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ABSTRACT

This study investigates thewse of thenearlytwenty-five year decline in the percentage of U.S. born
undergraduates earning degrees in engineefiings dramatic decline has occuraspite incredibly
high pay and low unemploymeamong individuals holding engineering degre@sthe surfacethis
situation appears to be violating the basicdaiabormarket supply and demand system dynamics
modelwas created to represent the institutional forces and feedback loops present invtioeldeal
system This modelnternally reoresentshe economic forces governing the choicptiosuescience,
technology, engineering, and mathematics (STEWM)cationdistinguishingfeaturesof highly
guantitative knowledge that constrain its transmissiod factors determinindpe overall gality of
STEM educatiorin our schools

This work presents a theatlyat highindustrypay for STEM workers and low pay for STEMRK

teachers directly cause lobgrm labor shortages that are self perpetuatingcakcity of STEM workers

will causewagesto riseas employers bid up the price of those shillthe shorterm Schools are left

with fewer qualfied and lower quality teachers. This malasor shortages worse ten to twenty years

down the road. The fact that mathematics knowledge is hégigjyential with strong dependencies on
pastperformance exacerbates the situati®udents who fall behind in mathematics fihaéarly

impossible to catch up. This work explores many societal shiftstbatocr ed i n t he 19506s
1980 6 s t Ithheve resutied in the perplexing behaweenfrom 1985 until the present da¥inally,

policy proposals to correct the situation are simulated in the model to test their ability to move the system

in a more positive directionThe systemisfound® x hi bi t #Ati pping pointo beha
have negligible impact while larger reforms have the potential to make the system move into a
fundamentally better pattern of behavior, but only after considerable delays.

In addition this work presestaspeculativénypothesis fortie cause dkondratieffeconomic longvaves
briefly in an appendix based on unanticipated behaviors present in portions of the model.
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1 Introduction

1.1 Thesis Statement and Primary Research Objectives

Thepercentagy of st udent s degraes imiengigeerBgicamedt lalf véhat it was in 1985.
This declinehas occued despite the fact that wages for engingegiraduates are higher than those of
any other degregype. Unemployment foscientists anéngineers has just hit a record loWhat is

being studied in this thesis is an apparent contradiction: peopladeglg willing to go into a field in
which wages arextremely strongOn its surface, this situation appears to fly in the tdcke law of
supply & demand.

90,000 9.00%
80,000 8.00%
70,000 7.00%
60,000 6.00%
0,
50,000 >.00%
4.00%
40,000
3.00%
30,000
2.00%
20,000
1.00%
10,000
0.00%
0 “ 00 o ST ~NO MW O NN 0N N
_ 8&0[“*-[“'-[“‘-000000000‘\0‘10‘\00
52RREB335 S ~3322323323238%
Y 00 00 o0 oo o0 o v O oo
L e e ]
=——=Engineering Graduates as % of All College
—Engineering Graduates Graduates

Throughout thighesisl will developa modeltbasedheory that explores this paradoxheltheory
proposes thaxtremely strongvages for science, technology, engineering, and mathematics (STEM)
workers combined with low science and mathematics teacher wagebkZre#ucation directly cause
long-term labor shortages in technically orienteiids that get worse over time because of positive
feedbacKoopsin the system. The architectural relaships between the U.Systems of government,
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K-12 education, academia, and industry are set up to systematicallydewedop the quantitative and
analytical skills that the economy desires mddultiple sacietal shifts in the 1950'4960's and 19706 s
(many of them positivefiggeredunintendedehaviors present e system today.

I will then show thasome policy reformare capable of inmpving the situationwhile others may be

entirely useless. Most effectiveforms will require sustained investment olerg periods of time

before their benefits are fullgalized Even after implementing effective reforms, the situation may
actuallyappear to get worse in the short term because of the immense momentum kit aystem.

Furthermore, incremental orggemeafixes may have no impa becausethey st em ex hi bi t s #fit
pointo behavior. Under inhmoraperatingeegionThere exitotgeu r at i on
more beneficiabperating regionthatcould be moved nt o i f ref orm i s power f ul
system into those other regions of behavior.

The research method uses the model in three:ways

1 Reproduce higory: Iteratively construct system dynamics models that can endogenously
reproduce the simultaneous long term strength of engineering wages and long term decline in
U.S. born engineering graduates. Justify all structural relationships in the modeleviémte
supporting literature so that the results of the model are believable.

