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This project looks at the general method of maintaining systems of public
infrastructure and the relationship to overall economuc health. Using a generic
mathematical model, this project demonstrates that the current pressure based
ordering system serves to amplify trends in the economy. The model is then used

to develop and test policies aimed at minimizing or eliminating this behavior.
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Chaprer 7

INTRODUCTION

Project Subject

Looking at the United States economy, one can easily see that there are complex
dynamics at work to drive this massive system. Many of the smaller parts to this
system are reasonably understood. Froma micro perspective, business managers
know what their particular business does, they may not completely understand
what makes their business fail or succeed but they have a reasonable mental
model of its operation. Each of the parts may exactly be understood to the point
where the behavior can be simulated and predicted, but muluply the effort to
simulate each part by the number of parts and then add the interrelations that
occur between them to make the system function and you have a very complex
model to say the least. Completely modeling the United States economy is a
daunting task, one that, for all intents and purposes, is impossible. We can
however, model individual problems. With the use of a genenc model of
infrastructure and the economy, we hope to make general policy
recommendations that could be applied to most systems of infrastructure

management.

We posit that current infrastructure investment policy serves to amplify swings in
the economic system. This project will attempt to develop new ordering policy
guidelines that serve to dampen swings in the economic system. The policies
tested and discussed in this paper will give policy makers an additional

expenditure related tool to control economic health and stability.



Goals

The overriding goal of this project is to better understand how infrastructure
investment policy interacts with the economy. From this understanding the goal
will be to develop and test policy guidelines that make better use of our resources

and serve to encourage economic stability.

Purpose

As complexity increases, the ability to understand the behavior of systems will
become more and more necessary. Managing a growing economy is something
that should not be taken lightly. Each decision could potentially affect thousands
upon thousands of people, thus the more we understand about the system we are
managing the better equipped we are to make good decisions. Equipping
decision-makers with the latest understanding is the overall purpose of this
project. This model was developed to capture a generic problem that exists in
most economic systems and, to date, has not been thoroughly addressed. As
mentioned above, this particular problem exists in the way we allocate resources
and maintain a system of infrastructure. It is observed that pressure based
ordering combined with an inherentlylong delivery lead-time, amplifies trends in

the economic cycle.

As slow as the traditional democratic government moves from the outside view,
there still is not enough time to fully understand the particular problem they are
addressing before a decision is made. To “fully” understand the problem one
must look not onlyat the causes behind the behavior, but fanning out, one has to
determine what drives each of the causes. Feedback is everywhere, decisions
have consequences, and those consequences affect others, which can come back
to affect the original condition either positively or negatively. We simply cannot
look only at the inputs and outputs when addressing problems. By studying the

system that generated the problem, we can design policies that attack the root, the
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conditions (there is almost always more than one) that lead to the problematic

behavior.

Human capacity for mental simulation is impressive and can be expanded with
training, however, for problems of this size a more formal method of simulation
is necessary to capture the problematic behavior in question. System Dynamucs is
one of the tools that can be used to capture, simulate, and investigate problems
such as this. Developing a System Dynamics model serves three purposes; first,
it provides an impetus to explore the actual system in greater detail. As the model
is constructed, reproducing the problem is the goal, when what is currently
known s not enough to replicate the problem, this lack of complete
understanding spurs more research, shining light on parts of the system that
before now, have not been considered as a player in the problematic behavior.
Secondly, developing the model helps the builders identify policy levers, some
that are known and possibly others that have never been considered. Finally,
developing the model serves to create a laboratory to test new policies for
effectiveness before they are actually implemented, this allows for an added
element of security against poor decisions. With all this in mind, the specific
purpose of this project is to use a generic model of public infrastructure
investment policy, developed by Dr. Khalid Saeed, to better understand the
system and produce a set of policy recommendations that use public
infrastructure investment as a tool to dampen swings in the economy. This will
replace the current pressure driven method of ordering new infrastructure, which

at present, acts to amplify swings in the economy.

