989; Yasarcan and Barlas, 2005a; Yasarcan, 2011).

1.2. Physical and Decision Parameters

A stock management model usually represents two aspects of the stock management
task: (i) the physical process, (i1) the decision making process. Sterman (1989) suggests
using anchor-and-adjust heuristic to represent the decision making processes of human
participants and he claims that the suggested heuristic is a good representation. Therefore,
we represent the decision making process using the anchor-and-adjust heuristic. In this
thesis, the parameters related to the physical aspect of the stock management task are
called physical parameters and the parameters related to the decision making processes,

the parameters of the anchor-and-adjust heuristic, are called decision parameters.

1.3. Stock Management Studies and Motivation for this Thesis

Sterman (1989) suggests optimum values for two decision parameters for each
individual stock management task in The Beer Game; there exists an inventory
management problem for each echelon on the supply-chain in the game. Each one of these
cascading stock management problems involves a discrete supply line delay (i.e., pure
supply line delay; infinite order supply line delay). Therefore, the suggested optimum

values are only valid for such problems. Yasarcan and Barlas (2005a) use one of those



optimum values to obtain non-oscillatory dynamics in stock management with different
structural types of delays (material delay, information delay, control via a secondary stock,
and composite delay). Mutallip and Yasarcan (2014) optimizes one of the parameter values
for stock management problems with continuous delays (first, second, third, fourth, and
eight order delays) using a simple penalty function that accumulates the differences
between the stock and its desired level. They also suggest ways to select meaningful values
for the other decision parameter. In addition to the results given for continuous delay cases,
they validate the suggested values by Sterman (1989) for a discrete delay case. Riddalls
and Bennett (2002a) analyze a stock management problem with a discrete delay from a
control theoretic perspective, where the results obtained by them are also in accordance
with the results reported by Sterman (1989). Barlas and Ozevin (2004) uses two stock
management tasks (one with a first order delay and the other one with a discrete delay) in
their experiments where they use human participants as decision makers. They fit different
ordering rules to the data obtained from the participants aiming to evaluate the adequacy of
literature suggested ordering polices. According to their results, the widely used anchor-
and-adjust heuristic can represent the orders placed by participants who make relative
smoother adjustments, but the same heuristic is weak in representing the orders placed by
participants who have sudden jumps in their orders. Mikati (2010) studies the problem
from a different angle and he caries out simulation experiments in determining the effect of
batch sizes on the average duration of delay under different operational conditions.
Yasarcan and Barlas (2005b) diverts from the rest literature because they assume that the
loss from the stock depends proportionally on the stock itself. However, none of these
studies makes a through stability analysis for a stock management problem with a
continuous delay. Note that discrete delay (pure delay, infinite order delay) has a simple
mathematical expression. Thus, it is widely used in representing delays. However,
continuous delays can more realistically represent a delay causing structure compared to
discrete delay (Mutallip and Yasarcan, 2014). Mikati (2010) used a first order material
delay structure in representing delays in a production-inventory system and argued that, for
their case, it is a better representation compared to discrete delay. Venkateswaren and Son
(2004) suggested using a higher order continuous delay structure rather than using a

discrete delay to obtain a more correct behavioral representation of delay.



The motivation for this thesis is to close this gap in the literature by carrying out a
complete parametric analysis of stock management problems with continuous delays of
first, second, and third orders aiming to obtain the range of values for different
characteristic dynamics of stock such as goal-seeking behavior (i.e., asymptotic approach
to the desired level of stock), stable oscillations, and unstable oscillations. Higher orders
are excluded from this thesis because the similarity between the results of second order and
third order supply line delay cases indicate that carrying out analysis for higher orders
would not add much to the study. Furthermore, it gets more and more difficult to carry out

the analysis as the order increases.

1.4. Methodology

In the thesis, the decision parameters of the stock management structures, which are
modeled using system dynamics (SD) methodology, are analyzed using control theoretic
approaches. We first provide different stock management structures modeled using stock-
flow diagrams of SD methodology. Secondly, we obtain the corresponding simplified
differential equations of the SD model and, based on the differential equations, we obtain
block diagrams. Note that obtaining block diagrams is not a necessary step for the
parametric analysis. However, we present block diagrams as there is a side purpose of this
thesis, which is explained in the next paragraph. Thirdly, we convert simplified differential
equations of the model from time domain to s-domain using Laplace transformation
technique and obtain the transfer function. Fourthly, the characteristic equation of the
transfer function is determined. Finally, we determine the critical values of the decision
parameters at which a qualitative change in dynamics is observed by analyzing the roots of

the characteristic equation.

In this thesis, we modeled different stock management structures using SD
methodology because (1) SD is often used in modeling stock management structures, and
(11) SD has a strong focus on the validity of the constructed models, which is partially
achieved by explicitly representing all problem related elements of the system in the
model. Control theoretic analytical analysis is carried out in the thesis because, although
SD has a strong focus on constructing valid models, it’s a simulation based approach;

analytical analysis is either hard or impossible because some basic and most non-basic SD



models involve complexities such as nonlinear relations. As a side purpose, this thesis aims
to build a bridge between SD and control theory (CT). Accordingly, (i) SD methodology is
introduced in the next chapter (Chapter 2), (i1) in chapter 2, we also provided block
diagrams of two example SD models, (ii1)) in Appendix A, a summary of Laplace
transforms, transfer functions, and block diagrams are given, and (iv) in Appendix B, 13
additional basic SD models and their corresponding block diagrams are constructed. The
differences between the two systems approach, SD and CT, are caused by the focus of the
studies carried out in the two fields. The main focus of the studies using system dynamics
is to either make structural changes to the system and/or develop control policies in
managing it (see, for example, Sterman, 2000; Yasarcan, 2011). However, the studies
using control theory focus on either optimizing parameter values to obtain the optimal
response from the system and/or come up with values that produce stable dynamics (see,
for example, Riddalls and Bennett, 2002a; Sipahi and Delice, 2010; Zhou and Disney,
2005).

1.5. Descriptions of the Chapters of the Thesis

The system dynamics model of a stock management structure without delay, its
different mathematical representations, and its corresponding block diagram are given in
Chapter 3. In chapters 4, 5, 6, and 7, system dynamics models of stock management
structures with a first, second, third, and infinite order supply line delays are presented,
respectively. In these chapters, sets of corresponding differential equations and block
diagrams are also provided. We carry out parametric analyses and provide tables
representing the range of parameter values for different characteristic dynamics in chapters
3,4, 5, and 6. The results provided in Section 7.5 are already present in other studies and
given in this thesis as a quick reference. In addition to the results that are present in the
literature, we have shown that the characteristic behaviors discussed in Section 7.5 are
independent of the delay duration that exists in the physical process. In Chapter 8, we
explain how to obtain a set of values for the decision parameters that will produce the

desired dynamics.



2. STOCK-FLOW DIAGRAMS, BLOCK DIAGRAMS, AND
MATHEMATICAL REPRESENTATIONS FOR DYNAMIC SYSTEMS

In system dynamics (SD) methodology, a formal mathematical model of a dynamic
system consists of a stock-flow diagram and a set of equations, which together correspond
to a set of approximate integral equations. It is also possible to express these models as a
set of differential equations (Barlas, 2002; Forrester, 1961 and 1971; IE 533, Unpublished
Lecture Notes; IE 550, Unpublished Lecture Notes; Sterman, 2000). One of the aims of
this chapter is to introduce the main modeling tool (i.e., stock-flow diagrams) of SD
methodology and to show different mathematical representations of SD models. Therefore,
after giving the stock-flow diagram and equations of two example SD models, we also
provide their approximate integral equations, difference equations, differential equations,

and integral equations.

Jay Wright Forrester, the founder of SD, developed the field adapting
servomechanistic ideas (Forrester, 2007; Lane, 2007). Today, servomechanism theory is
known as classical control theory. The side purpose of this thesis is to build a bridge
between SD and its roots (i.e. control theory). For this purpose, we constructed block
diagrams of well known generic SD models providing details about SD modeling concepts.
Note that a block diagram represents a set of differential equations in frequency domain.
Therefore, it is natural that a block diagram of an SD model can be obtained. The link that
we aim to establish between the two systems fields will help control theorists to understand
SD models and will assist system dynamicists in representing their models using block
diagrams, which will hopefully enable both the control theorist and the system dynamicist

to use the analysis methods of control theory in analyzing SD models.

The first example given in this chapter is a basic population model and the second
example is an epidemic model. In Appendix B, we give SD models, corresponding
differential equations, and block diagrams of 15 additional commonly used structures:
compounding, draining, first-order linear, production, goal seeking (stock adjustment),
capacitated growth, growth with overshoot, a first order and a third order continuous

material delay, a first order and a third order continuous information delay, discrete



material delay, discrete information delay, oscillating, and simple goal setting. Block
diagrams that we present are not only exact replicas of their corresponding SD models, but
they also include all the details present in the SD models. We carefully formulated SD
models and their corresponding block diagrams and verified their behavior by simulating
them and by observing the same exact behavior from the SD model and its block diagram.
In Appendix A, a summary of Laplace transforms, transfer functions, and block diagrams

are also provided as a quick reference.
2.1. Basic Population Model
The basic population model explains the growth and decay processes for a

population of any kind such as a bacteria population, animal population, or human

population. Stock-flow diagram of a basic population model is given in Figure 2.1.

 _———=X—P| Population > Oy
Births Deaths

V\—/\\_/'

Birth fraction Death fraction

Figure 2.1. Stock-flow diagram of the basic population model (Barlas, 2002).

In the stock-flow diagram given in Figure 2.1, “Population” is a stock variable,
which is an accumulation formed over time. “Population” (p) can only change via “Births”
and “Deaths”, which are flow variables. There can be one, two, or more than two flows
attached to a stock variable. In this simple example, there are only two flows attached to p,
where “Births” is the inflow and “Deaths” is the outflow. Therefore, “Births™ fills in and
“Deaths” drains out p. “Birth fraction” (bf) and “Death fraction” (df) are the parameters of
the population model, which consists of the stock-flow diagram given in Figure 2.1 and the

equations 2.1 and 2.2.

Births =bf x p (2.1)



Deaths = df x p (2.2)

To be able to simulate the model, numerical values must be assigned to bf, df, and
simulation-time-step (D7). bf and df can assume non-negative values and DT can assume a
value between zero and one. If the value of DT is strictly between zero and one, the model
corresponds to an approximate integral equation. If the value of DT is one, the model
corresponds to a difference equation. DT cannot be equal to zero (Barlas, 2002; Forrester,
1961 and 1971; IE 533, Unpublished Lecture Notes; IE 550, Unpublished Lecture Notes;
Sterman, 2000). If bf is bigger than df, populations grows exponentially. If bf is less than
df, population decays exponentially.

2.2. Different Representations of the Basic Population Model

The relationship between the stock variable, which is p, and the flow variables

attached to it, which are “Births” and “Deaths”, imply Equation 2.3 (see Figure 2.1).

P,.or = D, + (Births — Deaths)x DT (2.3)

Inserting equations 2.1 and 2.2 into Equation 2.3 and simplifying the equation result
in Equation 2.4, which is the corresponding approximate integral equation of the model (IE

533, Unpublished Lecture Notes).

Pior =P, +(bf —=df)x p, x DT (2.4)

In continuous time simulation, an approximate integral equation or a set of
approximate integral equations are used; the value assigned to DT must strictly be less than
one and greater than zero (IE 533, Unpublished Lecture Notes; IE 550, Unpublished

Lecture Notes).

In discrete time simulation, a difference equation or a set of difference equations are

used. Assigning one to D7 in Equation 2.4 and simplifying the equation result in Equation



2.5, which is the corresponding difference equation of the model (IE 533, Unpublished

Lecture Notes).
Propr =+ =df )x p, (2.5)

Equation 2.4 can be re-written as Equation 2.6.

Pupr —Pi _ — df ) x
T—(bf df )x p (2.6)

Equation 2.7, which is the corresponding differential equation of the model, is
obtained from Equation 2.6 by taking the limit of DT to zero (IE 533, Unpublished Lecture
Notes).

dp _ . Pupr—P
= lim | =& Ll=(bf —df)x 2.7
dt DT—)O*( DT (f f) P ( )

Equation 2.7 can be re-written as Equation 2.8.

pozj(bf—df)x;axdt (2.8)

Py 0

Equation 2.9, which is the corresponding integral equation of the model, is obtained

from Equation 2.8 (IE 533, Unpublished Lecture Notes).
po=po+[(bf —df)x pxd (2.9)
0

Block diagram of the basic population model is given in Figure 2.2.
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1 Population Births
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Integrator Birth fraction
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Death fraction

Figure 2.2. Block diagram of a basic population model.

The diagram given in Figure 2.2 represents all the details present in the SD model.
“Birth fraction” and “Death fraction” are represented by gain blocks for multiplication.
“Population” is the input signal of “Birth fraction” and “Death fraction”. “Births”, which is
the output signal of “Birth fraction”, is obtained by multiplying “Population” with “Birth
fraction”. “Deaths”, which is the output signal of “Death fraction”, is obtained by
multiplying “Population” with “Death fraction”. “Births” and “Deaths” are the input
signals of a summation block. After the summation process, net rate of births (or deaths) is
obtained. Net rate is the input signal of the integrator. As a consequence of the integration

process, “Population”, which is a stock variable, is obtained.

In Appendix A, a summary of Laplace transforms, transfer functions, and block
diagrams are given. In Appendix B, 13 additional basic SD models and their corresponding

block diagrams are also provided as a future reference.

2.3. Epidemic Model

The epidemic model explains how infections spread over time. Initially, a few people
are infected and they slowly spread the infection. As the infected population grows, the
spread of infections gets faster as the number of contacts per unit time increases. However,
as the susceptible population declines, the spread of the infections starts to slow down
following a very fast infection rate. This behavior is known as boom-then-bust and it is not
only observed in the spread of infections, but also in the spread of information. Stock-flow

diagram of the epidemic model is given in Figure 2.3.
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Infection fraction
i ——=%— Susceptible Infected iy
In Infecnon rate / Rernoval
Contacts Removal fraction
Contact ﬁactlon

Figure 2.3. Stock-flow diagram of the epidemic model (Barlas, 2002).