1 Project history into the future Once models are capable of plausibly reproducing history, use
them to understand what the future might hold for the strength of the U.S. téglonicfarce if
current policy is maintained.

i Test alternative futuresTest various policy proposals aimed at increasing the number of U.S.
born engineering graduates to see if they are capable of increasing future graduation rates
significantly above thasproduced in the forwatidoking historical run. Attempt to determine if
they will be effective if applied in the real world.

1.2 Problem Importance

The subjects explored here have profoimpglications forthe continued prosperity of the United States.

It is generally acknowledged that technological advance is the main driver of America's GDP. The

health ofU.S. basedhigh-tech firms should be important to anyone worried about employment levels in

the broader economyAccording to the recemeport jointly published by thé&ational Academy of

Sciences, National Academy of Engineering, and Institute of Meditieg Rising Above the Gathering
Storm(NAE, 2007 p.29fisci ent i st s and engineers tend, throught
fortheme | ves but also for workers throughowaying he ecol
careers such as financelaw, engineers and scientists not only create value for themselves and their

firms, they alsdend togenerate growth for others asesult of their economic activityThis is because

the primary focus and daily activity of an engineer is the creation, rather than the capture, of economic

value. Promoting a technical economic base is therefore fundamental to securprgsentlyhigh

standard of living.

Shortages in the supply of technicadigpable people in the labor pawluldforce U.S. firms to outsource
jobs for two reasons. Most obviously, if not enough employees exist to meet business demands, then
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outsourcing must take pla. Secondly, shortages in the labor force will drive up the price oftéagh

skills beyond their already high pricéAs globalization reduces the costs associated with managing global
operations, the widening gap between what firms must expend toyehopal vs. foreign labor will

increase the frequency of outsourcingnder one nightmare scenario, these effects could merge to

form a picturesimilartoClayt on Chr i st ens en' & hristensen, d99tnderfsucliiad i sr u p
scenario, Anelican wages coultemain strong at theame time that many highly skilled jobs move to
developing countriesThe most stable remaining jobs would be those thdi are i ochiarg t move
abroad. Many of these jobse in the defense sector. Such jotesless likely to produce exportable
products that help improve the balance of trade. In addition, sticky jobs melatieely less likely to

lead to the types of innovation that drive economic grawtireae new jobs. Ultimatelyinder this
scenarigthe American highiech industrycouldbe transformed from a global powerhouse into aagett
industry, taking thelU.S.economy with it.

Maintaining a healthpumber of individuals in the STEM educational pipeline that produces technically
oriented workerss important to the future health of the country. Keeping American technical workers
satisfied with their jobs igmportant, but rapid wage growth in the short term could lead to elimination of
those jobs in the medium to long term as America is distlupte

1.3 Thesis Organization

This work will be organized into threeain parts. In the first part a conceptual model will be
incrementally presented and suppotbganulti-disciplinaryliterature and data. This model will be built
with the goal of accuratelyepresentinghe structure of the system aswime of the main causal drivers
that influence the number of U.S. born engineering gradudtes main components of the notional
model presented will be:

1 Supply and demand feedback Ie®howing how the careepportunities available to STEM
workers affect theledsion of currently enrolled students to maintain interest in STEM education
and ultimately pursue a STEM career themselves.

1 A STEM education pipeline representing the number of students who cotatinaeementally
build mathematics competemat different stages of education.

1 A teacher quality loop that shows how the career opportunities available to STEM teachers
influence the quantity and quality tifeteachers that educate students in the pipeline.

Simulations will then be presentaalhiighlight the behaviors of thigsstem Graphs will be shown that
demonstrate a qualitative similarity between what has actually happened, and the behavior produced by
the model. The simulation graphs will also patjthirty years into the future (until 2040) to indicate

where the system is likely to move if current policies are maintained.

Finally, simulaton resultswill show the effectiveness ofvariety ofpolicy fixes The historical model

will be used as aarting point Historical behaviowill continue until2008whenchanges will be
introduced. Di fferences shown between the fhisto
and 2040 willhighlight either the usefulness or inefficacy of differproposals under consideration by

policy makers today.
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Throughout this work, conceptual models willgresentedhat convey the meaning of thdl simulating
version of the model. Equation listings and block diagrams for the full version of the anegeesented
in appendices.