Societal and Technical Dimensions
In terms of the societal dimension of the IQP, this project deals with the
management of resources that we as Americans use every day. Imagine life

without transportation infrastructure. No roads, rails, or planes, we would be



confined to where our feet or a trusty horse could take us, much the same as
people of the early 19" century. If one thinks carefully however, there have been
vanious modes of transportation for thousands of years, theses devises faired best
on roads orat least paths. Travel was verydifficult without a system of roads ora
transportation infrastructure. Very similarly, the police and fire departments, the
state schools, all are under the umbrella of public infrastructure. Without them
life as we have come to enjoy it would be much more difficult. Therefore, since
we can see that a healthy system of infrastructure is necessary for the well being
of the average American citizen, effective management of this system is a
requirement. Additionally, since this system is the backbone of the US economy,

decisions that are made, have far reaching and potentially drastic consequences.

The interwoven complexity of infrastructure systems in general requires very
careful management, but many times decision makers are not fully aware of the
effects of a given policy aimed at fixing a problem. The use of computer models
helps to better analyze the system producing the problematic behavior, and
provide a test bed for proposed policies, thus giving decision-makers a new tool
to regulate the economy as well as a greater margin of safety guarding against
poor policies. Satistying the technical dimension of the IQP, this project will use
a generic model of an infrastructure ordering and maintenance system, specifically
capturing infrastructure policy as it relates to overall economic health. The
pressure based ordering of infrastructure is observed to amplify swings in the US
economy. The model will be used to analyze the system, and to develop policies
aimed at encouraging stability and hopefully producing a policy that will allow

infrastructure ordering to act as a stabilizer for fluctuations in the economy.

Audience
This project will be of interest to any persons or groups of persons interested in

public infrastructure policy as well as policy science in general. The project will

4



also appeal to those interested in using system dynamics to simulate problems in
government as well as a wide range of other areas. The results would be of
interest to students of economics and public policy as well as to decision-makers
who are responsible for infrastructure policy, helping them to better understand
how public infrastructure works within the economic system. Additionally, the
model can serve as a laboratory for learning, policy formation, and testing, thus
giving infrastructure policy-makers the freedom to test nnovative policies

without the danger of making large and costly mistakes.

Application of Results

The recommendations of this paper would be of sigmficant value to decision
makers responsible for maintaining and investing in infrastructure. Additionally
the results will be of use to policy scientists, researchers, and system dynamicists
who are interested in infrastructure policy, giving them further insight into the

system and possibly directing further research.

The project will be presented in the form of a paper with the accompanying

model used for the analysis.

The general procedures are as follows: Data gathering, model validation, policy

experimentation and comparison, and conclusions and recommendations.



Chapter 2

BACKGROUND

Literature Review

In terms of research, not much has been done to study infrastructure supply
chains and their effect on the economy. Near by on the continuum of research,
Ali N. Mashayekhi' conducted simulations on infrastructure project cost
dynamics as they related to the growth of infrastructure production capacity.
Along the same lines Edward Roberts?, conducted similar research using a model
of research and development project dynamics. Both of these models
concentrate more on the dynamics of projects in the infrastructure supply chain,
adding more detail than that used in infrastructure sector in this model. In a
paper on maintenance dynamics, Mashayekhi’ concluded that a lack of systemic
thinking or what he called fragmentation, coupled with reactiveness resulted in
the demise of preventative maintenance programs where they would oscillate
between reactive and proactive maintenance. This correlates especially well with
the overall message of this project that complex problems need to be addressed
froma systemic point of view. Humans simply don’t have the mental capacity to
simulate problems of this size. In a highly recognized paper on the limits to

short-term memory, Miller' identified that humans can hold up to 7 +/- 2 chunks

! Mashayekhu, Ali N., Develgpment Project Cost Dynamizs (draf?), Systern Dynamics Group, MIT, Cambridge, MA,
1996.

2 Roberts, Edward B., 4 Simple Mode/ of ReD Project Dynamics, R&ZD Management, vol. 5, no. 1, October
1974.

3 Mashayekhi, Ali N., Reactrveness and Fragmentation in Maintenance Management, Center for Organizational
Learning, MIT, Cambndge, MA, 1995.