In the stock-flow diagram given in Figure 2.3, “Susceptible” and “Infected” are stock
variables, which are accumulations formed over time. “Susceptible” (Sus) can only change
via “In” and “Infection rate” and “Infected” (/) can only change via “Infection rate” and
“Removal”. “In”, “Infection rate”, and “Removal” are flow variables. “In” is the inflow of
Sus, “Infection rate” is the outflow of Sus and, simultaneously, it is the inflow of /, and
“Removal” is the outflow of /. Therefore, “In” fills in and “Infection rate” drains out Sus
and “Infection rate” fill in and “Removal” drain out /. “Contacts” is the one and only
intermediate calculation variable (i.e. auxiliary variable) of the model. In more complex
models, usually there are many auxiliary variables. “Infection fraction” (if), “Contact
fraction” (cf), and “Removal fraction” (7f) are the parameters of the epidemic model, which
consists of the stock-flow diagram given in Figure Figure 2.3 and the equations 2.10, 2.11

and 2.12. if, cf, and rf can only assume nonnegative values.

Infection rate = if x Contacts (2.10)
Contacts = cf xSus x 1 (2.11)
Removal =rf x1 (2.12)

To be able to simulate the model, numerical values must be assigned to #f, cf, rf, and

simulation-time-step (DT).
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2.4. Different Representations of the Epidemic Model

The relationship between the stock variables, which are Sus and /, and the flow
variables attached to them, which are “In”, “Infection rate”, and “Removal”, imply
equations 2.13 and 2.14 (see Figure Figure 2.3).

Sus,, , = Sus, + (In — Infection rate)x DT (2.13)

t+DT

I.pr =1+ (Infection rate — Removal)x DT (2.14)

t+DT

Inserting equations 2.10, 2.11, and 2.12 into equations 2.13 and 2.14 and simplifying
the equations result in equations 2.15 and 2.16, which are the corresponding set of
approximate integral equations of the model.

Sus = Sus, +(In—if><cf><Sus><I)><DT (2.15)

t+DT

1 :It+(if><cf><Sus><I—rf><I)><DT (2.16)

t+DT
Assigning one to DT in equations 2.15 and 2.16 and simplifying the equations result
in equations 2.17 and 2.18, which are the corresponding set of difference equations of the

model.
Sus,, ,r = Sus, + (In—if xcf x Susx 1) (2.17)
IHDT:It+(if><cf><Sus><I—rf><I) (2.18)
Equations 2.15 and 2.16 can be re-written as equations 2.19 and 2.20.

Wz([n—ifxcfx&zsxl) (2.19)
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Ipr—1
%:(z‘fxcfousx[—rfxl) (2.20)

Equations 2.21 and 2.22, which are the corresponding set of differential equations of

the model, are obtained from equations 2.19 and 2.20 by taking the limit of DT to zero.

as . Sus,,,r —Sus, | )
E_Dlrlr—{lo(T]_(ln if xcf x Susx1I) (2.21)
dl_ . It+DT_It s

Z_L}Tl%( . ]_(zfxcfousxl rf x1) (2.22)

Equations 2.21 and 2.22 can be re-written as equations 2.23 and 2.24.

Sus, t

[ dSus = [ (In—if xcf x Susx I)xdt (2.23)
fdl:j(zfxcfxsusxl—rfxl)xdz (2.24)

I 0

Equations 2.25 and 2.26, which are the corresponding set of integral equations of the

model, is obtained from equations 2.23 and 2.24.
Sus, = Sus, +I([n—z'f><cf>< Susxl)x dt (2.25)
0

I,:IO+J.(z'f><cf><Sus><I—rf><I)><dt (2.26)

0

Block diagram of the epidemic model structure is given in Figure 2.4.
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Figure 2.4. Block diagram of an epidemic model.

The diagram given in Figure 2.4 represents all the details present in the SD model.
“Removal fraction”, “Contact fraction” and “Infection fraction” are represented by gain
blocks. “Infected” is the input signal of “Removal fraction”. “Removal”, which is the
output signal of “Removal fraction”, is obtained by multiplying “Infected” with “Removal
fraction”. “Contacts” is obtained by multiplying “Susceptible” times “Infected” with
“Contact fraction”. “Contacts” is the input signal of “Infection fraction”. “Infection rate”,
which is the output signal of “Infection fraction”, is obtained by multiplying “Contacts” by
“Infection fraction”. Stock variables, “Susceptible” and “Infected”, are obtained as a
consequence of two integration processes. “Infected” is obtained by integrating a net flow
that is obtained by subtracting “Removal” from “Infection rate”. “Susceptible” is obtained

by integrating a net flow that is obtained by subtracting “Infection rate” from “In”.

In Appendix A, a summary of Laplace transforms, transfer functions, and block
diagrams are given. In Appendix B, 13 additional basic SD models and their corresponding

block diagrams are also provided as a future reference.
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3. STOCK MANAGEMENT STRUCTURE WITH A FIRST ORDER
SUPPLY LINE DELAY

In this chapter, a stock management structure that involves a first order supply line
delay will be analyzed. In the following chapters, stock management structures with a
second order delay, third order delay, and discrete delay (i.e., infinite order delay, pure
delay) will be analyzed. The physical process depicted by the model that will be introduced
in this chapter is almost the same for the models presented in the next three chapters (4, 5,
and 6) except for the order of the delay structure. Moreover, all the parameters and the
decision making process are exactly the same in all of the models given in the chapters 3,
4, 5, and 6. Therefore, the decision making process, the parameters, and most of the
variables will only be discussed in detail in this chapter. The results for a stock
management structure without a delay are presented in Appendix C for completeness and
as a preliminary part of the study. Note that a stock management structure without a delay
cannot show rich dynamics as it is way too simple to represent a real stock management
system. More realistic stock management structures involve delays and they can show

richer dynamics as presented in this and following chapters.

3.1. System Dynamics Model of the Stock Management Structure with a First Order
Supply Line Delay

Stock-flow diagram of a stock management structure with a first order supply line

delay is given in Figure 3.1.

The model equations are 3.1-3.5.

CF = LF + SA + SLA (3.1)

S*-S
sat

SA =

(3.2)
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*_
SLA = wsl x S-S (3.3)
sat
SL* = adt x LF (3.4)
aF = SL (3.5)
adt

where adt stands for “Acquisition Delay Time”, AF stands for “Acquisition Flow”,
CF stands for “Control Flow”, LF stands for “Loss Flow”, S stands for “Stock”, S* stands
for “Desired Stock”, S4 stands for “Stock Adjustment”, sat stands for “Stock Adjustment
Time”, SL stands for “Supply Line”, SL* stands for “Desired Supply Line”, SLA stands for
“Supply Line Adjustment”, and ws!/ stands for “Weight of Supply Line”.

2
Supply Line X = Stock X -
Acquisition Flow Loss Flow

\/'

Control Flow

I Desired Stock
Acquisition Delay
Time . A/
Stock Adjustment
Supply Line Desired Supply
Adjustment Line Stock Adjustment

Weight of Supply/ \/ Time
Line

Figure 3.1. Stock-flow diagram of the stock management structure with a first order

supply line delay.

The diagram in Figure 3.1 and equations 3.1-3.5 define a stock management structure

with a first order supply line delay.




17

3.2. The Physical Process Depicted by the Stock Management Model

The physical process of the stock management task depicted by the model diagram
given in Figure 3.1 consists of adt, AF, LF, S, and SL. S and SL are the state variables (i.e.,
stock variables) of this model, where S is the main variable of concern that is subject to
control and SL represents the past decisions that have not yet reached the S. LF is the
outflow of S and it drains S. In realistic systems, LF cannot be instantaneously measured
and reported. Therefore, it is usually estimated with a smoothing method. However, in this
thesis, we are not concerned with the difficulties in the estimation of LF. Therefore,
estimation formation is not included in the models. LF' is still an important aspect of the

model because it serves as the input to the model.

adt 1s the duration of the delay between the corrective actions and their eventual
results on the stock and its value is strictly greater than zero. In this study, we assume that
adt cannot be controlled by the decision maker; it is inherent to the physical process. AF is
a delayed version of CF and it represents the decisions that arrive to and have an effect on
S (Equation 3.5). The physical process is defined by the stock-flow relations that are

present in Figure 3.1 and Equation 3.5.

3.3. The Decision Making Process Depicted by the Stock Management Model

The decision making process depicted by the model given in Figure 3.1 consists of
CF, SA, sat, SLA, S*, SL*, and wsl. CF represents the decisions; it is the output of the
decision making process and it is input to the physical process of the stock management
task (Equation 3.1). S4 and SLA are the adjustment terms (equations 3.2 and 3.3). SL* is
the desired level of SL that is necessary to maintain an outflow (i.e., AF) equal to LF' so as
to be able to maintain § at its desired level. If SL* is not correctly calculated, a steady-state
error will be obtained (Equation 3.4). $* is an input to the decision making process, which
is assumed to be determined by processes that are excluded from this study; S* is a

predetermined constant value.

LF, S, and SL are also the inputs to the decision making process. The decision

making process represented in the model is known as the anchor-and-adjust heuristic
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(Sterman, 1989). The decision making process is defined by equations 3.1-3.4. Note that

these equations are valid also for chapters 4, 5, and 6.

The two important decision parameters that can be controlled by the decision maker
are sat and wsl; sat 1s the intended time to close the gap between the stock and its desired
level and ws/ is the relative importance given to the supply line compared to the stock. The
order of the delay, adt, sat, and wsl determine the nature of the dynamics observed in
stock. As the order of the delay and adt are assumed to be inherent to the physical process,
the decision maker needs to decide on the values of sat and ws/ to obtain the desired

dynamics in S, which is the main concern of this thesis.

3.4. Simplified Set of Differential Equations of the Stock Management Structure with
a First Order Supply Line Delay

As mentioned in Section 4.1, the diagram in Figure 3.1 and equations 3.1-3.5 define
a stock management structure with a first order supply line delay. The simplified set of

differential equations that corresponds to this structure is given in equations 3.6 and 3.7.

B qp-r=3L_p (3.6)
dt adt
k__ —
BL _ CF—aF = LF + 575 gy WA ZSE ST (3.7)
dt sat sat adt

3.5. Block Diagram of the Stock Management Structure with a First Order Supply
Line Delay

Block diagram of the stock management structure with a first order supply line delay

is given in Figure 3.2.

The diagram given in Figure 3.2 represents all the details present in the SD model

which is given in Figure 3.1 and equations 3.1-3.5.
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Figure 3.2. Block diagram of the stock management structure with a first order supply line

delay.

3.6. Analysis of the Dynamics of Stock Management Structure with a First Order

Supply Line Delay
Laplace transform of the simplified set of differential equation of the stock
management structure with a first order supply line delay (equations 3.6 and 3.7), by

assuming S* equals to zero, is given in equations 3.8 and 3.9.

sxS(s)—S(O)=%—LF(S) (3.8)

(3.9)

S(s) N adtx LF (s)— SL(s) .
at

sx SL(s)— SL(0) = LF (s) - o _ SL(s)
s dt

sat

Assuming S(0) = 0 and SL(0) = 0, and arranging equations 3.8 and 3.9, equations
3.10 and 3.11 are obtained.

SL(s)=adtxsxS(s)+adtx LF(s) (3.10)



20

ws! 1
SL(s)x| s+——+—[=LF(s)—
() ( sat adtj ()

S(s) N wsl x adt

x LF(s) (3.11)
sat sat

Inserting Equation 3.10 into Equation 3.11 and arranging, Equation 3.12 is obtained.

{adtxsz+(M+ljxs+i}xS(s)=—adt><s><LF(s) (3.12)
sat sat

Transfer function of this system is the ratio of output variable (S(s)) to the input

variable (LF(s)) in the Laplace domain, which is given in Equation 3.13.

Sts) _ adt x s

= (3.13)
LF(s) adt x wsl 1
— 41

XS§+——

adt x s* +
sat

sat

The denominator of the transfer function gives characteristic equation of the system

(Equation 3.14).

xs+—=0 (3.14)

adtxs2+[M+lj !
sat

sat

Equation 3.14 is solved in MATLAB and characteristic roots of the characteristic

equation are given in equations 3.15 and 3.16.

S __Sat—l—adtstl-l-\/adtzstlz+2XathSCltXWSZ—4><athSClt+Sat2 (3.15)
! 2xadtx sat .

sat+aa’t><wsl—\/aa’t2 x wsl? + 2 x adt x sat x wsl — 4 x adt x sat + sat*
2xadtx sat

(3.16)

S, =

For stability property, real parts of the characteristic roots must be analyzed. If real

parts all of the roots are negative (all of the roots are located in the left-half of the s-plane),
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the system is stable. If real part of the at least one of the roots is positive (at least one of the

root is located in the right-half of the s-plane), the system is unstable.

The characteristic roots of the characteristic equation are complex conjugate
(equations 3.15 and 3.16), therefore, have the same real parts. Since adt, sat and wsl are
always positive parameters, the real parts of the characteristic roots are always negative,

which is given in Equation 3.17.

sat + adt x wsl

TR <0 (3.17)
2xadtx sat

Therefore, the system is always stable which is also consistent with Yasarcan (2003).

To determine the parameter values that make stock show an oscillatory behavior, the
term in the square root of the characteristic roots must be analyzed. If the term in the
square root is negative, the value of characteristic root becomes complex and the stock
starts to oscillate. An oscillatory behavior is obtained if the condition given in Equation

3.18 is satisfied.
adt® x wsl* +2x adt x sat x wsl —4x adt x sat + sat> <0 (3.18)
3.7. Relative Aggressiveness

A new parameter that is first introduced by (Mutallip and Yasarcan, 2014), namely,
“Relative Aggressiveness” (ra), is defined as the ratio of adf to sat (Equation 3.19). Both
sat and adt are strictly positive parameters, thus, ra is strictly greater than zero too. ra can
be used together with ws/ to determine the nature of the stock behavior (i.e., the
characteristic dynamics). In this way, the analysis becomes simpler as the three parameter
space (wsl, sat, adt) is reduced to two (ws/, ra). Accordingly, Equation 3.18 can be

rewritten in terms of ra and is given in Equation 3.20.

adt
ra =——
sat

(3.19)
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razstlz+2><ra><(wsl—2)+1<0 (3.20)

3.8. Results
For different ws/ values between 0 and 1, critical values of ra are obtained by

equating the right hand side of the inequality given in Equation 3.20 to zero and solving it.

The results are reported in Table 3.1.