1.4 Project Context

This projectbeganasa collaborative efforwith theBoeingCorporation. This relationshipas initiated

by Dr. Brad Morrison at Brandeis University. Boeing (and other companies) engaged students in Dr.
Morrison's'Applications of System Dynamicgurse as external consultants to apply system dynamics
modeling expertise taid in theunderstandingf their business problems. Boeing wantedise system
dynamics modeling to bringfreshperspectivdo some é the problems articulated itwo well respected
reports published by collaborative groups spanning academia, industry, and government:

Rising Above the Gathering Storm:

Energizing and Employing America for a Brighter Economic Future

Committee on Prosperg in the Global Economy of the 21st Century

An Agenda for American Science and Technology

National Academy of Sciences, National Academy of Engineering, Institute of Medicine
2007

(NAE, 2007)

A Test of Leadership

Charting the Future of U.S. Higher Educabn
A Report of the Commission Appointed by
Secretary of Education Margaret Spellings
September 2006

(U.S. Department of Education, 2006)

Both reports arpublicly available and can be found online. These reports difltassiportance of
STEM to our eonomy andhreats toAmerican competitivenessTheycompile a great deal @ublicly
available data and offer opinions on policy solutions intended to address such problems. Attyough
opinions andindings of this thesis do not always agree with intetgtions of data and policy
recommendations found these reportdothare good places to start whigying to understand the
challenges America faces and the current state of thinking about the causes and solutions to those
problems.

Paul NewtonBoeng Phantom Worksprovidedmodelingguidance antboth Paul and/lichael Richey
(Boeing Learning Training & Developmergjovided context for the effort by serving as a ‘cketat
ensure that modeling focus continued to meet Boeing's needs. Paul arghiélsupport, but offered
little direct guidance, preferring to see what emerged.

B o e i stajed soncern revolved around the future of their technical workforce. Aplariien of
Boeingbés engineers wil!/ b e eeingfgarsithhtthe W.9.isnoet i r e i n
producing enough engineers to replace these domestic retireandntzeet future growth demands.
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They therefore wanted modeling to focus on the causal relationships that affect the number of engineers
in the U.S. with thgoal of finding highleverage policies to improve the curreituation. They believe

that this problem is extremely salient to mdss. based engineering andamation technology firms.

They also believe h at tthiagedy ofithe commofgHardin, 1968)thatcannot be addressed by
companies individually

Since the completion of the class based project in the spring of 2008, Boeinigeaediscussedhe
formation of a collaborativeo use modeling to understand all issues surrounding the loé#titla U.S.
science and technology enterprise. The gbthis effortwould beto bring together stakeholders from
industry, academia, {2 education, and government to jointly explore problenmatibnal importance

i n madeld e n twayi. & principle held by hose participating isuch arinitiative would bethat
allowing stakeholders to communicate and debate their birefisgh the exploration afimulating
socialscience modelsather than simply rhetorigyould facilitate communication and gnment. An
initial collaborative &ort includes Boeing an8andia Ndbnal Laboratories| have presented iwork
to multiple audiences and will continue to refine the content in preparatiorcéardinated presentation
later this yeato promote he largereffort.

1.5 Methodology

1.5.1 System Dynamics Modeling

System dynamics models apply control theory to aid in the understanding of social systems. Building a
model isusuallydoneby first creating a diagram of causal relationships and feedback loogsesnd t

translating the conceptual model into aafdime-based ordinary differential equations that can be
simulated to capture the model 6s dynamic behavior
explore and gain insight into the functioniofga realworld system's behavior by performing tests that

are infeasible in the real world. This process is useful when trying to explore thedonbehavior

caused by complicated relationships across institutional boundaries. System dynamicsliffieditsn

more commonly used types of models (such as spreadsheets models) because they adequately capture

time delays, represent feedback loops, and do not rely on assumptions of linearity.

(Appendices in this report contain block diagramd equatiotistings for the model presented here.)

An important aspect of an inductive (theory creating) modeling prdCésistensen, 200§§seorge, et

al., 2005)(Van Evera, 1997 that it allows (and enforces) consistency of thought. Modeling can be a
goodwayo f confronting i debadedagguncents. Faraing pedipke toexpréssbi t e 0
opinions about the relationships governing the 'physics' of a social system through a collective modeling
effort can allow multiple opinions and perspectives to biedeslongside one another in a way that would

be impossible through real social experimentation.