“Miller, G. A., Tke Magical Nunber Seven, Plus or Minus Two: Some Lints On Our Capacity for Processing nformatron,
Psychological Review, 63, 81-97, 1956.



of information in short-term memory for processing at any given time.
(Cognitive psychologists currently define a chunk as “a well-leamed cognitive unit
made up of a small number of components representing a frequently occurnng
and consistent perceptual pattern (Bellezza®)). With this in mind it is easy to see
why we need to construct mathematical models of complex problems to find
truly viable solutions. (For further discussion on the nature of complex systems,
the reader is directed to Forrester’s® book: Urban Dynamics, particularlychapter
6 utled: Notes on Complex Systems) Returning to the continuum of
infrastructure research, using system dynamics Saeed and Honggang’ explored
the efficacy of infrastructure policy for developing countries with decidedly
dualist economies. As with the research by Mashayekhi and Roberts, Saeed and
Hongang work also looks more closely at the infrastructure sector dynamics
particularly in relation to a dual economic system. Looking at traditional
economic literature there has been a fair amount of research in recent years
exploring the question: Does infrastructure investment have an effect on the
economy in general and is there a shortfall in this investment?. This research will
be mentioned in the sections to follow, particularly when looking at the past

cyclically of investment and the effects of these decisions.

So what is the problem

In general, stability is good, and fluctuations are bad, so when a current policy
does not serve to promote stable growth, but rather amplifies other disturbances
from itself and elsewhere in the system, this is cause for concemn. The US system

for investing in infrastructure is one such policy.

5 Bellezza, F. S., Chunting. In V. S. Ramachandran (Ed.), Encyclopedia of Human Behavior, Vol. 1, pp.579-
589, Orlando FL: Academic Press, 1994.

¢ Forrester, J. W., Urban Dynamics, Ch. 6, Cambndge MA: MIT Press, 1969.

7 Saeed, K., and X. Honggang, /n/rasiructure Develgpment in a Dual Economy: Implications for Economic Growth and
Income Distribution, Social Science and Policy Studies Department, WPI, Worcester , MA, 1999.
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Even though the model used for this analysis is generic in nature and deals with a
problem that is common to many govemments, and thus i1s not designed to
replicate the performance of a specific economy, research on past economic
behavior still had to be conducted when applying this generic case to the US
system of infrastructure investment. Ample data over the past one hundred years
points to the existence of a long-term periodicity in the economy which
corresponds well to bulges in the investment in non mulitary infrastructure as a
percentage of the gross domestic product. In a paper presented at a conference
held to address the question, “is there a shortfall in public capital investment?”,
Economist George Peterson of the Urban Institute successfully identified cyclical
patterns in US infrastructure investment.’ Simply put, the model demonstrates
that these trends in the gross domestic product are the result of overbuying
when demand for infrastructure is high, and then under-buying when there is an
oversupply. This unstable order stream produces bulges in the stock of
infrastructure, and thus down the road when these large groupings of
infrastructure begin to wear out the supply drops quite rapidly, creating an
undersupply that has not been anticipated and will continue until new orders
make their way through the channels to replace the large collection that has now
become obsolete. As one can see, these pulses continue through time, and if
there was only one shock to the system to produce the initial jump in investment,
then the system would exhibit damped oscillations between oversupply and
undersupply until finally coming to rest at equilibrium. However such is not the
case in any economy, and especially not that of the US. Instead, there are many
pulses of varying size. One large pulse in particular was the huge infrastructure
investments designed to pull the nation out of the great depression in the early

part of the twentieth century. This large-scale investment produced

8Peterson, G., /s Public Infrastructure Undersuppliea? In: Is There a Shortfall in Public Capital Investment:?:
Proceedings of a conference held at Harwich Port, Massachusetts, June 1990, p116, Boston, MA: Federal
Reserve Bank Boston, 1990.



disproportionate mass of infrastructure and so, roughly fifty years later, much of
this large group was, or had been, in need of repair, expansion or replacement.
The npple continued, necessitating high levels of investment, only the pulses did
not stop there, the war-time economy surrounding World War Two produced
another pulse spurring more development. Essentially there are enough pulses
coupled with the oscillations that follow to produce choppy waves whose

periodicity is not as easy to discern but still hovers near the fifty-year mark.