Table 3.1. Critical ra values obtained for different ws/ values.

wsl ra ra;
0.00 0.250 -
0.01 0.251 39,800
0.02 0.253 9,900
0.05 0.256 1,560
0.10 0.263 379.7
0.15 0.271 164.2
0.20 0.279 89.72
0.30 0.296 37.48
0.40 0.318 19.68
0.50 0.343 11.66
0.60 0.375 7.403
0.70 0.417 4.889
0.80 0.477 3.273
0.90 0.577 2.139
0.95 0.668 1.659
0.97 0.727 1.463
0.99 0.826 1.235
1.00 - -

For ra values below or equal to ra; or above or equal to ra;, stock shows no
oscillations; it shows a goal seeking behavior (i.e., asymptotic approach to the desired level
of stock). If a selected ra value is between ra; and ra,, stock shows oscillatory behavior in
a stable manner. For wsl equal to 0, stable oscillations can be observed for all ra values
greater than 0.25. For ws/ above or equal to 1, there are no real nonnegative values of ra

that can make the stock oscillate. Therefore, there are no oscillations for ws/ above or equal
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to 1. For ws/ values less than 1, as ws/ increases, the range of interval of 7a in which stock
shows oscillatory behavior decreases. In Chapter 7, it is explained how ra values can be
used to obtain sat values as sat is the decision parameter and ra is only used to simplify the

analysis.

3.9. Validity of Results for All Durations of Delay

The results (i.e., the characteristic behaviors) presented in Section 3.8 only depend
on ws/ (the relative importance given to the supply line compared to the stock) and ra (the
ratio of adt to sat) and they are valid for all adt values because Equation 3.20 does not
explicitly contain adt (i.e., the duration of delay between the corrective actions and their

eventual results on the stock).

A stock management structure with a first order supply line delay is capable of
producing only non-oscillatory behavior (i.e., goal seeking) and stable oscillations.
However, a stock management structure with higher order delays is capable to produce
richer dynamics including unstable oscillations as will be discussed in the following

chapters (4, 5, and 6).
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4. STOCK MANAGEMENT STRUCTURE WITH A SECOND ORDER
SUPPLY LINE DELAY

In this chapter, a stock management structure that involves a second order supply
line delay will be analyzed. The physical process depicted by the model that will be
introduced in this chapter is almost the same for the model presented in Chapter 3 except
for the order of the delay structure. Moreover, all the parameters and the decision making
process are exactly the same in all of the models given in the chapters 3, 4, 5, and 6.
Therefore, the decision making process, the parameters, and most of the variables are only

discussed in detail in Chapter 3 when they are introduced for the first time.

4.1. System Dynamics Model of the Stock Management Structure with a Second
Order Supply Line Delay

Stock-flow diagram of a stock management structure with a second order supply line

delay is given in Figure 4.1.

Order

Supply Line
2

Control Flow Acquisition Flow 1 Acquisition Flow 2 Loss Flow
Desired Stock
Stock Adjustment
Supply Line Desired Supply Acquisition Delay
Adjustment ————— Line Time
/‘ \_/ Stock Adjustment
. Time
Wieght of Supply

Line

Figure 4.1. Stock-flow diagram of the stock management structure with a second order

supply line delay.
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The model equations are 3.1-3.4 and 4.1-4.3.

SL=SLI+SL2 (4.1)

Fr=— St 4.2)
adt/Order

AF2 =— L2 (4.3)
adt/Order

where AF'1 stands for “Acquisition Flow 17, AF2 stands for “Acquisition Flow 27,
SL1 stands for “Supply Line 17, and SL2 stands for “Supply Line 2”.

4.2. Simplified Set of Differential Equations of the Stock Management Structure with
a Second Order Supply Line Delay

The diagram in Figure 4.1 and equations 3.1-3.4 and 4.1-4.3 define a stock
management structure with a second order supply line delay. The simplified set of
differential equations that corresponds to this structure is given in equations 4.4, 4.5 and

4.6.

a_ o= S2  _p 4.4
dt adt/Order
*_ _
dSLI _ (o o g S*=S . adixLF-SL__ SLI 4.5)
dt sat sat adt/Order
dsL2 _ .. oo SLI SL2 46

dt adt/Order - adt/Order
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4.3. Block Diagram of the Stock Management Structure with a Second Order Supply
Line Delay

Block diagram of the stock management structure with a second order supply line

delay is given in Figure 4.2.

The diagram given in Figure 4.2 represents all the details present in the SD model

which is given in Figure 4.1 and equations 3.1-3.4 and 4.1-4.3.

Desired Supply Line

Acguisition Delay Time

Supply Line

A

Supply Line Adjustment

1/Stodk Adjustment Weight of Supply Line
Time

Control Flow Supply Line 1

Acguisition

m Loss Flow ::. Flow 1

Step

Supply Line 2
Acquisition
Delzy Time

Stock Adjustment

o |
. .
>

> b oo >,

; |
1/Stock Adjustment
Time
Desired Stock

Figure 4.2. Block diagram of the stock management structure with a second order supply

line delay.

4.4. Analysis of the Stock Management Structure with a Second Order Supply Line
Delay

Laplace transform of the simplified set of differential equation of the stock
management structure with a second order supply line delay (equations 4.4, 4.5 and 4.6),

by assuming S* equals to zero, is given in equations 4.7, 4.8, and 4.9.
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SL2(s)

SXS(S)_S(O):W

—LF(s) (4.7)

SLI(s)

y 3 _ _ S(s) | adtx LF(s)—=SL(s) y 3
$% SLI(s) = SLI(0) = LF(5) ==~ + > wsl ~at]Order (4.8)
sx SL2(s) - SL2(0) = —>L1s)  _ SL2(s) (4.9)

adt/Order  adt/Order
Assuming S(0) equals to zero and arranging Equation 4.7, Equation 4.10 is obtained.
SL2(s) = (adt/ Order)x s x S(s) + (adt | Order )x LF (s) (4.10)
Assuming SL2(0) equals to zero, Equation 4.9 can be re-written as Equation 4.11.
SLI(s) = SL2(s)x [(adt/ Order)x s +1] 4.11)
Inserting Equation 4.10 into Equation 4.11 and arranging, Equation 4.12 is obtained.

SLI(s) = |(adt/ Order } x s* +(adt/ Order)x s |x S(s)

(4.12)
+(adtOrder)? x s+ (adt/ Order)Jx LF (s)
SL(s) can be written as Equation 4.13.
SL(s)=SLI(s)+ SL2(s) (4.13)

Assuming SL1(0) equals to zero and inserting Equation 4.10, Equation 4.12, and
Equation 4.13 into Equation 4.8, and arranging, Equation 4.14 is obtained.
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(adt/ Order) x s> + (2 x (adt/ Order)+ W—Sf x (adt |/ Order )’ j x5’
sa

x S(s)

+(2><W—SZ>< (adt/Order)+1j><s +L
sat sat

(4.14)

—(adt/ Order)’ x s +(—2>< (adt/Order)—w—ij (adt/Order)zjxs
] z 54 x LF(s)
+ (wsl X adt _ 2x 0 (adt/ Order)j

sat sat

Transfer function of the system is given in Equation 4.15.

—(adt/ Order)’ x s* + (— 2x(adt/ Order)- st x (adt/ Order )’ j X
sa

+ (wsl X a—dt —2x W—Sl X (adt/ Order)j
S(s)

sat sat

- (4.15)
LF
)| (adt/ Order) x5° +(2x(adt/0rder)+wij (adt/Order)zjxsz
sa

+ (2 XLSZX (adt/Order)+ 1j>< s+ L
sat sat

Characteristic equation of the system is given in Equation 4.16.

(adt/ Order) xs* + (2 x (adt/ Order)+ W—Sj x (adt/ Order Y j xs?
sa

(4.16)

+(2xw—dx(adt/0rder)+ljxs+i= 0
sat sat

Equation 4.16 can be rewritten in terms of ra using Equation 3.19 and is given in

Equation 4.17.

(adt/ Order) x s* + (2 x (adt/ Order)’ +wsl x (ra/Order)x (adt/ Order)’ )x s’

4.17
+(2x wsl x (ra/Order)x (adt | Order)+ (adt/ Order))x s + ra/Order = 0 1D
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4.5. Results

Equation 4.17 is used in the analysis. If the real parts of all s-roots are less than zero,
the resulting behavior is stable and, if at least one is greater than zero, the resulting
behavior is unstable. If all s-roots have no imaginary parts, the resulting behavior is non-
oscillatory and, if at least two have imaginary parts, the resulting behavior is oscillatory.

Note that it is not possible to have odd number of roots having imaginary parts.

We assigned 2 to Order as the stock management structure presented in this chapter
has a second order supply line delay. Equation 4.17 explicitly contains adt too. Therefore,
we arbitrarily assigned 6 to adt to be able to carry out the analysis. This arbitrary value
selection does not make the analysis invalid as will be explained in Section 5.6. The
analysis is repeated for all values of ws/ from 0 to 1 with an increment of 0.01. For each
value of wsl/, all possible values of ra (i.e., ra > 0) are considered in determining the
changes in the signs of the real and imaginary parts of s-roots (i.e. characteristic roots) that
are obtained from Equation 4.17. Table 4.1 gives examples of real and imaginary parts of
the s-roots for some selected values of ws/ and ra for different characteristic behaviors. For
example, if ws/ is 0 and ra 1s 0.2, the stock shows goal seeking behavior (i.e., no
oscillations) as all roots are real (i.e., they have no imaginary parts) and less than zero; if
wsl 1s 0.60 and ra is 8, the stock shows stable oscillations as all real parts of the roots are
negative and two roots that are complex conjugates have imaginary parts; if ws/ is 0.05 and
ra is 50, the stock shows unstable oscillations as two of the roots have positive real parts

and the same two roots also have imaginary parts.

As a result of the analysis, four different intervals of ws/ is determined. The
characteristic behaviors that can be obtained in each interval are visualized in Figure 4.3.
For ws/ equals to zero, as ra increases, the behavior of stock first changes from goal
seeking to stable oscillations, and, later, to unstable oscillations. For ws/ values between
0.01 and 0.11, as ra increases, the behavior of stock first changes from goal seeking to
stable oscillations, later, from stable oscillations to unstable oscillations, and, finally, from
unstable oscillations back to stable oscillations. The change from unstable to stable
oscillations was not expected because as aggressiveness in corrections grows, we usually

expect to see the unstable oscillations get even stronger. For ws/ values between 0.12 and
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0.99, as ra increases, the behavior of stock changes from goal seeking to stable oscillations

and no further change occurs. For ws/ equals to 1, stock shows only goal seeking behavior.

Table 4.1. s-roots for different sets of ws/ and ra values.

wsl ra S1 52 3
0.00 0.2 -0.04435 -0.19580 -0.42652
0.00 3 -0.01822+0.296341 | -0.01822-0.296341 | -0.63023
0.00 10 0.07224+0.472321 0.07224-0.472321 | -0.81114
0.05 0.25 -0.06168 -0.17285 -0.43422
0.05 4 -0.01667+0.332921 | -0.01667-0.332921 | -0.66667
0.05 50 0.11837+0.829101 0.11837-0.829101 | -1.32008
0.05 300 -0.00315+1.325851 | -0.00315-1.325851 | -3.16037
0.60 0.4 -0.09007 -0.19513 -0.42147
0.60 8 -0.25639+0.299291 | -0.25639-0.299291 | -0.95389
1.00 -0.33334 -0.33334 -0.33334
wsl =0.00 0.01 =wsl =0.11
Unstable Unstable
» / Ozcillation [ " cillation
£ Stable || Stable Stable
E /bsc:illatinn g fllation Oscillation
S‘ No ' E‘ No
Oscillation | Oscillation
ra ra
0.12 =wsl £0.99 wsl = 1.00
o w
% Stable E
= Oscillation o
gﬂ- Nn/ § No
Oszcillation Ozcillation
ra ra

Figure 4.3. Different stock dynamics that can be obtained in the four different intervals of

wsl values.
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After these four intervals of ws/ are obtained, we determine critical ra values for
selected representative values of wsl. As described in the first paragraph of this section, all
possible ra values are considered for each selected value of ws/ to determine the critical ra
values at which the dynamics change (Table 4.2). The behavior of stock first changes from
goal seeking to stable oscillations at ra equal to ra;, it changes from stable oscillations to
unstable oscillations at ra equal to ra,, and it changes from unstable oscillations back to
stable oscillations at ra equal to ras. Therefore, for 0 < ra < ra,, goal seeking behavior is
obtained; for ra; < ra <ra, and ra; < ra, stable oscillations is obtained; for ra, < ra < ras,
unstable oscillations is obtained. If a value for ra;, ra,, or ras is not reported in Table 4.2, it
implies that there is no such value. Hence, for example, if ws/ is selected as 0.60, stock
shows goal seeking behavior for ra values less than 0.4696 and it shows stable oscillations
for all ra values greater than or equal to this value. The reported values of ra;, ras, or ras
are not exact; they are reported with only four meaningful digits. Therefore, if ra is
selected as 0.4695, the stock will show goal seeking behavior, but one cannot know how

exactly it will behave between the range 0.4695 <ra < 0.4696 by just looking at Table 4.2.

Table 4.2. Critical ra values obtained for different ws/ values.

wsl ra ra; ras

0.00 0.2962 4.000 -

0.01 0.2978 4.213 9,496
0.03 0.3012 4.730 939.7
0.05 0.3048 5.432 294.6
0.08 0.3102 7.224 86.53
0.10 0.3138 10.00 40.00
0.11 0.3158 14.70 22.50

0.12 0.3178 - -
0.30 0.3584 - -
0.60 0.4696 - -
0.90 0.7912 - -
0.95 0.9582 - -
0.99 1.307 - -
1.00 - - -

In Chapter 7, it is explained how ra values can be used to obtain saf values as sat is

the decision parameter and ra is only used to simplify the analysis.
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4.6. Validity of Results for All Durations of Delay

Different than the equation analyzed in the previous chapter (Equation 3.20), the
equation analyzed in this chapter (Equation 4.17) explicitly contains adt. Therefore, a
value must be assigned to adt to be able to obtain the intervals for ws/ and ra values that
produce different dynamics. Accordingly, in the second paragraph of Section 4.5, it is
stated that 6 is assigned to adt. However, assigning an arbitrary value to adt does not
change the dynamic behavior because adt does not change the signs of the real and
imaginary parts of the s-roots, but it only affects the numerical values in a proportional
way as presented in Table 4.3. Thus the results (i.e., the characteristic behaviors) only
depend on ws/ (the relative importance given to the supply line compared to the stock) and
ra (the ratio of adt to sat) and they are valid for all adf values. The s-roots given in Table
4.3 are obtained as an example for five arbitrarily selected values of adt; ws/ and ra are
arbitrarily selected as 0.2 and 10, respectively. The proportional change of the s-roots can

be observed in Table 4.3.