Models embody theories about how the world is structured. Simulating the dynamic behavior of models
over time forces the theorist to improve the model untian generate results that are useful, plausible,

and maintain internal consistency. This can lead to new insights about the way the real world behaves.
While all models are oversimplifications, the goal is to create a caricature of the world tledtilisnus

solving or developing ideas to solve pertinent problems.
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Readers who wish to better understand the field of system dynamibsargystem dynamics models

are created and used are encouraged toBesidess Dynamics: Systems Thinking and Modéing

Complex Worldy John D. StermafSterman, 200Q)andPrinciples of Systentsy Jay W. Forrester.

(Forrester, 1977y he mai n jour nal covering the field is the

1.5.2 System Dynamics in this Project
System dynamics modeling was cho$er studying this problem because its strengths include situations
when:

1 The structure of the system is fairly well understood, but its complex behavior is not.

T 6Macrod | evel aggregations are acceptable as r
1 Dynamic behavioemerges over large tirferizons.

1 Relationships contain feedback and lioearity.

All of these criteria were met. Individual relationships between government, industry, academia, and K

12 education can be described fairly easily. What is not unddristdw those institutions evolve over

time as a result of their interactions with each other. Given the problem statement, it is appropriate to
model student behavior and the functioning of the economy in the aggregate. The emergent behavior this
modelwill try to shed light orunfolds over years and decades rather than weeks and quarters. Finally,

the institutions that make up the systenderstudy all influence each other simultaneously.

This project involvedterativelyreviewing literature and clelcting subject matter expert opinion over

time. The model was developed through several stages of refinement. At every stage, insights about the
system derived from model simulation were used to plan further development and experimentation. The
ultimate goal was to come to a better understanding of the causal mechanisms behind what appears to be a
market failure. The final model presented here is a culmination of these efforts.

This model isncomplete as any model representing a complex systemaivithys be. This should not

be confused witimvalid. Although still a research tool, it has reached a stage that gives confidence that
the insights gained by using it should be considered and further tested. One drawback to the model is that
it does notadequately endogenize macroeconomic behavior of the U.S. economy. Integrating this model
into a model of the national economy might make it possible to tune parameters to more accurately
reproduce historical behavior irgaantitativesense. If that idone, it is possible to have some

confidence in point predictions made for future system states. Even at this stage however, it is possible to
observe behavior in the model thagisalitativelysimilar to the phenomena under study. The true goal of

a mockl is not to perfectly reproduce historical behavior. No model can truly be verified or validated.
(Sterman, 2000 p. 84@Rather, the goal of a model is to give insight that allows one to better understand
the system and make more effective choices vdesising policies that are capable of affecting positive
change.
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1.6 Common Explanations

The first task undertaken in this effort was to gather common opinion about why the problem is occurring.
| asked more than 50 ordingpgople their opinion on why stants would not study a subject that was so
lucrative, and why such a dramatic decline would occur between 1985 and 2008. It was hopgd that
informal sample opublic opinion might generate some useful hypotheses that could be explored in a
model. Opiions that were commonly given include the following:

A Children today are lazier than they used to be, they used to have better work ethic. This is the

fime generation. 0

A Parents are more permissive than thegughused t o
because they fAwant them to be happy, o0 or they

A People raised in poverty will go into (or push their children into) professions that promise

comfort but people raised in comfort will feel no such urgency. Becadsédday have

everything they need and want, they arendt mot

future return.

People today fear the prospect of putting time and effort into studying science and technology,

only to see all of the jobs in thoBelds outsourced to developing countries.

STEM workers are not perceived as nationally inguarlike they were during theoltl War.

(Sputnik effec}.

It has something to do with increased participation of women in higher education and their

relative teneéncy not to pursue engineering degrees.

STEM workers are not respected like doctors or lawyers.

STEM workers are not 6écool 6 I|Iike rock stars an

STEM subjects are harder to grasp and require more homework and time spent out of class.

STBEM subjects are not as interesting as-8drEM subjects.

STEM subjects are for nerds. The opposite sex will not find you appealing.

There isndét as much need for engineers and sci

to make the design processrauch easier.