This oversupply to undersupply oscillation, puts great strain on the economy. In
public works projects alone, the under-supply brings more contractors into the
business, and the over-supply kicks them back out. Many jobs are affected,
hundreds to thousands are lost when one of these companies closes its doors.
Moving one level away, look at the materials suppliers, in times of undersupply
business is good, new companies are started, people are hired, many sales are
made, but when oversupply occurs because of mismanagement in the pipeline
and too many projects were started, the new projects are not ordered, and the
market dries up, suppliers are forced to make drastic changes, cutting workforce,
orat worst even closing doors. It is not too difficult to see that these oscillations
are good on the wayup in the short term, but companies grow too fast with little
sight of the future, on the way down, layoffs result, orders are cut, costs rise, and
companies fail. Many times the negative aspects will outweigh the positive gains
when business is good. Looking at the system that supplies the parts for new
infrastructure, one can see that the oscillations reach deeper than just the builders
and the parts suppliers, but also to the second and third level suppliers and the
banks that back them all, not to mention the companies developing the
technology to make it all happen. Now look at the total spectrum of public
infrastructure, not just roads, and airports, but public education, police and fire,
emergency management, government infrastructure. With this in mind lookalso

at the man power it takes to use this infrastructure, oscillations stir employment



creating high demand when new projects are started, but supplying new entries
into these positions has a long delay time after the pool of unemployed workers
has been depleted, so the price goes up to fill the chairs, creating a employee’s
market, and spurnng more people to be educated to serve in this position.

However, when the oversupply occurs and the flow of new projects slows

considerably, the need for workers falls, and with it the price, now add to that all
the people that went into training for these positions who are now faced with a

dried up market.

Taking the picture one step further, look now at the people who use this
infrastructure. In oversupply, times are good, the student to teacher ratio drops
producing better students. The response time for emergency services improves,
the police have more time to pursue lesser crimes like mail theft, crimes that are
important to the people, but can be overlooked because more important crimes
are taking precedence. In city government, reducing the workload of plan
inspectors can allow the whole system of new commercial and residential
construction to proceed much quicker with fewer headaches. This is good but
the oversupply reduces the flow of new infrastructure projects, and leads to
undersupply, where the same people are now overworked. Educators are
overwhelmed with students class sizes jump into the upper twenties and thirties.
Workload increases, and students do not receive as good an education as they did
when there was ample space. The same goes for emergency services, response
times increase, small cases receive less attention because the large ones demand
the time. Plans take longer to be approved because the city inspectors are
overworked and can spend less time showing what needs to be fixed, instead they

are forced to simply say pass or fail in order to have more plans come across the

desk a day.
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These effects continue. The system of commerce 1s affected by the efficiency of
infrastructure. With less congestion on the roadways, people arrive at work on
time, and product is delivered quicker. When efficiency falls during times of
undersupply, congestion increases and costs go up, fuel, wear and tear on the
vehicles, lost time, etc. In short, resource musallocation decreases economic

efficiency.

The effects are long term but simple feedback tells us that investment in
infrastructure will have a significant effect on the gross domestic product. Soif it
makes sense analyzing the feedback, mathematically there should be a way to
express this relationship. Using simple mathematical models, economist David
Alan Aschauer’ found statistical evidence linking investment to GDP. Saeed’s
model captures this generic relationship in greater detail. The description of

Saeed’s model, which was used for this project, follows below.

The Model Description

The following section takes an in-depth look at the structure of the model, and
how it correlates to the general reality it is designed to represent. Three main
building blocks are used throughout the model, these are the stock, the flow, and

the converter. All three are pictured below in figure 2.1.