Table 4.3. s-roots obtained for different adt values (ws/ = 0.2, ra = 10).

adt S| S2 83

3 -0.13753+0.91649i | -0.13753-0.916491 | -1.72493
6 -0.06877+0.458241 | -0.06877-0.458241 | -0.86247
12 -0.03438+0.22912i | -0.03438-0.22912i1 | -0.43123
18 -0.02292+0.152751 | -0.02292-0.152751 | -0.28749
24 -0.01719+0.11456i | -0.01719-0.114561 | -0.21562

If s-roots are obtained for a set of values of ws/, ra, and adt, the new values of s-roots

for the same ws/ and ra values, but for a new value of adf can be obtained using Equation

4.18.

(Si )new =7 N

for alli

(4.18)
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5. STOCK MANAGEMENT STRUCTURE WITH A THIRD ORDER
SUPPLY LINE DELAY

In this chapter, a stock management structure that involves a third order supply line
delay will be analyzed. The physical process depicted by the model that will be introduced
in this chapter is almost the same for the model presented in Chapter 3 except for the order
of the delay structure. Moreover, all the parameters and the decision making process are
exactly the same in all of the models given in the chapters 3, 4, 5, and 6. Therefore, the
decision making process, the parameters, and most of the variables are only discussed in

detail in Chapter 3 when they are introduced for the first time.

5.1. System Dynamics Model of the Stock Management Structure with a Third Order
Supply Line Delay

Stock-flow diagram of a stock management structure with a third order supply line

delay is given in Figure 5.1.

Supply L Suppb ine| WY,
1 Z 3 X
Desired Stock

Stock Adjustment

Acquisition Delay
<4— Desired Supply Time
Line

Stock Adjustment
‘\/ Time

Supply Line
Adjustment

Weight of Supply
Line

Figure 5.1. Stock-flow diagram of the stock management structure with a third order

supply line delay.

The model equations are 3.1-3.4 and 5.1-5.4.
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SL =SLI1+SL2+SL3

SL1
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adt/Order

SL2

AF2 =————
adt/Order

SL3

AF3 =————
adt/Order

“Supply Line 27, and SL3 stands for “Supply Line 3”.

SL3

+ wsl
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(5.1)

(5.2)

(5.3)

(5.4)

where AF1 stands for “Acquisition Flow 17, AF2 stands for “Acquisition Flow 27,
AF3 stands for “Acquisition Flow 37, SLI stands for “Supply Line 17, SL2 stands for

5.2.Simplified Set of Differential Equation of the Stock Management Structure with a
Third Order Supply Line Delay

The diagram in Figure 5.1 and equations 3.1-3.4 and 5.1-5.4 define a stock
management structure with a third order supply line delay. The simplified set of

differential equation that corresponds to this structure is given in equations 5.5, 5.6, 5.7,

sat

SL1

adt/Order -

LS (5.5)
adt/Order
*_ _
S*-§ ><aa’thF SL  SLI (5.6)
sat adt/Order
SL2 57
adt/Order
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dSL3 _ \py g SL2 SL3

dt adt/Order - adt/Order

(5.8)

5.3.Block Diagram of the Stock Management Structure with a Third Order Supply
Line Delay

Block diagram of the stock management structure with a third order supply line delay

is given in Figure 5.2.

The diagram given in Figure 5.2 represents all the details present in the SD model

which is given in Figure 5.1 and equations 3.1-3.4 and 5.1-5.4.
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Figure 5.2. Block diagram of the stock management structure with a third order supply

line delay.
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5.4. Analysis of the Stock Management Structure with a Third Order Supply Line
Delay

Laplace transform of the simplified set of differential equation of the stock
management structure with a third order supply line delay (equations 5.5, 5.6, 5.7, and 5.8),

by assuming S* equals to zero, is given in equations 5.9, 5.10, 5.11, and 5.12.

SL3(s)

$x5(5)=50) = adt/Order

—LF(s) (5.9)

SLI(s)

sx SLI(s)— SLI(0) = LF(s) — 28 4 AdtxLE(s) = SE(s) o SLIG) (5 10
sat sat adt/Order
sx SL2(s) - SL2(0) = L) SL2(s) (5.11)
adt/Order  adt/Order
s x SL3(s) - SL3(0) = — L2 SL3 (5.12)

adt/Order - adt/Order
Assuming S(0) equals to zero and arranging Equation 5.9, Equation 5.13 is obtained.
SL3(s) = (adt | Order)x s x S(s)+(adt | Order)x LF (s) (5.13)
Assuming SL3(0) equals to zero, Equation 5.12 can be re-written as Equation 5.14.
SL2(s) = SL3(s)x [(adt/ Order)x s +1] (5.14)
Inserting Equation 5.13 into Equation 5.14 and arranging, Equation 5.15 is obtained.

SL2(s) = |(adt/ Order } x s* +(adt / Order )x s [x S(s)

(5.15)
+|(adt 1 Order) x s+ (adt/ Order)Jx LF (s)
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Assuming SL2(0) equals to zero, Equation 5.11 can be re-written as Equation 5.16.
SL2(s)|(adt/ Order)x s +1]= SLI(s) (5.16)
Inserting Equation 5.15 into Equation 5.16, Equation 5.17 is obtained.

SLI(s)= [(adt/Order)3 x s> +2x(adt/Order) x s* +(adt | Order)x s]xS(s)

(5.17)
+ [(adt/ Order) x s> +2x(adt/Order)’ x s +(adt/ Order)]x LF(s)
SL(s) can be written as Equation 5.18.
SL(s)=SLI(s)+SL2(s)+ SL3(s) (5.18)

Assuming SLI(0) equals to zero and inserting Equation 5.13, Equation 5.15,
Equation 5.17 and Equation 5.18 into Equation 5.10, and arranging, Equation 5.19 is

obtained.

(adt/Order) xs* + (3 x (adt/ Order )’ +W—SZ>< (adt/ Order)’ j x s

sat

+(3><(aa’t/Ora’er)+3><W—Si><(aa’t/Om’er)zjxs2 xS(s)
sa
+(3><W—SZ><(aa’t/Om’er)+1j><s+L
) sat sat i ) (5.19)
—(adt/Order)’ xs’ + (— 3x(adt/Order)’ - W—Sj x (adt/ Order) |x s’
sa
= +(—3x(adt/Order)—3><w—Six(adt/Order)zjxs x LF(s)
sa
+ (wsl X adt _ 3x wst x (adt/ Order)j
sat sat i

Transfer function of the system is given in Equation 5.20.
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—(adt/ Order) x s* + (— 3 (adt/ Order)’ - Wsj x (adt/ Order)’ j xs?
sa

+ (— 3x (adt/ Order)—3x WSZ x (adt/ Order)zj X §
sa

+ (wsl X adt _ 3x wst x (adt/ Order)j

S(s) [ sat sat 1(5.20)
LF(s) | 3 > wsl )
(adt/ Order) x s* +| 3x(adt/ Order) +—tx(adt/0rder) X

sa

+ (3 x (adt/ Order)+3x WSZ x (adt/ Order )’ j x s’
sa

+(3 xW—Slx(adt/Order)+ 1j><s +L
sat sat

Characteristic equation of the system is given in Equation 5.21.

(adt/Order)’ xs* + (3 x (adt/ Order)’ + W—Sf x (adt/ Order)’ j xs°
sa

+(3><(aa’t/Om’er)+3><W—Sj><(aa’t/Ora’er)zjxs2 (5.21)
sa

+(3xw—51x(adt/0rder)+ljxs+i=O
sat sat

Equation 5.21 can be rewritten in terms of ra using Equation 3.19 and is given in

Equation 5.22.

(adt | Order)' x s* + (3 (adt/ Order) +wsl x (rajOrder )x (adt | Order)’ )x s*

+ (3 x (adt/ Order) +3xwsl x(ra/Order)x(adt/ Order)’ )x s° (5.22)
+(3x wsl x (ra/Order)x (adt | Order )+ (adt/ Order))x s + (ra/ Order) =0

5.5. Results

Equation 5.22 is used in the analysis. If the real parts of all s-roots are less than zero,
the resulting behavior is stable and, if at least one is greater than zero, the resulting

behavior is unstable. If all s-roots have no imaginary parts, the resulting behavior is non-
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oscillatory and, if at least two have imaginary parts, the resulting behavior is oscillatory.

Note that it is not possible to have odd number of roots having imaginary parts.

We assigned 3 to Order as the stock management structure presented in this chapter
has a third order supply line delay. Equation 5.22 explicitly contains adt too. Therefore, we
arbitrarily assigned 6 to adt to be able to carry out the analysis. This arbitrary value
selection does not make the analysis invalid as will be explained in Section 6.6. The
analysis is repeated for all values of ws/ from 0 to 1 with an increment of 0.01. For each
value of wsl/, all possible values of ra (i.e., ra > 0) are considered in determining the
changes in the signs of the real and imaginary parts of s-roots (i.e. characteristic roots) that
are obtained from Equation 5.22. In the previous chapter, real and imaginary parts of the s-
roots for some selected values of ws/ and ra for different characteristic behaviors were
provided in Table 4.1. Although, the numerical values will be different for a third order
delay, the interpretation of the results is essentially the same. Thus, a table similar to Table

4.1 1s not given in this chapter.

As a result of the analysis, four different intervals of ws/ is determined. The
characteristic behaviors that can be obtained in each interval are visualized in Figure 5.3.
For wsl values between 0.00 and 0.11, as ra increases, the behavior of stock first changes
from goal seeking to stable oscillations, and, later, to unstable oscillations. For ws/ values
between 0.12 and 0.19, as ra increases, the behavior of stock first changes from goal
seeking to stable oscillations, later, from stable oscillations to unstable oscillations, and,
finally, from unstable oscillations back to stable oscillations. The change from unstable to
stable oscillations was not expected because as aggressiveness in corrections grows, we
usually expect to see the unstable oscillations get even stronger. For ws/ values between
0.20 and 0.99, as ra increases, the behavior of stock changes from goal seeking to stable
oscillations and no further change occurs. For ws/ equals to 1, stock shows only goal

seeking behavior.

After these four intervals of ws/ are obtained, we determine critical ra values for
selected representative values of wsl. As described in the first paragraph of this section, all
possible ra values are considered for each selected value of ws/ to determine the critical ra

values at which the dynamics change (Table 5.1).
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Figure 5.3. Different stock dynamics that can be obtained in the four different intervals of

wsl values.

The behavior of stock first changes from goal seeking to stable oscillations at ra
equal to ra, it changes from stable oscillations to unstable oscillations at ra equal to ra,,
and it changes from unstable oscillations back to stable oscillations at ra equal to ras.
Therefore, for 0 < ra < ra;, goal seeking behavior is obtained; for ra; < ra < ra, and rasz <
ra, stable oscillations is obtained; for ra, < ra < ras, unstable oscillations is obtained. If a
value for ra,, ra,, or ras is not reported in Table 5.1, it implies that there is no such value.
Hence, for example, if ws/ is selected as 0.15; stock shows goal seeking behavior for ra
values less than 2.619x10™"; it shows stable oscillations for all 7a values greater than or
equal to this value, but less than 5.418; it shows unstable oscillations for all ra values
greater than or equal to 5.418, but less than 121.9; it shows stable oscillations for all ra

values greater than or equal to 121.9.
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Table 5.1. Critical ra values obtained for different ws/ values.

wsl ra ra ras
0.00 | 2.230x10™"° | 2.667 -
0.03 | 2.297x10™" | 2.942 -
0.08 | 2.421x10™" | 3.579 -
0.11 | 2.519x10™" | 4.152 -
0.12 | 2.537x10™ | 4.397 | 799.0
0.15 | 2.619x10" | 5.418 | 121.9
0.17 | 2.679x10™"° | 6.573 | 59.48
0.19 | 2.747x10™" | 8.987 | 29.49
020 | 2.783x10" - -
0.30 | 3.185x107™"° - -
0.50 | 4.446x107"° - -
0.80 | 1.114x107"? - -
0.90 | 2.233x10™" - -
0.99 | 2.228x10™" - -
1.00 - - -

In Chapter 8, it is explained how ra values can be used to obtain saf values as sat is

the decision parameter and ra is only used to simplify the analysis.

5.6. Validity of Results for All Durations of Delay

Different than the equation analyzed in Chapter 3 (Equation 3.20), but similar to the
equation analyzed in Chapter 4 (Equation 4.17), the equation analyzed in this chapter
(Equation 5.22) explicitly contains adt. Therefore, a value must be assigned to adt to be
able to obtain the intervals for ws/ and ra values that produce different dynamics.
Accordingly, in the second paragraph of Section 5.5, it is stated that 6 is assigned to adt.
However, assigning an arbitrary value to adt does not change the dynamic behavior
because adt does not change the signs of the real and imaginary parts of the s-roots, but it
only affects the numerical values in a proportional way as presented in Table 5.2. Thus the
results (i.e., the characteristic behaviors) only depend on ws/ (the relative importance given
to the supply line compared to the stock) and ra (the ratio of adt to sat) and they are valid

for all adt values. The s-roots given in Table 5.2 are obtained as an example for four
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arbitrarily selected values of adf; wsl and ra are arbitrarily selected as 0.2 and 6,

respectively. The proportional change of the s-roots can be observed in Table 5.2.

Table 5.2. s-roots obtained for different adt values (ws/ = 0.2, ra = 6).

adt S So S3 S4

3 |-0.03396+0.76821i | -0.03396-0.768211 | -1.66604-0.77890i | -1.66604-+0.778901
6 |-0.01698+0.38411i | -0.01698-0.38411i | -0.83302-0.38945i | -0.83302+0.38945i
12 | -0.00849+0.19205i1 | -0.00849-0.19205i1 | -0.41651-0.194731 | -0.41651+0.194731
18 | -0.00566+0.128041 | -0.00566-0.128041 | -0.27767-0.129821 | -0.27767+0.12982i1

If s-roots are obtained for a set of values of ws/, ra, and adt, the new values of s-roots
for the same ws/ and ra values, but for a new value of adf can be obtained using Equation

4.18 given in the previous chapter.