You can make more money in other fields such as business, law, medicine, etc.

o Do o To Do To Do Do Io D>

Some of these opinions are more valid than others. Many of these common opinions will be disputed
throughout the course of thissearch paperOne that alreadyas been rejected is the idea that a person
can make more money by studying other subjects. Even if this opinion is unjustified however, it still
could have a causal impact on the number of students leaving STEM if it is widely held. Although some
of these opinions may be valid, it is important to question whether any could really cause the behavior
present in the system, and whether they have really chaeggechuch since 1985.

1.7 A Note on Blame
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One thing that must be stated clearly is that there indigidual or group that can be directly blamed for
the problems presented in this research. The architecture of this system is defined by the structural
relationships between stakeholders i Keducation, academia, industry, local government, and federa
government, as well as the implicit policies embedded in those relationships. The complex behavior of
this multistakeholder system brings about the results presented here. Everyone in the system can be
behaving rationally and with good intentions atitl produce these dynamics. When discussing this
problem, it is common to hear assignments afri@ to various parties includiggvernment officials,
corporations, teachers, unions, foreign competition, and (most disturbingly and clgineven to

children Blaming individuals or groups in this way is not an effective way to understand what is actually
happening so that the system may be refornféw intent of this work is not to find one individual or

group that can be directly blamed for the praidebut rather to better understand how the structure of this
complex system relates to the undesirable patterns we observe.
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2 Building a Conceptual Model

2.1 Exploring Supply and Demand forSTEM Talent

2.1.1 Current Engineering Wages

Ameri cads c ontengthurdies oreits abititptmlead theswonld in scientific and

technological advance. This-iarn, depends upon a healthy base of indigenously educated technologists.
Opportunities for American engineers and scientistaiad. A longitudinal study cducted by the

National Centefor Education Statistics fourttiat people whgot Bachelob degrees irSTEM subjects

earn over testhousand dollars more per year than their-83iEM counterparts. Engineering and

computer science degree holdiEnedthe bet, earning a substantial premium above all other college
graduates(NCES, 2008) This study contained the following table demonstrating the point:

Salaries of fulltime employees by degree type and number of years since degree earr
1-2 years (1994 4-5 years (1997) 9-10 years (2003)

Total $30,800 $39,900 $60,600
Engineering 38,900 51,400 74,900
Computer science 33,400 50,400 72,600
Business and management 33,800 43,400 65,900
Health 40,500 45,600 65,000
Biological sciences 29,200 33,900 62,200
Mathematics/physical sciences 27,100 37,800 58,200
Social and behavioral science 26,900 39,200 62,300
Arts and humanities 25,000 33,600 52,800
Education 26,600 31,700 43,800
All STEM fields 33,800 45,600 68,300
Non-STEM fields 30,200 38,800 58,900

Table 1: Longitudinal Salary Data by Degree Type

In addition to significant financial reward, highilled technical work offers career potential,

opportunities for creativity, and other kftyle amenities that are attracticemany. The same study
foundthatduring all three periodengineers and computer scientistddthe highest levels of belief that
their current jothadficareer potentiad. STEM degree earners held these beliefs more strongly than those
without STEM agrees.These careers provide remarkably stabilityvall. The NSF reported that
unemployment among scientists and engineers reached a low in 2006 ofkab¥ankutty, 2008)

2.1.2 Historical Engineering Wages
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Engineering wages have risen relative to othageg in the economy in the past 100 years as the value of
information and knowledge increased. It is now estimated that the value of the information embedded in
productsas a proportion ofost of production is nowigher than it has ever beefLandesget al., 2003)

The following chartopied from(Herrnstein, et al., 1996 p. 98hows thatelative wages of engineers

and manufacturing employedwerged widely overthe our se of t

he 195060s

Annual salary in 1990 dollars
$80,000 —

$70,000 — ...1953-60
, .Q......

$60,000 - A

$50,000 ' T

[ ]
$40.000 - Trendlines established in... f

«1929-53
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$20,000 -
ooOOoooooOOOOO
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Engineers
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Manufacturing employees
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tistics 1989, Tables 80, 106.