? Aschauer, D. A., Wy is infiaitructure importans? In, Is There a Shortfall in Public Capital Investment::
Proceedings of a conference held at Harwich Port, Massachusetts, June 1990, p32.2-35.2, Boston, MA:
Federal Reserve Bank Boston, 1990.
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Flow Conwerter

Figure 2.1: Examples of a Stock, a Flow, and a
Converter.

The stock is depicted as a rectangle. Stocks are accumulators, a common analogy
would be a bathtub. Stocks can vary with time or remain constant, like a savings
account, or one’s stress level. The next building block is the flow, which is
shown in the middle of figure 2.1. A flow produces a change in the stock to
which it 1s connected. Continuing with the bathtub analogy, the flow would be
the faucet which dumps water into the bathtub at a particular rate (volume/time).
Finally we have converters, this is the circle to the right in figure 2.1. Converters
are used for converting and manipulating information from other stocks, flows
and converters. In the bathtub example a converter could be used to turn the
faucet (flow) on and off at various points in time, or to convert the rate of water
flowing into the bathtub from gallons per hour to liters per minute. Information
is passed between these building blocks using wires. These wires are shown in
figure 2.1 as a red arc with a small circle at one end connecting the wire to the
source and an arrow head at the other pointing to the destination of the
information. With these simple structures in mind we can now proceed with the

model discussion which follows below.

Sector by sector description of the model
To ease the process of construction, as well as verification, analysis, and
application, the model was divided into sectors. These sectors are discussed in

greater detail as follows.
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Infrastructure

At the heart of this project is the infrastructure sector. Most of the other sectors
can be summed under one description, supporting structure. At the core of the
infrastructure sector is the supply chain that takes infrastructure projects from
conceptualization to completion and eventually decaying to obsolescence. The

basic stock flow diagram is shown below in figure 2.2.

infra planned Infra in progress Infra Inv
- N d - M
@‘——Fz—\:lﬁ{ P C\J % Al (_\] ] %’@
G ! N’ I\._«'
infra plan infra stants infra completions infra decay

Figure 2.2: Core aging chain for the infrastructure
scctor.

From left to right, the process all starts with infrastructure projects in planning,
which is captured with the flow, infra plan. When new infrastructure is desired
the planning process starts, each of these new proposals flows in to the stock of
infrastructure planned (infra planned). While the proposal spends a bit of time in
this stock the details are ironed out, issues are resolved and after a while an
approved plan is developed and a project is purchased, or started, which is
captured with the flow infra starts. Each of these starts flows into a stock of
projects in progress (infra in progress), where they spend a bit of time as they are
constructed. As the projects reach completion, they are brought on line (infra
completions) and join the stock of infrastructure currently in service (infra inv).
The projects serve their intended purpose for a number of years, along the way
they age, eventually becoming obsolete, this decay process is captured with the

flow infra decay.
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Delving a little deeper in to the structure of this sector we begin with how
projects are planned. The structure used to capture planning appears below in

figure 2.3.

infra plannad

infra plan
CH = )
|4
infra decay @
Ord Inw

Ord Pl Ord Pro

Figure 2.3: Infrastructure planning tlow and the
first order structure that generates the flow.

From right to left, the first converter feeding into the flow infra pian is infra decay.
This captures the policy of replacing the infrastructure that decays as it wears out.
Replacing the decaying infrastructure helps to keep the stock of infrastructure
constant. Next we have the orders from planning Ord Pl). These orders
represent the discrepancy between the number of projects in planning and the
desired number of projects in planning. In other words, there is only so much
capacity to plan infrastructure projects, be it man power, computing power, ot
funding, so in order to maximize resources, orders are placed to keep the number
of projects as close to optimal as possible. In the same way orders are generated
from the desired number of projects in progress compared with the actual, this is
captured using Ord Pro. Finally we receive orders from the stock of infrastructure
in use (Ord Inv). The orders from infrastructure inventory compare a desired level
with the actual and order a fraction of this, similar to the orders from planning

and production. This order method differs in the way desired orders are
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captured, and will be discussed a little later on. For now we step out another level

and discuss what structure is used to produce these orders.