43

6. STOCK MANAGEMENT STRUCTURE WITH A DISCRETE
DELAY

In this chapter, a stock management structure that involves an infinite order supply
line delay (i.e., discrete delay, pure delay) will be analyzed. The physical process depicted
by the model that will be introduced in this chapter is almost the same for the model
presented in Chapter 3 except for the order of the delay structure. Moreover, all the
parameters and the decision making process are exactly the same in all of the models given
in the chapters 3, 4, 5 and 6. Therefore, the decision making process, the parameters, and
most of the variables are only discussed in detail in Chapter 3 when they are introduced for

the first time.

6.1. System Dynamics Model Stock Management Structure with a Discrete Delay

Stock-flow diagram of a stock management structure with a discrete delay is given in

Figure 6.1.
oy > P Supply Line % P> Stock
Control Flow Acquisition Flow Loss Flow
Acquisition Delay Desired Stock
Time /
\ Stock Adjustment
Supply Line ‘/\ )
Adjustment Desired Supply
Line
Stock Adjustment
Weight of Supply Time
Line

Figure 6.1. Stock-flow diagram of the stock management structure with a discrete delay.



44

The model equations are 3.1-3.4 and 6.1.

SL(0)
for 0<t<adt
AF(t)=1 adt (6.1)
CF(t —adt) for ¢>adt

6.2. Simplified Set of Differential Equation of the Stock Management Structure with

a Discrete Delay

The diagram in Figure 6.1 and equations 3.1-3.4 and 6.1 define a stock management
structure with a discrete delay. The simplified set of differential equation that corresponds

to this structure is given in equations 6.2 and 6.3.

‘;—S = AF — LF =CF(t —adt)- LF (6.2)
t
*_ _
ﬁ:CF_AFzLF+S S+wslxM—CF(t—adt) (6.3)
dt sat sat

6.3. Block Diagram of the Stock Management Structure with a Discrete Delay

Block diagram of the stock management structure with a discrete delay is given in

Figure 6.2.

Desired Supply Line

Acquisition Delay Time Supply Line

N
rl/
Weight of Supply Line 1/5tock Adjustment

E Loz Flow Time

Step

Contral Flow

L= | L

¥
L

h

b
L

1/Stock Adjustment Discrete Delay

Time

Desired Stodk

Figure 6.2. Block diagram of the stock management structure with a discrete delay.




45

6.4. Analysis of the Stock Management Structure with a Discrete Delay
Laplace transform of the simplified set of differential equation of the stock

management structure with a discrete delay (equations 6.2 and 6.3), by assuming S* equals

to zero, 1s given equations 6.4 and 6.5.

sx8(s)=S(0)=e “ x CF(s)—LF(s) (6.4)

S(s) + adt x LF(s) = SL(s) xwsl —e™ " xCF(s)  (6.5)
at

sx SL(s)— SL(0) = LF (s)— t
S sa

Laplace transform of the “Control Flow” (CF{(s)), is given in Equation 6.6.

S(s) N adtx LF (s)— SL(s) s
sat sat

CF(s)=LF(s)— / (6.6)

Assuming S(0)=0 and SL(0)=0, and inserting Equation 6.6 into equations 6.4 and 6.5,

equations 6.7 and 6.8 are obtained.

S(s) N adtx LF (s)—SL(s)
sat sat

sxS(s)=e " x (LF(S) - X wslj —LF(s) (6.7)

S(s) N adtx LF (s)— SL(s) s

sxSL(s)=LF(s)— [
sat sat (6.8)
L prednes o (LF(S) _S(s) N adtx LF (s)— SL(s) " wslj
sat sat
Equation 6.8 can be re-written as Equation 6.9.
LF(s)— S(s) N adtx LF (s) < s
sat sat
— e % (LF(S) - S(St) + adix LtF(S) X wslj
SL(s) = il > (6.9)

(s N wsl _ g wsl j

sat sat
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Inserting Equation 6.9 into Equation 6.7 and arranging, Equation 6.9 is obtained.

- wsl - > wsl
adtxs % _ (e adtxs) %

—adtxs

2 2
S(s)x| s+ - sa? lsat
ws —adixs . WS
sat §A——— —e s
sat sat
I Cadix Cadix adt ... wsl .. wsl*xadt ]
eadts_'_eadtsstlx _eaafts>< _eaafts>< .
sat sat sat (6 10)
s 2wl 2 wsl? xadt
+(€ adt s) % +(e adts) % ;
= LF(s)x sat sat _1
wsl s WS
s+———e X ——
sat sat

Characteristic equation of the system is given in Equation 6.11.

_ wsl _ > wsl
adtxs % _ (e adtxs ) %

—adtxs

¢’ ¢’
o4 _ sal Zsa -0 (6.11)
ws —adixs | WS
sat S+ — s 00
sat sat

6.5. Results

Since Equation 6.11 has infinitely many s-roots due to transcendental term (e ““*)

it is impossible to find all of the s-roots. Therefore, the characteristic dynamics of a
discrete delay structure cannot be determined by analyzing s-roots of the characteristic

equation (Sipahi and Delice, 2010).
If the forced part (LF) of Equation 6.2 is removed, Equation 6.12 is obtained.

% = AF (t) = CF (t - adt) (6.12)
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If the forced part (LF) is removed and S* is assumed to zero (without loss of
generality, since the system is linear (Riddalls and Bennett, 2002b, 2003), Equation 6.13 is

obtained.

CF(t) = - st x 2L (6.13)
sat sat

Taking the derivative of Equation 6.13 and inserting Equation 6.12 and Equation 6.3,
Equation 6.14 is obtained.

dCF(t) _ B CF(t—adt) B wsl
dt sat sat

x[CF(t) - CF (t — adt)] (6.14)
Arranging Equation 6.14, Equation 6.15 is obtained.

dCF(¢) _  wsl
dt sat

1—ws!

xCF(t)—( ijF(t—adt) (6.15)

sat

The stability properties of Equation 6.15 were derived in Bellman and Cooke (1963)
as reported by Riddalls and Bennett (2002b, 2003). Note that the variables names that we
use in this thesis and the variable names used in Riddalls and Bennett (2002b, 2003) are
not the same, but they exactly correspond to each other. The system defined by Equation
6.15 is asymptotically stable independent of delay magnitude if and only if ws/ > 0.5. If,
however, ws/ < 0.5, the maximum delay (adf*) for which the system is asymptotically

stable is given in Equation 6.16.

arccos(ws!/(wsl 1))

L><\/1—2><wsl2

sat

adt* < (6.16)

Equation 6.16 can be rewritten in terms of ra using Equation 3.19 and is given in

Equation 6.17.
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< arccos(wsl/(wsl —1))

ra <
AN1=2xwsl?

(6.17)

Therefore for wsl < 0.5, for stability, ra must satisfy the condition defined by
Equation 6.17. For a few selected ws/ values, critical ra values are given in Table 6.1. ra

values higher than ra., values produce unstable oscillations.

Table 6.1. Critical ra values.

wsl rder

0.0 1.5708
0.1 1.6992
0.2 1.9011
0.3 2.2238
0.4 2.7898

6.6. Validity of Results for All Durations of Delay

The results (i.e., the characteristic behaviors) discussed in Section 7.5 only depend
on ws/ (the relative importance given to the supply line compared to the stock) and ra (the
ratio of adt to sat) and they are valid for all adt values because Equation 6.17 does not
explicitly contain adt (i.e., the duration of delay between the corrective actions and their

eventual results on the stock).



49

7. THE VALUES OF THE DECISION PARAMETERS THAT WILL
PRODUCE THE DESIRED DYNAMICS

In this chapter, we explain how the tables provided in this thesis are used to obtain
values for the decision parameters (ws/, saf) that will produce the desired dynamics. The
results provided in the thesis are valid for all adt values and the value of the decision

parameter sat can be obtained for a given adt using Equation 7.1.

sat :a_dt (7.1)

ra

The duration of delay between the corrective actions and their eventual results on the
stock, adt, 1s a physical parameter and belongs to the physical process. Thus, we assume
that the decision maker does not have a control over it. After a decision maker determines
the desired dynamics, if he wants to choose a set value for the two decision parameters, ws/
and sat, he must first use a table provided in the thesis (i.e., Table 3.1, Table 4.2, Table 5.1,
or Table 6.1 depending on the order of the delay present in the physical process). Later, he
must use the adt value present in the physical process, the ws/ and ra values obtained from
the corresponding table, and Equation 7.1 to obtain a value for sat. Thus, as a result, a set

of wsl and sat values is obtained.

7.1. Example Decision Parameter Value Selection for a Stock Management Model

with a First Order Supply Line Delay

We assume a stock management model with a first order supply line delay and with
duration of 5 units of time. We arbitrarily select ws/ as 0.2. According to Table 3.1, if ra is
selected below 0.279, stock shows a goal seeking behavior and the approach of the stock to
its desired level gets faster as ra increases; see stock dynamics in Figure 7.1 for ra values

0f 0.15 (Line 2), 0.2 (Line 3), and 0.25 (Line 4).

Line 1 in Figure 7.1, Figure 7.2, Figure 7.3, Figure 7.4, Figure 7.7, Figure 7.8, Figure

7.11, Figure 7.12, and Figure 7.13 represents “Desired Stock™ for all experiments in those
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figures. If ra is equal to or bigger than 0.279 and smaller than 89.72, stock shows
oscillatory behavior in a stable manner; see stock dynamics in Figure 7.1 for ra values of

0.5 (Line 5) and 1 (Line 6).

After oscillatory behavior is observed, the highest value that stock attains starts to
increase as ra increases, but the period of oscillations shortens; see stock dynamics in

Figure 7.2 for ra values of 0.75 (Line 2), 1 (Line 3), 2 (Line 4), and 3 (Line 5).

The highest value that stock attains increases until ra becomes equal to 5, after that
value, it starts to decrease as ra increases (Figure 7.3). However, the period of oscillations

continues to shorten as ra increases.

Stock Management with a First Order SL

100.34

100.00

99.67

99.33

99 ||
0 12 24 36 48 60 72 84 96 108 120
Time (Month)
Desired Stock : current 4 1 Stock : ra025 4 %4 %
Stock : ra015 2 2 2 Stock : ra05 5 5 5
Stock : ra02 3 3 3 Stock :ral & & &

Figure 7.1. Different stock dynamics for ra values of 0.15, 0.2, 0.25, 0.5, and 1.
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Figure 7.2. Different stock dynamics for ra values of 0.75, 1, 2, and 3.
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Figure 7.3. Different stock dynamics for ra values of 2, 3, 5, 10, and 15.
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The highest value that stock attains decreases as ra further increases (Figure 7.4). If
ra is selected equal to or greater than 89.72, stock shows a goal seeking behavior again.
Period of the oscillations always shortens as ra increases, which can be seen in Figure 7.1,

Figure 7.2, Figure 7.3, and Figure 7.4.

Stock Management with a First Order SL

100.34

100.00 f t M“ s
99.67
99.33
99

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Time (Month)

Desired Stock : current 4 4 Stock :ra30 % 4 4
Stock :ral0 —2 2 2 2 Stock : 1a90 5 5 5
Stock :ral5 3 3 3

Figure 7.4. Different stock dynamics for ra values of 10, 15, 30, and 90.

If the desired dynamics is stable oscillations, according to Table 3.1, there are
infinitely many alternatives of set of ws/ and ra values for stable oscillations. For ws/
equals to 0.2, if the desired dynamics is stable oscillations with comparatively higher
amplitude values, ra can be chosen equal to 5. Since adt is 5, using Equation 7.1, sat is
obtained as 1. Thus, the set of values for the decision parameters, ws/ and sat, are 0.2 and
1, respectively. If the desired dynamics is a goal seeking behavior with a fast approach to
the desired level of stock, ra can be chosen equal to 90. Since adt is 5, using Equation 7.1,

sat is obtained as 0.05 . Therefore, the set of values for the decision parameters, ws/ and

sat, are 0.2 and 0.05 , respectively.
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The initial value of Control flow increases as ra increases (i.e., as sat decreases),

which can be seen in Figure 7.5 and Figure 7.6.

Stock Management with a First Order SL
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Control Flow : ra075 —+ 4 4 Control Flow : ra2 3 3 3
Control Flow : ral Control Flow :ra3 4 4 4

Figure 7.5. Different control flow dynamics for ra values of 0.75, 1, 2, and 3.
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Figure 7.6. Different control flow dynamics for ra values of 2, 3, 5, 10, and 15.
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7.2. Comparison of the Dynamics with the Literature Suggested Values

For ws/ equals to 1, stock always shows a goal seeking behavior regardless of the
level of aggressiveness in corrections, which is the main reason behind selecting ws/ as 1 in
many studies (Sterman, 1989; Yasarcan and Barlas, 2005a; Yasarcan, 2011). If ws/ is 1, the
approach of the stock to its desired level gets faster as ra increases; see stock dynamics in
Figure 7.7 for ra values of 1 (Line 2), 5 (Line 3), 90 (Line 4), and 150 (Line 5). However,
this increase in the rate of approach becomes negligible after a point; for example, compare

the dynamics for ra values of 90 (Line 4) and 150 (Line 5) in Figure 7.7.

wsl equals to 1 and sat equals to 1 (ra equals to 5 in this case) are the decision
parameter values suggested by the literature for optimum stock behavior (Sterman, 1989).
However, for ws/ equals to 0.2 and sat equals to 0.05 (ra equals to 90), stock approaches
to its desired level faster than the literature suggested ws/ and sat values, which can be seen
in Figure 7.8. This result is surprising because ignoring most of the past decisions (i.e.,
supply line) and making extremely aggressive corrections produce a better behavior than
the literature suggested decision parameter values that suggest that supply line must fully

be considered and aggressive corrections must be avoided. Surprisingly a fast and stable

approach of stock to its desired level is obtained by using wsl = 0.2 and sat = 0.05 .

For ws/ equals to 0.2 and sat equals to 0.05 (ra equals to 90), first value of the
control flow is higher than for ws/ equals to 1 and sat equals to 1 (ra equals to 5) which is

shown in Figure 7.9. Although the approach of stock to its desired level is faster for wsl =

0.2 and sat = 0.05, control flow is more smooth for ws/ equals to 1 and sat equals to 1.