Source: U.S. Bureau of the Census 1975, Tables D802-810, D913-926; Bureau of Labor Sta-

1
1986

Figure 1: Historical Wages for Engineering and Manufacturing Jobs

The difference between median engineering wages and the U.S. median wage is substantial. Although

engineering wages are not rising dramat:.
19606s,

cally rel
e tmueitorde veell fmandatlyn Since 1970 engineers have earned between 3 times and

4 times American median wages. It should be noted that this data only includes averages for the
profession, not the type of degree earned. It therefore does not acrquentile earninBa c hel or 6 s
degrees in engineering who then go into management, law, or finance for instance. Recently there has
also been a tendency for Wall Street to compete with engineering firms over graduates with strong
guantitative skills. Mangngineering graduatésdayare going directly into finance and banking. The

Wi

l'lingness of financial firms to

6poachod

shortage of quantitative skills among the college graduates relative todleman

Data used to generate the following charts were extracted from various sources:

1 U.S. medan salaries were extracted frgbhS. Census Bureau, 2006)

1 Median salaries for emeers were extracted fro(Bcientific Manpower Commission, 1967

current)

Registered copyrigh® 2008 Daniel Joseph Stuvemnt, All rights reserved
25

enginee



Historical Median Wages
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Figure 2: Historical Median Engineering and Average U.S. Wages

Historical Median Wages (2006 Dollars)
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Figure 3: Historical Median Engineering and Average U.S. Wages in 2006 Dollars
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2.1.3 Engineering Graduations

Despite the attractiveness of sciencd wthnology careers, there is evidence that American dominance
in science and engineering may be threatened by a shortage of highly skilled technical labor. Many
industrial and information technology companies are concerned that they will not befaldestaough
scientists and engineers to replace domestic retirements and to meet business growth demands. The
impending exodus of 'Baby Boomer' technologists may exacerbate the current slaordfaliaycause

STEM wages to continue to clinfbrther. Suprisingly however, younger generations are increasingly
unwilling to study STEM. Despitéhe pronounced pay disparity, the number and percentage of
Americans graduating with engineering degrees has been trending dowsinaed$985. The

percentage of &helor's engineering degrees dropped from 8%5% 4ver the course of that time.

(NAE, 2007) The disparity between impending retirements and indigenous replacements has been
describey t he Nati onal Ac ade(MAEc2007ktiat magah Areericiser i ng St o
strength in those fields.

The following charts provide information about trends related to the percentage of people attending
college and the popularity of different undergraduate majors over time.

Data used to generate the chartthe nex few sectionavere extracted from various sources:
1 All information about the number of students earning different undergraduate tigggsen a
yearly basis, eithén total or by gendegan be founanline in the NSF WebCASPAR system
See bibliograph entry for(National Science Foundation WebCASPAR System)
1 All information about the number of 22 year olds in the U.S. population during a given year was
extracted from the U.S. Census Bureab site from various current and archival population
estimats. See bibliography entry f@U.S. Census Bureau Population Estimates)
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22 Year-old Populations
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Figure 4: College Attendance

As t heb ddmerysd came of
year old population swelled. A peak occurred
around 1980. Since thengtpopulation of 22
year olds has fluctuated between 3.5 million an
4.25 million.

The number of people earning college degrees
tripled from 500,000 to 1,500,000.

22 Year-old Percentages
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Figure 5: College Attendance Percentages

Over the coursefdhis time period, the percentag
of the population earning undergraduate degre
grew from 20% to 35% of the population.
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Figure 7: Engineering Graduation College Percentage

disproportionately study STEM. This
fact potertially masksnumbers that
would look even worstr American
born students
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2.1.4 International

Comparison

The following charshowing datgrovided by the National Science Bodndt can bdound in(NAE,
2007 p. 100) It shows the weakness thie U.Srelativeto other nations ithe percentagall 24 year olds

who hold college degrees in STEM subjects
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Canada
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Figure 9: International Percentage of College Degrees in Enggering

U.S.higher educational institutions are considered the best in the world. Rapid declines in STEM interest
amongU.S. bornstudents and weakness compared to international STEM gradbatiercreated a good

deal of unused capacity in engineerimgl &cience programs at the graduate level. This has necessitated
the importation of foreign students populate graduate prograntsully fifty five percent ofengineering

doctoralstudents irthe U.S.are now foreign borr(NAE, 2007 p. 35)
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2.1.5 Gender Isales

The fraction of women in engineering is lower than in most other professions. It is reasonable to wonder
what impact the increasing percentage of women in college has had on the overall percentage of
university graduates earning engineering degieesplausible to suspect that increasing female

university enrollment combined with their relative tendency not to study engineering could be responsible
for a decreasing percentage of graduates earning engineering degrees. This ibsuexpliiredn the

graphs below:

All Bachelors Degrees Figure 10: College Graduation by Gender

1,600,000
1,400,000 - In the mid 19806s the
1,200,000 Bachel orb6s degrees pa
1,000,000

800,000 —— -

’ __~ Today 800,000 women e
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Figure 11: Engineering Graduation by Gender

The number of women earning degrees in
engineering was negligible until 1975. The per
from 1975 to 1985 saw a significant influx of
women nto the field. Gowth was arrested
thereafter. This ten year period occurred beca
of larger social trends related to the liberalizatiqg
of gender roles in the workforce.