We begin by looking at the method used to capture orders from project in

planning. To ease the explanation this structure is diagramed below in figure 2.4.

w Planied desired infra planned

e ™

~._  implementation time
Ord FI \Q
g ;nfm planned

L

infra plan infra starts

Figure 2.4: Structure capturing orders for stock of
infrastructure in planning.

Starting from the right side of figure 2.4 this time, we have implementation time.
This converter captures the average length of time a project takes to work
through the planning process. In this case implementation time equals 5 years.
From there implementation time feeds in to desired infra planned which also takes
information from the flow infra starts. Desired infra planned represents the desired
number of projects that are currently in the planning stages (infra planned), and
thus desired infra planned is a function of the implementation time multiplied by
the number of projects currently flowing out (infra starts). In the real wotld this
means you want to keep a stock of projects in planning that is equal to the
number of projects leaving multiplied by the amount of time it takes to move the

average project through the process. If the outflow process is operating
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efficiently, this will be the most efficient number of projects to keep on hand at
any given time. From there desired infra planned feeds into orders for planning
(ord PI) which also takes input from infra planned, and the weighting fraction.
The weighting fraction only allows a certain percentage of the order to proceed
on, this captures the fact that in many cases, the desired as well as the actual level
of projects in planning is not known. Thus this weighting factor represents how
closely the system 1s monitored when placing new orders. Orders for planning
(ord PI) then is equal to desired infra planned less infra planned all multiplied by the
weighting fraction, W Planned. From there orders planned feeds into the
planning order stream (infra plan) where they continue on down the line
eventually ending up in the stock of infrastructure inventory. In the short term
however, these orders from planning serve to close the gap between the desired
and the actual number of projects in the planning stages. Additionally, when the
stock of projects in planning is greater than the desired level, negative orders do
result. These negative orders are still multiplied by the weighting fraction, but
they serve to reduce the orders from infrastructure inventory and projects in

progress, thus acting to further stabilize the system.

Similarly, orders from infrastructure in progress uses the same logic as the orders
from planning, only the names have been changed. The structure that produces
orders from the stock of infrastructure projects in progress is pictured below in

figure 2.5.
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Figure 2.5: Infrastructure ordering structure from
the stock of projects in progress.

Money and Interest Rate

The original model by Dr. Saeed contained two additional sectors one dealing
with money policy and the other dealing with interest rate policy. For this project
both of these sector have been disabled because they tend to add unnecessary
complexity to the behavior of the economy. Thus with these two sectots turned
off, the following assumptions are made; first, the interest rate is held constant
throughout the life of the simulation. Second, the stock of money in the
economy is managed optimally in response to changes in the economy. In other
words, the total stock of money 1s always equal to the desired stock of money,
therefore the value of money is constant or equal to 1. These simplifying
assumptions make it easier to view the effect of the simulated infrastructure

policy on the economy.

Other sectors
In the effort to conserve time and energy, an in-depth discussion of the other

sectors of the model will not be provided in the body of this document. Rather,
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since these sectors are based on well-known macro-economic models, a brief
listing of the major assumptions made will appear in the text below and the more
comprehensive documentation is presented with the model equations in

Appendix A.

Agoregate Supply and Demand
Production is a function of the technology constant multiplied by the stock of
labor and the stock of capital each raised to their respective elasticity, all

muluplied by the effect of infrastructure.

Sales are calculated as the sum of consumption, government spending, and capital

investment, less the net imports.

Average sales is simply the sales averaged over a fixed amount of time, which in

this model was 2 years.

Consumption 1s a function of the average sales, or the gross domestic product,
multiplied by the marginal propensity to consume which is raised to the price

elasticity of consumption.

Balance of Payments

Net imports are calculated as follows; first take the desired inventory less the
actual inventoryall over the average amount of time it takes to make adjustments
to the inventory. Inventory undersupply would result in imports to cover the
difference, and an oversupply would result in exports. Next the payments on the
balance must also be subtracted from the net imports, and thus payments are
calculated as the current balance divided by the average time necessaryto paythe

balance off, or in the case of a negative balance, to be paid back.
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Capral
Desired capital is a function of the elasticity of capital multiplied by the desired
production all over the interest rate times the general price level plus 1 over the

lifetime of capital which is the depreciation cost of one unit of capital

Employment
Desired labor is captured as the desired production divided by the wage rate, all
multiplied by the elasticity of labor, where the elasticity of labor is one minus the

elasticity of capiral.