For continuous delays, it is known that if ws/ equals to 1, stock cannot show
oscillatory behavior and sat can be chosen any value greater than 0 including very low sat
values, which corresponds to very aggressive corrections. However, ws/ equals to 1 cannot
give as fast approach as ws/ equals to 0.2 even when sat is chosen very small (even if a
higher ra value for ws/ = 1 is used). For example, initial sizes of the control flow are the
same for ws/ equals to 1 and ra equals to 90 and ws/ equals to 0.2 and ra equals to 90

(Figure 7.10).
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Figure 7.7. Different stock dynamics for ws/ equals to 1 and ra values of 1, 5, 90, and 150.
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Figure 7.8. Comparison of different stock dynamics generated by literature suggested

values (wsl =1 and sat = 1) and (wsl = 0.2 and sat = 0.05).
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Figure 7.9. Comparison of different control flow dynamics generated by literature

suggested values (wsl =1 and sat = 1) and (wsl = 0.2 and sat = 0.05).

Stock Management with a First Order SL
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Figure 7.10. Same initial sizes of control flow for ws/ equals to 1 and ws/ equals to 0.2.
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For the same initial size of the control flow, ws/ equals to 0.2 can give faster

approach to the desired level of the stock (Figure 7.11).

Stock Management with a First Order SL
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Figure 7.11. Stock dynamics for the same initial sizes of control flow for ws/ equals to 1

and ws/ equals to 0.2.

7.3. Example Decision Parameter Value Selection for a Stock Management Model

with a Third Order Supply Line Delay

We assume a stock management model with a third order supply line delay and with
duration of 5 units of time. We arbitrarily select ws/ as 0.17. According to Table 5.1, if ra
is selected below 2.679x10™"°, stock shows a goal seeking behavior. If ra is between
2.679x10™" and 6.573, stock shows stable oscillatory behavior. If ra is between 6.573 and
59.48, stock shows unstable oscillatory behavior. If ra is above or equal to 59.48, stock
shows stable oscillatory behavior again. Different dynamics for ra above 59.48 are given

in Figure 7.12.
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Figure 7.12. Different stock dynamics for ra values of 60, 100, and 160.

The amplitude of the oscillations diminishes faster as ra increases. For example, if
the desired dynamics is stable oscillations with comparatively smaller amplitude values, ra
can be chosen equal to 160. Since adt equals to 5, using Equation 7.1, sat is obtained as
0.03125. Thus, the set of values for the decision parameters, ws/ and sat, are 0.17 and

0.03125, respectively.

ra can be chosen equal to 10, if the desired dynamics is unstable oscillations with
comparatively smaller amplitude values (Figure 7.13). Since adt equals to 5, using
Equation 7.1, sat is obtained as 0.5. Therefore, the set of values for the decision

parameters, ws/ and sat, are 0.17 and 0.5, respectively.
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Figure 7.13. Diftferent stock dynamics for ra values of 10, 25, and 50.
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8. CONCLUSION

In this thesis, different stock management structures were modeled and analyzed. We
carried out complete parametric analysis of stock management problems with continuous
delays of first, second, and third orders and obtained the range of values for different
characteristic dynamics of stock. We avoided black-box approach and block diagrams of
different structures were provided in full detail inspired from system dynamics (SD)
methodology, which has a strong focus on the validity of the constructed models by

explicitly representing all problem related elements in the model.

The stock of the basic stock management structure without delay always exhibits
goal seeking behavior and never oscillates, which confirms the results reported in the
literature. The stock of the stock management structure with a first order supply line delay
can only show either goal seeking behavior or stable oscillations, which confirms the
results reported in the literature too. However, we also obtained a counterintuitive result
for this structure. Assume that the stock is producing stable oscillations for a given set of
acquisition delay time (adt; the duration of delay between the corrective actions and their
eventual results on the stock), weight of supply line (ws/; the relative importance given to
the supply line compared to the stock), and stock adjustment time (sat; the intended time to
close the gap between the stock and its desired level) values. It is expected that decreasing
sat (1.e., increasing aggressiveness in making corrections) would strengthen the existing
oscillations. In spite of this intuitive expectation, our results show that this relationship
between the strength of oscillations and sat exists up to a point and decreasing sat below
that point, makes oscillations disappear and, surprisingly, stock starts to show a goal

seeking behavior; very aggressive corrections can completely eliminate oscillations.

The stock of the stock management structure with a second order supply line delay is
capable of producing goal seeking behavior, stable oscillations, and unstable oscillations,
which is true for stock management structures with higher order supply line delays. This
also confirms to the results reported in the literature. However, similar to the first order
delay case, we obtained unexpected results for the second order delay and the third order

delay cases. Although the critical values that give different characteristic dynamics for
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these two cases are different, there is a different interval of ws/ values for each of these
cases that produce the unanticipated results. Accordingly, if a ws/ value is selected from
the aforementioned interval, as sat decreases, first, stock starts to oscillate in a stable
manner, later, stock starts to oscillate in an unstable manner, and as aggressiveness further
increases (i.e., sat decreases), although one intuitively expects the unstable oscillations get
wilder, stock unexpectedly starts to oscillate again in a stable manner. Another surprising
result is obtained by ignoring most of the past decisions and making extremely aggressive
corrections, which contradicts the literature that suggests that supply line must fully be
considered and aggressive corrections must be avoided. We show that a selected set of
decision parameters values gives a faster approach of stock to its desired level compared to

the literature suggested values without sacrificing the stability in stock dynamics.

The results reported in this thesis can be used to obtain goal seeking behavior, stable
oscillations, or unstable oscillations for stock management structures with a continuous
supply line delay of first, second, and third orders. The results that we obtained are valid
for all durations of delay between the corrective actions and their eventual results on the

stock.

Aiming to build a bridge between SD and control theory (CT), the corresponding
block diagrams of many basic SD models are provided in the thesis and also in one of its
appendices. Block diagrams that we present are the exact replicas of their corresponding
SD models. Thus, they include all the details present in the SD models. Each SD model
and its corresponding block diagram are simulated and the same exact behavior is
obtained. We hope that the bridge that we tried to establish will help control theorists to
understand and analyze SD models and will assist system dynamicists in representing their

models using block diagrams.

The similarity between the results of second order and third order supply line delay
cases indicate that carrying out analysis for higher orders would not add much to the study
and also it gets more and more difficult to carry out the analysis as the order increases.
Regardless of these facts, we are planning to carry out parametric analysis of stock
management with fourth and higher order continuous supply line delays as a continuation

of this study to make sure that there is no further interesting results. Analyzing supply
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chains involving a series of cascading stock management structures with continuous delays

is a possible path for future studies.
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APPENDIX A: LAPLACE TRANSFORMS, TRANSFER FUNCTIONS,
AND BLOCK DIAGRAMS

Laplace transform is widely used in control theory, which is a method of converting
a set of ordinary differential equations to a set of algebraic equations that can be easily
solved. A transfer function is the ratio of a system’s output to its input in the Laplace
domain, which is also known as the frequency domain. Block diagrams are often used to
represent dynamic systems in control theory. Each block in a block diagram has at least
two Laplace domain signals connected to it, one input signal and an output signal, and an
associated transfer function that transforms the input signal into the output signal. Blocks
are connected via their signals (i.e. the output signal generated by a block can be the input
to another block). Thus, a complete block diagram represents the dynamic relationship
between one input or many inputs to a system and one output or many outputs of that same

system (Bequette, 2007; Seborg et al., 2004).
A.1. Laplace Transform Method

Laplace transform of a time domain function, f(#), is given in Equation A.l

(Bequette, 2007).
F(s) = LLf(O)]=[ f()x e xat (A.1)

where s is a complex variable.
A.1.1. An Example of Laplace Transformation: Exponential Function

In this sub-section, the Laplace transform of an exponential function is obtained as

an example (Equation A.6).
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L[e_”’ ] = Te_”’ xe " xdt (A2)
0

where a is a constant. Equation A.2 can be re-written as Equation A.3.

b

1o J=tim [+ xar (A3)

' e—(s+a)><t b
)= im {m} (A4)

0

> ' e—(s+a)><b 1
L[e ]:llg}o{—(s+a)+s+a (A-5)

Finally, Equation A.6, which is the Laplace transform of an exponential function, is

obtained from Equation A.S.

Lle]= Sia (A.6)

A.1.2. The Generic Form of the Laplace Transform of a Time Delayed Function
If f(1) represents the value of a particular function at time ¢, its time delayed version,
f(t — 0), represents the value of that function at time ¢ — 6, where 8, which is a positive

constant, is the duration of the delay. In this sub-section, the generic Laplace transform of a

delayed function is derived (Equation A.12).
Llft-0)]=[r@-0)xe™ xat (A.7)
0

Equation A.7 can be re-written as Equation A.8.



65

LUU—Qﬂ:TfU—pr*““wnﬁ (A.8)
L[f@-0)]= Tf(t —O)xe " xe? xdt (A.9)
z{fa—eﬂzeﬂgfoa—e)xe““wxda—e) (A.10)

If a change of variables, { =t—0is used to integrate the function (Equation A.10),
Equation A.11 is obtained.

Lft-0)]=e’ fo(t*)xe_”* xdt” (A.11)

Finally, Equation A.12, which is the generic form of the Laplace transform of a time-

delayed function, is obtained from Equation A.11.
L[f(t-0)]=e"" x F(s) (A.12)
According to Equation A.12, Laplace transform of the delayed version of a function
equals to ¢*’ times the Laplace transform of that function (Bequette, 2007; Seborg et al.,
2004).

A.1.3. The Generic Form of the Laplace Transform of a First Order Derivative

The generic form of the Laplace transform of a first order derivative of a function is

obtained by using integration by parts technique (Equation A.17).

L[M}:TMX e xdt (A.13)
dt dt

0
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Equation A.13 can be re-written as Equation A.14.

L[M} = 1imj)'e“’ X M>< dt (A.14)
dt by dt

L[%} - [{ig}o{f(t)x e If(t)x e x dt} (A-13)
[df(t)}_lm{f(b)w —f(0>+sxjf(r>xe xdt} (A.16)

Finally, Equation A.17, which is the generic form of the Laplace transform of a first

order derivative of a function, is obtained from Equation A.16.
L[%} =sxL[f()]- f(0) (A.17)

A.1.4. Laplace Transforms of Commonly Used Time Domain Functions

Laplace transforms are used for solving most dynamic problems and, in solving such
a problem, Laplace transform tables are usually used to save time. Accordingly, a Laplace
transform table for some of the common functions is also provided in this Appendix (Table
A.1). For a more comprehensive Laplace transform table, see, for example, Bequette

(2007) or Seborg et al. (2004).

Unit impulse (6(¢)) is defined by Equation A.18 and its integral from negative

infinity to positive infinity, which is equal to one, is given in Equation A.19.

for 0<t<
s()=1lim{s ¢ (A.18)

0 for t>¢
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+00 & 1
[8()xdrt=[5(t)xde=lim [~xdr =1 (A.19)
e 0 e>0"Y o
Table A.1. Laplace transforms of common time domain functions.
Tlme.domam Laplace domain function
function
f(@ F(s)
0(t) (Equation A.18) | 1
Step(t) 1
(Equation A.20) S
a
a i
s
f(@-0) e " x F(s)
1
t 57
) n!
t Sn+]
e—at 1
s+a
1
a% e—at 5
(s +a)
. a
sm (at
(af) s +a’
s
cos(at
(af) s +a’
df (¢
74 sx L) 1(0)
dt
d"f () $"XF(s)=s""x f(0)=s"x f'(0) =" x f"(0)= -+ = f"7(0)
dt
Unit step (Step(?)) is defined by Equation A.20.
Step(t) 0 for ¢<0 (A20)
ep(t) = )
P 1 for ¢>0
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It is also possible to use a Laplace transform table (Table A.1) to obtain the inverse

Laplace transform of a Laplace domain function, which is defined by Equation A.21.

L'[Fs)]= 10 (A.21)

Note that the inverse Laplace transform of the Laplace transform of a time domain

function is itself (Equation A.22).

fO=LL[f@)]] (A.22)

A.1.5. Solving Linear Differential Equations Using Laplace Transforms: An Example

First Order Equation

To solve a differential equation with Laplace transform, Laplace transform of both
sides of the differential equation must be taken. Then, the resulting algebraic equation must
be solved for L[f(t)]. Finally, the inverse transform must be taken by using Laplace

transform table.
An example first order differential equation is given below (Equation A.23):

() _
dt

x(t)=é' (A.23)

Initial condition is x(0) = @, where a is a constant value.

Taking the Laplace of Equation A.23 gives Equation A.24.

L[% - x(t)} —z]e'] (A.24)

L[%} — L[x(0)]=L[e'] (A.25)
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Equation A.26 is obtained from Equation A.25 using Table A.1.

(s Llx(0)]-x(0) - 2x()] = (A.26)
Equation A.26 can be re-written as Equation A.27.
(s=1)x L[x(t)]-a = ﬁ (A.27)
Solving for L[x(#)] gives Equation A.28.
()] = ——r 4 (A.28)

(s —1)2 (S —1)

Equation A.29 is obtained by inverting Equation A.28 to the time domain using

Laplace transform table (Table A.1).
x(t)=txe +axe' (A.29)

A.1.6. Solving Linear Differential Equations Using Laplace Transforms: An Example

Set of First Order Equations

An example of a set of first order differential equations is given below (equations

A.30 and A.31):

A0 x, () =1 (A.30)

x(1) - —dx;t(t) =0 (A31)

Initial conditions are x,(0) =¢q, and x,(0) = a,, where a; and a, are constants.
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Taking the Laplace of equations A.30 and A.31 gives equations A.32 and A.33.

L[%} +L[x,0)]=L[1] (A.32)
L[x,(0)]- L[%} =L[0] (A.33)

Equations A.34 and A.35 are obtained from equations A.32 and A.33 using Table
A.l.

SXX](S)—XI(0)+X2(S):% (A.34)

X, (s)=sxX,(s)+x,(0)=0 (A.35)
Equations A.34 and A.35 can be re-written as equations A.36 and A.37.

sxX](s)+X2(s):%+a] (A.36)

X, (s)=sxX,(s)=—a, (A.37)
Equation A.38 is obtained from Equation A.37.
X,(s)=—a, +sxX,(s) (A.38)

Equation A.39 is obtained by inserting Equation A.38 into Equation A.36.
1
—a,xs+5" x X, (s)+ X,(s)=—+a, (A.39)
s

Solving for X>(s) gives Equation A.40.
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1 a a,xs
2(5) sx(1+s2) s +1 57 +1 ( )
Equation A.41 is obtained from Equation A.40.
1-
Xz(s):l_( fZ)XS+ A (A.41)
s s”+1 sT+1
Equation A.42 is obtained by inserting Equation A.41 into Equation A.38.
1 (-
X, (5) = —a, +sx L fz)xs+ A (A.42)
s s”+1 s”+1
Equation A.42 is simplified to Equation A.43.
1
X,(s)=—-a, +1- (1=, )x| 1= —— |+ 222 (A.43)
s°+1] s7+1
1-
X, (s)= 1-a,), axs (A.44)

sP+1 sP+1

Using Table A.1, the two Laplace domain functions (equations A.41 and A.44) is

inverted to the time domain, which are given below:

x,(t)= (1 -a, )x sin (¢) 4+ a, x cos(?) (A.45)

x,(t) =1—(1—a, )x cos(t) +a, xsin(f) (A.46)

A.1.7. Solving Linear Differential Equations Using Laplace Transforms: An Example

Second Order Equation

An example second order linear differential equation is given below (Equation

A.47):
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d*x(1)
dr?

4x d’; (; ) ¢ 4x x(t)=e™ (A.47)

Initial conditions are x(0)=a, and x(0) = a,, where a; and a, are constants.

Taking the Laplace of Equation A.47 gives Equation A.48.

d2 d —2xt
L{%} —4x L[%} +4xLx()]=Lle ] (A.48)

Equation A.49 is obtained from Equation A.48 using Table A.1.
(52 x X (5) = 5% x(0) — £(0))— 4 (5 x X (5) = x(0))+ 4x X (s) = % (A.49)
s+
Equation A.49 can be re-written as Equation A.50.

(S2—4><S+4)XX(S)—LZ]XS—(12+4X(1]:% (A.50)
S+

Solving for X(s) gives Equation A.51.

X(S): 5 1 + 5 alxs + (?2_4xal) (ASI)
(s —dxs+4)x(s+2) s*—dxs+4 ' —dxs+4
Equation A.52 is obtained from Equation A.51.
X(S):;+(al—ijx ! +(l—2xal+a2jx;2 (A.52)
16x (s +2) 16) s-2 \4 (s—2)

Equation A.53 is obtained by inverting Equation A.52 to the time domain using

Laplace transform table (Table A.1).
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1 —2xt 1 2xt 1 2xt
)=—x + —— |xe™ +| —=2xa,+a, |xtxe A.53
TSN W (I w5y

A.2. Transfer Functions and Block Diagrams
Transfer function of a dynamic system is the ratio of the output variable to the input

variable in the Laplace domain. In general, g(s) is used to represent a transfer function that

is defined in Equation A.54 (Bequette, 2007; Seborg et al., 2004).

g(s)= 22 (A.54)
u(s)

where u(s) is the input variable and y(s) is the output variable in the Laplace domain.
A.2.1. Block Diagrams

Transfer functions are often used in block diagrams. The relationship between input

and output defined by Equation A.54 is depicted in Figure A.1.

u(s) y(s)
—» g(s) —>

Figure A.1. The most basic block diagram representing an input-output relationship in the

Laplace domain.

Block diagrams have three main types of elements which are signals, unary operator

blocks, and m-ary (i.e., many-ary) operator blocks given in Figure A.2.

In the block diagram representation given in Figure A.2, r(s), u(s), yi(s), and y,(s) are
signals. u(s) 1s the input signal and y;(s) is the output signal of gi(s). yi(s) is the input
signal and y»(s) is the output signal of g»(s). g1(s) and g»(s) are unary operator blocks which
operates on the input signals connected to them with the transfer functions to form the

output signals. #(s) and y,(s) are the input variables and u(s) is the output variable of the
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summation block which is an m-ary operator block. An m-ary operator block is shown as a

circle and has two or more input variables and a single output variable (Wescott, 2006).

r(s) §© u(s) > 2.(s) ya(s)
A
yz(S) gz(s) <

Figure A.2. A block diagram with two blocks.

A.2.2. Reduced Block Diagrams

A generic example is given in Figure A.3.

u(s) oy wls) 2.(s) vals) 2.(s)

ya(s)

Figure A.3. A generic example of block diagram.

The relationship between inputs and outputs of the system are given in equations

A.55 and A.56, A.57 and A.58.

g,(s) =21 (A.55)
y(5)
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g,(s)= 22(8) (A.56)
»(s)

¥5(5) = y,(s)x Gain (A.57)

u (5) =, (s) =u,(s) (A.58)

Combining g(s) and g»(s) into a single transfer function, g3(s) is obtained which is

given in Equation A.59.

yl(s)xyz(s) :yz(s) (A.59)
uy(s)  yi(s)  uy(s)

g3(s) =& (8)% gz(s) =
Equation A.58 can be rewritten as Equation A.60.

()% Cain = Y2 ()
u,(s)—y,(s)xGain 2 O)%2,() (A.60)

__»nG) w Gai
u,(s) = 2 O)%2.) + y,(s)x Gain (A.61)

1+ Gainx g, (s)x g,(s)

uy () =y,(s)x (A.62)
] ’ 81(5)x g, (s)
Overall transfer function of the process, ga(s) is given in Equation A.63.
g,(s)=22 (s) _ 81(5)x g, (s) (A.63)

u,(s) 1+Gainxg,(s)xg,(s)

The reduced form of the block diagram given in Figure A.3 is depicted in Figure A.4,

which is also a block diagram and an equivalent of the diagram given in Figure A.3.
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uy(s)

84(s)

ya(s)

Figure A.4. Reduced form of the example block diagram.
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APPENDIX B: THE CORRESPONDING BLOCK DIAGRAMS OF
BASIC SYSTEM DYNAMICS MODELS

We first convert generic system dynamics model structures to differential equations
and, later, we obtain corresponding block diagrams of these structures from the differential
equations. To save space, the derivation process is not provided, but only the resulting
differential equations and block diagrams are given. If the reader is interested in the
derivation process, he/she can read the appendices A and B and carry out derivations
himself/herself. Note that a comprehensive model usually contains one or many of these
generic structures. Moreover, a constant of a simple structure may turn into a variable,

even into a state variable, in a more complex model.

B.1. Compounding Structure

Stock-flow diagram of a compounding structure is given in Figure B.1.

"y X P  Stock

yAN
Inflow

/‘ V\/
Fraction

Figure B.1. Stock-flow diagram of the compounding structure.

The inflow equation of the model is given in Equation B.1.

Inflow = Fraction x Stock (B.1)

where “Fraction” is a nonnegative constant value.

The diagram in Figure B.1 and Equation B.1 define a compounding structure. The

simplified differential equation that corresponds to this structure is given in Equation B.2.




dStock
dt

= Inflow = Fraction x Stock

Block diagram of the compounding structure is given in Figure B.2.
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(B.2)

1 Stodk Inflow
™ 5

Fraction

Figure B.2. Block diagram of the compounding structure.

B.2. Draining Structure

Stock-flow diagram of a draining structure is given in Figure B.3.

Stock Z 2

Outflow

D 4

Fraction

Figure B.3. Stock-flow diagram of the draining structure.

The outflow equation of the model is given in Equation B.3.

Outflow = Fraction x Stock

where “Fraction” is a nonnegative constant value.

(B.3)

The diagram in Figure B.3 and Equation B.3 define a draining structure. The

simplified differential equation that corresponds to this structure is given in Equation B.4.

dStock
dt

= —Outflow = —Fraction x Stock

(B.4)
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Block diagram of the draining structure is given in Figure B.4.

Stodk : Cutflow
Fraction
g }.

Figure B.4. Block diagram of the draining structure.

n | =

B.3. First Order Linear Structure

Stock-flow diagram of a first order linear structure is given in Figure B.5.

Q#» Stock #’Q
Inflow k/ dltﬂow
/ \Fraction 2

Figure B.5. Stock-flow diagram of the first order linear structure.

Fraction 1

The inflow and outflow equations of the model are given in equations B.5 and B.6.

Inflow = Fraction Ix Stock (B.5)

Outflow = Fraction 2 x Stock (B.6)

where “Fraction 1 and “Fraction 2” are nonnegative constant values.

The diagram in Figure B.5 and equations B.5 and B.6 define a first order linear
structure. The simplified differential equation that corresponds to this structure is given in

Equation B.7.




dStock

p = Inflow — Outflow = (Fraction 1 — Fraction 2)>< Stock
t

Block diagram of the first order linear structure is given in Figure B.6.
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(B.7)

1 Stodk >| Inflow
L : T
s _

Fracticn 1

Cutflow

Fracticn 2

Figure B.6. Block diagram of the first order linear structure.

B.4. Production Structure

Stock-flow diagram of a production structure is given in Figure B.7.

"y == p Stock 1

Production rate

Productivity/ \

Stock 2

Figure B.7. Stock-flow diagram of the production structure.

The inflow equation of the model is given in Equation B.8.

Production rate = Productivity x Stock 2

where “Productivity” is a nonnegative constant value.

(B.8)
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The diagram in Figure B.7 and Equation B.8 define a production structure. The

simplified differential equation that corresponds to this structure is given in Equation B.9.

dStock 1

% = Production rate = Productivity x Stock 2 (B.9)

Flows are not connected to the state variable named “Stock 2” because the focus of
this structure is on representing ‘“Production rate” flow. Similar to other simple model

structures, the production structure usually is a part of a more comprehensive model.

Block diagram of the production structure is given in Figure B.8.

Stock 2 Production rate 1 Stook 1
I -

Productivity

w |

Figure B.8. Block diagram of the production structure.

B.S. Goal Seeking Structure

Stock-flow diagram of a goal seeking structure, which is also known as stock

adjustment structure, is given in Figure B.9.

oy X P  Stock
Adjustment flow

\ / Goal
Adjustment

) Discrepanc
fraction P ‘y\/

Figure B.9. Stock-flow diagram of the goal seeking structure.

The model equations are B.10 and B.11.

Adjustment flow = Adjustment fraction x Discrepancy (B.10)
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Discrepancy = Goal — Stock (B.11)

where “Goal” is a constant value and “Adjustment fraction” is a nonnegative

constant value.

The diagram in Figure B.9 and equations B.10 and B.11 define a goal seeking
structure. The simplified differential equation that corresponds to this structure is given in

Equation B.12.

dStock
dt

= Adjustment flow = Adjustment fraction x (Goal - Stock) (B.12)

Block diagram of the goal seeking structure is given in Figure B.10.

Adjustment

Discrepancy How 1 Stodk
+ >{ e

Goal Adjustment fraction

|

Figure B.10. Block diagram of the goal seeking structure.

B.6. Capacitated Growth Structure (S Shaped Growth Caused by a Capacity Limit)
Stock-flow diagram of a capacitated growth structure is given in Figure B.11.
The model equations are B.13-B.17.
Inflow = Fraction Ix Stock (B.13)

Fraction 1= Effect of Ratio on Fraction 1x Standard Fraction 1 (B.14)

Effect of Ratio on Fraction I = f(Ratio) (B.15)
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Ratio =12k _ (B.16)
Capacity
Outflow = Fraction 2 x Stock (B.17)

o X——P  Stock )
/'In-ﬂOVVV\/ \\_/;)utﬂow
Fraction 1 \Fracﬂon 2
\ Ratio

Effect of Ratio on \_Capacity

Fraction 1

Standard
Fraction 1

Figure B.11. Stock-flow diagram of the capacitated growth structure.

The diagram in Figure B.11 and equations B.13-B.17 define a capacitated growth
structure. The simplified differential equation that corresponds to this structure is given in

Equation B.18.

dStock
d(;c = Inflow— Outflow
(B.18)
Stock . .
= f| —— |x Standard Fraction Ix Stock — Fraction 2 x Stock
Capacity
Block diagram of the capacitated growth structure is given in Figure B.12.
L Effect of Ratio L
= o on Fraction 1 . Inflow Stodk
L gk hl ¥ | X

Ll
. R Ll
Capacity Ratio f[Ratio) » Fraction 1

Standard Fracticn 1

Outflow

Fraction 2

Figure B.12. Block diagram of the capacitated growth structure.
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As an example, assume that f(Ratio) is given by Equation B.19.
Effect of Ratio on Fraction I = f(Ratio) =1-0.75% Ratio (B.19)

The corresponding part of the block diagram representing f{Ratio), which is obtained

under this assumption (Equation B.19), is given in Figure B.13.

Effect of Ratio
Ratic on Fraction 1

Figure B.13. Block diagram of an example f{(Ratio).

B.7. Growth with Overshoot Structure (Caused by a Delayed Effect of Capacity
Limit)

Stock-flow diagram of a growth with overshoot structure is given in Figure B.14.

o > P  Stock X gy
Outflow

Inflow
Fraction 1

\ Ratio=t—_

Effect of Effective Capacity
Standard Ratio on Fraction 1

Fraction 1 t

Fraction 2

Effecti
Rea(‘iioVe B = =
\\A/d‘j;stment flow
\Delay time

Figure B.14. Stock-flow diagram of the growth with overshoot structure.
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The model equations are B.20-B.25.

Inflow = Fraction Ix Stock (B.20)

Fraction 1= Standard Fraction 1x Effect of Effective Ratio on Fraction I (B.21)

Effect of Effective Ratio on Fraction I = f (Eﬁ”ective Ratio) (B.22)

Ratio — Effective Ratio

Adjustment flow = - (B.23)
Delay time
Ratio =10k _ (B.24)
Capacity
Outflow = Fraction 2 x Stock (B.25)

The diagram in Figure B.14 and equations B.20-B.25 define a growth with overshoot
structure. The simplified set of differential equations that corresponds to this structure is

given in equation B.26 and B.27.

dStock
=7 -
7 nflow— Outflow (B.26)

= Standard Fraction 1x f(Effective Ratio)x Stock — Fraction 2 x Stock

Stock

dEffective Ratio — Adjustment flow= Capacity .
dt Delay time

— Effective Ratio

(B.27)

Block diagram of the growth with overshoot structure is given in Figure B.15.
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Effective Effect of Effective

Ratio Ratio on Fraction 1

1/Delay time flEffective Ratio)

Adjustment
flow

Fracticn 1

Cutflow

Standard Fraction 1 Fraction 2

Figure B.15. Block diagram of the growth with overshoot structure.