General Prce [evel

The indicated general price level (GPL) is a function of the normal GPL
multiplied by the effects of the inventory ratio and the value of money on GPL.
When the inventory ratio (inventory over desired inventory) is high, inventory
oversupply, the indicated GPL will be low, and visa versa. When the value of

money is low, the indicated GPL will be high and visa versa.

Taxation and Public Spending

Yearly tax revenue is a fixed fraction (20%) of average sales.

Govermnment spending is a fixed fraction of the current government balance.
This fraction is stepped from 20 to 22% at year 10 to simulate a one time increase

in spending.

Wage Rare

The indicated wage rate is a function of the normal wage rate multiplied by the
effect of the unemployment rate on the wage rate. This effect simplyamplifies or
suppressed the normal wage rate in response to changes in the unemployment
rate. When unemployment is high the indicated wage rate will be lower than

normal, and visa versa.
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Chapter 3

PROCEDURE

Outline

Formal System Dynamics (SD) models are developed in roughly six steps, the
word roughly is used because, depending on the application and the desired
product, the process can take a few additional steps. Thus particular project was

completed in six steps, these are explained in detail below.

Reference Mode Elicitation

In order to build a model and to avoid modeling the world to capture the
dynamics of a filling bath tub, one needs to define a problem. Static problems are
nice and easyto solve, but little in life is truly static. In reality change is all around
us, and thus to build a dynamic model one needs to know how the problem
behaves over time. This behavior over time is what system dynamicists like to
call a reference mode, or the behavior over time that one refers to while
constructing the model. Simply put, the reference mode is the goal, it is the
behavior the modeler wants to capture and simulate. This reference mode is not
so much a set of numbers over time such as the position of an automobile as it
moves along a track starting from O and accelerating to 60 muiles per hour.
Rather, it is the shape of the curve, even though the numbers may be known,
what 1s more important to the modeler is the shape of the curve, which, in the

case of the automobile, would be exponential growth.

In the case of this particular model, the reference mode was a cycle in

nfrastructure inventory, oscillating between over supply and undersupply, finally
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coming to rest at equilibrium many years later. Tn a system without noise, this
cycle will most likely be damped, however when noise is present, penodic
perturbations will continue to feed the cycle so that it may seem to continue
forever. A similar shape in the average sales curve was used for the second part
of the reference mode, whete a spike in investment would result in a dramatic
increase in average sales which would move with damped oscillations about the

normal level eventually returning to equilibrium.

As a source assoclating the model’s general case with the US economy, gross
domestic product (GDP) data and non-defense infrastructure investment data
were assembled from multiple Economic Reports of the President, one from
1962" the other from 1998". The two record sets were used to gather as large a
time series as possible since the oscillatory trend the model replicates has a long-
term time shape. The model was designed to replicate the effects of a single
shock to the system, namely a one time inctease in infrastructure spending and
monitor the resulting effects in a noiseless environment. Thus when the noisy
reality of constantly changing policies is added the system will exhibit
compounded oscillations, with no true penodicity. Since the model was never
intended to exactly represent a given economy but rather the general case, no
effort was made to fit the model output to real data. Rather only the pattemn in
historical data was replicated. When we looked at US economic data, particularly
the GDP stream, which spanned roughly 70 years, quite a bit of inflation had
taken place as well as a number of significant events with resulung effects on the
economy, thus the shapes were a bit clouded. To build a comparison, non-

defense government investment data was also retrieved. Having undergone the

10 Unired States President. /zonomte Report of the President | sunsmitted to the Congress. Washington: D.C.:
Govermment Prnang office, 1962.