B.8. Continuous Material Delay Structures

Stock-flow diagram of a first order continuous material delay structure is given in

Figure B.16.

(J——X—P Stock F—X%—P

Inflow Outflow

N ¥

Delay time

Figure B.16. Stock-flow diagram of the first order continuous material delay structure.

Outflow equation of the model is given in Equation B.28.

Outflow = M (B.28)
Delay time

The diagram in Figure B.16 and Equation B.28 define a first order continuous
material delay structure. The simplified differential equation that corresponds to this

structure is given in Equation B.29.

dStock _ Inflow— Outflow = Inflow— M (B.29)
dt Delay time




87

where “Delay time” is a nonnegative constant value.

Block diagram of the first order continuous material delay structure is given in

Figure B.17.

Inflow 1 Stock

Integrator

Cutflow

1/Delay time

Figure B.17. Block diagram of the first order continuous material delay structure.

Stock-flow diagram of a third order continuous material delay structure is given in

Figure B.18.

Q‘%’ Stock 1 #’ Stock 2 #’ Stock 3 #’Q

Input \\—/F(low 1 \—/'Flow 2 \}mput
Delay time for
each stage

/ \ Delay time

Order

Figure B.18. Stock-flow diagram of the third order continuous material delay structure.

The model equations are B.30-B.33.

Flowl = Stock (B.30)

Delay time foreach stage

Flow2 = Stock 2 (B.31)

Delay time for each stage
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Output = Stock3 (B.32)
Delay time foreach stage

Delay time

Delay time for each stage =
Order

(B.33)

The diagram in Figure B.18 and equations B.30-B.33 define a third order continuous
material delay structure. The simplified set of differential equations that corresponds to this

structure is given in equations B.34, B.35, and B.36.

dStockl = Input — Flow I = Input — Stock 1 (B.34)
dt Delay time/Order
dStock 2 _ Flow]— Flow 2= Stock 1 3 Stock 2 (B.35)
dt Delay time/Order  Delay time/Order
a5tk _ prow2 - Output = ——10k2 Stock 3 (B.36)

Delay time/Order - Delay time/Order

where “Delay time” and “Order” are nonnegative constant values and “Order”

corresponds to the number of state variables (i.e., stocks) in the material structure.

Block diagram of the third order continuous material delay structure is given in

Figure B.19.

Input Output

=

Celay time

Celay time

I:Ii for esch stage

Crder

Figure B.19. Block diagram of the third order continuous material delay structure.
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Note that every material delay structure is an application of aforementioned draining

structure. Hence, a material delay structure contains one or many draining structures.

B.9. Continuous Information Delay Structures

Stock-flow diagram of a first order continuous information delay structure is given in

Figure B.20.

Uy == Stock
Adjustment ﬂow (

\ Input
Delay time Dlscrepancy

Figure B.20. Stock-flow diagram of the first order continuous information delay structure.

Equations of the model are given in equations B.37 and B.38.

Di

Adjustment flow = M (B.37)
Delay time

Discrepancy = Input — Stock (B.38)

The diagram in Figure B.20 and equations B.37 and B.38 define a first order
continuous information delay structure. The simplified differential equation that

corresponds to this structure is given in Equation B.39.

dStock — Adjustment flow = Input — Stock

dt Delay time

(B.39)

where “Delay time” is a nonnegative constant value.
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Block diagram of the first order continuous information delay structure is given in

Figure B.21.

Adjustment

" St
b? > E flow » 1 ook

w |

Input 1/Delay time

Figure B.21. Block diagram of the first order continuous information delay structure.

Stock-flow diagram of a third order continuous information delay structure is given

in Figure B.22.

Stock 1 Stock 2 Output
Discrepancy 1 Discrepancy 2 Discrepancy 3
Input/ \D(]Adjustment ﬂowl\Ktx Adjustment flow 2 b Adjustment flow 3
o oy oy
Delay time for
each stage

Order_/ \Delay time

Figure B.22. Stock-flow diagram of the third order continuous information delay structure.

The model equations are B.40-B.46.

Di 1
Adjustment flowl = iSerepancy

- (B.40)
Delay time foreach stage




Di. 2
Adjustment flow?2 = z.screp ancy
Delay time foreach stage
Di
Adjustment flow3 = iscrepancy 3

Delay time for each stage

Discrepancy 1 = Input — Stock 1

Discrepancy 2 = Stock 1 — Stock 2

Discrepancy 3 = Stock 2 — Output

Delay time

Delay time for each stage =
Order
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(B.41)

(B.42)

(B.43)

(B.44)

(B.45)

(B.46)

The diagram in Figure B.22 and equations B.40-B.46 define a third order continuous

information delay structure. The simplified differential equations that correspond to this

structure are given in equations B.47, B.48, and B.49.

dStock 1 = Adjustment flow] = Input — Stock 1
dt Delay time/Order

dStock 2 _ Adjustment flow2 = Stock I — Stock 2
dt Delay time/Order

dOutput — Adjustment flow3 = Stock 2 — Output

dt Delay time/Order

where “Delay time” and “Order” are nonnegative constant values.

(B.47)

(B.48)

(B.49)

Block diagram of the third order continuous information delay structure is given in

Figure B.23.
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Adjustment
flow 1

Adjustment
flow 2

Delay time -
Delay time

for each stage

Adjustment

flow 3 - l Output
e

H

Order

Figure B.23. Block diagram of the third order continuous information delay structure.

Note that every information delay structure is an application of aforementioned goal
seeking structure. Hence, an information delay structure contains one or many goal seeking
structures.

B.10. Discrete Material Delay Structure (Pure Delay)

Stock-flow diagram of a discrete material delay structure is given in Figure B.24.

Ql#’ Stock N »Q

AN
Input Output

~_ 7

Delay time

Figure B.24. Stock-flow diagram of the discrete material delay structure.

Output equation of the model is given in Equation B.50.

M for 0<¢< Delay time
Output(t) = § Delay time (B.50)

Input(t — Delay time) for ¢ > Delay time

where “Delay time” is a nonnegative constant value.
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The diagram in Figure B.24 and Equation B.50 define an infinite order (i.e., discrete)
material delay structure. The simplified differential equation that corresponds to this

structure is given in Equation B.51.

dStock = Input — Output
dt
Input(t)—M for 0<¢< Delay time (B.51)
= Delay time

Input(t) - Input(t — Delay time) for = Delay time

Block diagram of the discrete material delay structure is given in Figure B.25.

Input Stodk
' 5 S i B

Step

u |

E%z Output

Disorete
Celay

Figure B.25. Block diagram of the discrete material delay structure.

B.11. Discrete Information Delay Structure (Pure Delay)

Stock-flow diagram of a discrete information delay structure is given in Figure B.26.

Initial value

)

Input Output
- v

i

Delay time

Figure B.26. Stock-flow diagram of the discrete information delay structure.
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Output equation of the model is given in Equation B.52.

(B.52)

Initial value for 0<t< Delay time
Output(t) =

Input(t — Delay time) for ¢ > Delay time
where “Delay time” is a nonnegative constant value.
The diagram in Figure B.26 and Equation B.50 define an infinite order (i.e., discrete)
information delay structure. Note that there is no simplified differential equation that

corresponds to this structure as there is no stock in Figure B.26.

Block diagram of the discrete information delay structure is given in Figure B.27.

Input Output
———» 5‘%{ ———»
Step Discrete
Delay

Figure B.27. Block diagram of the discrete information delay structure.

B.12. Oscillating Structure

Stock-flow diagram of an oscillating structure is given in Figure B.28.

Ql#’ Stock 1 Z >’®
Inflow 1 Outflow 1
Productivity

Stock 2 - !

Q#»
Inflow ‘2,\—/ Outflow 2
/ & Consumption

Fraction multiplier

Figure B.28. Stock-flow diagram of the oscillating structure.
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The model equations are B.53, B.54, and B.55.

Inflow I = Productivity x Stock 2 (B.53)
Inflow?2 = Fraction x Stock 2 (B.54)
Outflow 2 = Consumptio n multiplier x Stock 1 (B.55)

The diagram in Figure B.28 and equations B.53, B.54, and B.55 define an oscillating
structure. The simplified differential equations that correspond to this structure are given in

equations B.56 and B.57.

dStock 1

y = Inflow I — Outflow I = Productivity x Stock 2 — Outflow I (B.56)
t

dStock 2
——— = Inflow 2 — Outflow 2
a A (B.57)

= Fraction x Stock 2 — Consumption multiplier x Stock 1

where “Productivity” and “Consumption multiplier” are nonnegative constant values

and “Fraction” is a constant value.

Block diagram of the oscillating structure is given in Figure B.29.

Outflow 2

Inflow 1

Consumpticn Stock 1

multiplier

| =

Crutflow 1

Y

Productivity

Fraction

Figure B.29. Block diagram of the oscillating structure.
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B.13. Simple Goal Setting Structure

Stock-flow diagram of the simple goal setting structure is given in Figure B.30.

Co——X%—P  Stock Goal adjustment

Control flow time

-~
Stock gdjustment / Goal <&

tme

)

Zs
Goal adjustment
flow

Figure B.30. Stock-flow diagram of the simple goal setting structure.

The model equations are B.58 and B.59.

Control flow= Goal = Stock (B.58)

Stock adjustment time

Goal adjustment flow = Stock = Goal (B.59)

Goal adjustment time

The diagram in Figure B.30 and equations B.58 and B.59 define the simple goal
setting structure. The simplified set of differential equations that correspond to this

structure are given in equations B.60 and B.61.

dStock _ Control flow= Goal — Stock (B.60)

Stock adjustment time

dGoal = Goal adjustment flow = Stock = Goal (B.61)

dt Goal adjustment time

where “Stock adjustment time” and “Goal adjustment time” are nonnegative constant

values.



Block diagram of the simple goal setting structure is given in Figure B.31.
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Goal

adjustment flow

Goal

+_ >{
1/Goal

adjustment time1

[

Control flow

Stodk

o]

1/5tock

adjustment time

[

Figure B.31. Block diagram of the simple goal setting structure.
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APPENDIX C: BASIC STOCK MANAGEMENT STRUCTURE
WITHOUT DELAY

This appendix aims to summarize the results for a stock management structure
without a delay as a preliminary part of the study. The results reported in this appendix

have already been reported in the literature.

C.1. System Dynamics Model of the Basic Stock Management Structure without
Delay

Stock-flow diagram of a basic stock management structure without delay is given in

Figure C.1.

. W’(s\—z—»ca

A tock
Control Flow Loss Flow
Stock Adjustment Desired Stock
Stock Adjustment
Time

Figure C.1. Stock-flow diagram of the basic stock management structure without delay.

In the stock-flow diagram given in Figure C.1, “Stock™ (S) is an accumulation
formed over time. “Control Flow” (CF) is the inflow and “Loss Flow” (LF) is the outflow
of S. “Desired Stock™ (S*) and “Stock Adjustment Time” (sat) are the parameters of this
simple stock management model, which consists of the stock-flow diagram given in Figure

C.1 and the equations C.1 and C.2.
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CF = LF + 54 (C.1)
% _

sq=3"5 (C2)
sat

To be able to simulate the model, numerical values must be assigned to S*, sat, and
simulation-time-step (DT); see the previous chapter and the following section. Note that

sat must strictly be greater than zero.

C.2. The Approximate Integral Equation of the Basic Stock Management Structure
without Delay

The relationship between the stock variable, which is S, and the flow variables
attached to it, which are CF and LF, imply Equation C.3 (see Figure C.1).

S..pr =S, +(CF - LF)x DT (C.3)

t+DT

Inserting equations C.1 and C.2 into Equation C.3 and simplifying the equation result

in Equation C.4, which is the corresponding approximate integral equation of the model.

*
S.pr =5+ 5*-5, x DT (C4)
sat

C.3. The Difference Equation of the Basic Stock Management Structure without
Delay

Assigning one to DT in Equation C.4 and simplifying the equation result in Equation

C.5, which is the corresponding difference equation of the model.

* _
St+DT = St + S St (CS)
sat
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C.4. The Differential Equation of the Basic Stock Management Structure without
Delay

Equation C.4 can be re-written as Equation C.6.

Sepr =5, _ S*-§
DT sat

(C.6)

Equation C.7, which is the corresponding differential equation of the model, is

obtained from Equation C.6 by taking the limit of DT to zero.

— * __
9B _ lim (SHDT Sf]:S 5 (C.7)

dt b0’ DT sat

C.5. The Integral Equation of the Basic Stock Management Structure without Delay

Equation C.7 can be re-written as Equation C.8.

t % _
[2 =2 war (C.8)

S,
5[ ds = sat

0

Equation C.9, which is the corresponding integral equation of the model, is obtained

from Equation C.8.

x dt (C.9)

C.6. Block Diagram of the Basic Stock Management Structure without Delay

Block diagram of the basic stock management structure without delay is given in

Figure C.2.
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Loss flow ’@ Control Flow
+

Step

w | =

Stodk
>€%

Desired Stodk

Stodk Adjustment }<

1/5tock Adjustment Time

Figure C.2. Block diagram of the basic stock management structure without delay.

C.7. Stability Analysis of the Basic Stock Management Structure without Delay

To determine the stability property of a system, characteristic roots of the
characteristic equation must be analyzed. The characteristic equation originates from the
Laplace transform of the differential equation. Initial conditions do not play role on the
stability of the state of the system, thus, they are assumed to be zero (Bequette, 2007; Nise,
2004; Ogata, 2002; Seborg et al., 2004; Sipahi and Delice, 2010).

Laplace transform of the simplified differential equation of the basic stock

management structure (Equation C.7) is given in Equation C.10 by assuming “Desired

Stock™ equals to zero.

sxS(s)-S(0) =) (C.10)

sat

Characteristic equation is obtained by arranging Equation C.10 and assuming S(0) =

0 and given in Equation C.11.
S(s)x(satxs+1)=0 (C.11)

The characteristic root of the characteristic equation is given in Equation C.12.
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§=—— (C.12)

As mentioned before, sat is a parameter that is strictly greater than zero. Therefore,
the characteristic root given in Equation C.12 is always negative and has no complex part,
which implies that S is always stable and never oscillates; it always shows a goal seeking
behavior (i.e., asymptotic approach to the desired level of stock). This result is consistent

with the results reported by Sterman (2000) and Yasarcan (2003, 2011).
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