1 Unired States President.  Ermnomic Repors of the President ] ransmiired 1o rbe C?Mgnu‘f. Washington: D.C.:
Govermnment Penting office, 1998. (Viewed electronically via University of Cahifornia, San Diego:
http:/ /ssdcucsd.edu/gpogate /erp98/, vistted: Macch 98, and aga.in on 3/13/00)
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same conditions as the GDP data set, one of the easiest ways to normalize the
two for comparison was to calculate non-defense government investment as a
percentage of GDP over the 69 years of data. This graph appears below in figure
3.1.

Non Defense Gov't Investment as a % of GDP

Figure 3.1: Graph of non-defense government
nvestment in infrastructure as a percentage of
GDP from 1929 to 1998.

As one can see figure 3.1 shows some of the additive oscillations that we were
looking for, particularly around 1940 and 1977, but this is not a very clear picture.
One note about the graph, a change in the way the data was recorded occurred
between the two data sets so that a shift in base resulted around year 1959 where
the sets were joined. Since we are only interested in the shape of the graph over

time, the absolute values are not of great importance, thus we can work around

this shift.

Because the non-defense government investment as a percentage of the GDP did
not clearly show the oscillations, other views of the data had to be sought out.

One of those views was non-defense government investment as a percentage of
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GDP graphed with non-residential private investment as a percentage of GDP,

all graphed from 1929 to 1997. This cut of the data appears below in figure 3.2.

% Non-Residential Priv Bus
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Investment as a % of GDP
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Figure 3.2: Non-defense govemment and non-

residential povate investment as a percentage of
Gbr

Looking at figure 3.2, the periodicity becomes a little more evident, again with
peaks in government investment around 1942 and 1977, and troughs at 1947 and

1980. The shift in base at year 1959 isn’t as visible here but still exists in the data.

The second view of the data took a bit more time to construct. Usinga 6™ order
polynomial, the trend was removed from the non-defense government

investment data which was in current dollars. The original data with the trend line

is presented below in figure 3.3.
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Figure 3.3 Non-defense government investment in
current dollars, with the 6% order polynomial trend
linc.

The equation used for this trend was calculated using Maple v4.0 and appears

below:

y = -.6573649901e-8"x"6+.9186837881e-6"x"5-.4538625389e-4*x"4+.2039486638e-
2*x"3-.5212697667e-1*x"2+.5932384345"x-.3828263657

The trend line was subtracted from the actual data to remove the trend. The data
with the trend removed appears below in figure 3.4 and more clearly shows the

oscillations in infrastructure investment.
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Non-Def Gov't Invest (detrend)
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Figure 3.4: Non-defense government investment
with the trend removed

Notice that clear oscillations about the normal are now visible if figure 3.4. The
short periodicity is most likely the result of both the business and the Kausnet’s
cycles, we would posit, however, that these oscillations are also the result of over-
ordering during times of infrastructure under-supply followed by under-ordering

during times of over-supply.

Along the same lines, further work was done to detrend the GDP data. T'wo 6"
order polynomials were used to fit the data because of the base shift at year 1959.
Both equations were calculated using Maple and appear below. The first equation
was used to fit the data from 1929 through 1958, the second was used to fit the

data from 1959 to 1997.

Trend1: y = -.1286603945e-4*x"6 + .1058996772e-2*x"5 - .3117748301e-1*x"4 +
.35635372404*x"3 + .1596768849*x"2 - 14.82853200*x + 103.3297243



Trend 2: y = .2635047609e-4*x"6 - .2631127866e-2*x"5 + .8965578646e-1"x4 -
1.134872159*x*3 + 8.019434001*x2 + 13.09295053*x + 501.7558473

The data and the trend lines were then merged and plotted, these appear below in

figure 3.5
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Figure 3.5: Merged GDP data in current dollars
plotted with the trend line.

The trend line was subtracted from the actual data to remove the trend, this

graph appears below in figure 3.6.
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Figure 3.6: Assembled GDP data with the trend
removed.

Looking at figure 3.6 we see oscillations similar to those of the normalized
investment graph in figure 3.4. Similarly we would hypothesize that this behavior
is not only due to the business and Kuzn