The shape of the curve of total engineering
Bachel ords degrees i s
fluctuations in the number ofien than the
influence of women, because of their respectivg

sizes in the population

Female Engineering
Degrees

14000
12000 f
10000 /.’\V/J

8000 /

6000 /

4000 /

2000 /

1966
1969
1972
1975
1978
1981
1984
1987
1990
1993
1996
2000
2003
2006

Figure 12: Female Engineering Degrees

This graph shows the number of women earnin
degrees in engineering on a larger scale. The
number d women earning degrees also peaked
1987, but went down thereafter and reached a
local minimum in 1992. It began to recover

earlier than the number of males in the field,

surpassed the 1987 peak in 1997, and continug
rise thereafter.
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Figure 13: Engineering Percentage by Gender

The percentage of men in college studying
engineering fluctuated wildly during this period.
The percentage of women went from negligible
approximately 2% over this time.
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Figure 14: Female Engineering Percentage

This graph shows the percentage of women
(relative to all college going women) earning
degrees in engineering on a larger scale. Won
after 1985 show the same general tendency of
decline as men.
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Ratio of Female to Male Figure 15: Ratio of Female To Male
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The previous graphs have demonstrated that although increased participation of women may be a solution
to the problem of weaker interest in engineering, it is not a cause of the tendency towardidedias
been witnessd between 1985 and today.

In fact, although there is obviously a gender related influence causing theretzebfemales than

males in engineering, one or more strong influences are causing movement in the percentages of people
choosing engineering thaperates independently of genddihese effects asgsible in the data for both

men and women at the same time.
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2.2 First ConceptualM odel: Invisible Hand Loops

Based on the above discussiafiyst conceptual model will be presented that embaosliggly and
demand forces that produengineers and impact the numbgjatos available in the economy:

Pay of Non-STEM Number of
workers Engineering Jobs
+
Attractiveness of Average
Engineering Engineer pay

STEM Track Engineers
Students DELAY

Figure 16: Labor Supply and Demand Conceptual Balancing Loop

The loop in this model represents an econdinicn v i s i betulatingttze mumber of people

choosing teenterengineering. Arrow indicate causal relationshigsd polarities on those arrows

indicate a positive or negativiafluenceassociated with that relationshifs the payand benefits of the
average engineeiserelative to the pay ofvorkersin a non STEM field, the attractiveness of

engineering careers go ufi.these jobs become more attractive, more students at every level will study
the courses needed to allow them to enter a technimadipted careegither because they are attracted by
those wages, or because their parents make tiAdtar a delay associated with going through the
educational process, these students emerge to cause an increase in the number of engineers. As more
engineers enter tteconomy however, it will tend to depress wages if the demand for engineers remains
the same. The wages of engineers in this model are determined by a simple supply vs. demand
relationship. If the available jobs go up ¢hhe number of engineers goes dothen wages rise as
employers bid up the price of those skills. Likewise, if the number of jobs goes down or the number of
engineers goes up, wages go down (deadtincrease at a slower rate) relative to the other jobs in the
economy.
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Figure 17: Availability of Engineering Jobs Conceptual Balancing Loop

A second conceptual loop has been added to the model to more accurately reflect the fact that as wages go
up, employers provide a decreased number of jobs as they findigelssitut back on goals, or merely

do without. Likewise, if wages in a profession decrease, employers will create more jobs because of the
new profit potential associated with those decreased wagdisis §imulation modesupply and demand

curve aremplemented as neimear lookup tables

These two | oops combine to complete a dglanangi ¢ pi
feedback relationshiprings stability to the system and generally causes the economy to respond to
fluctuatiors in demand in a reasonable wilany economists would tell you thidte market for STEM
laborshould be functioning effectively because they only tend to consider the impact of these two

important loops and the impacts of other structure such as caléetrgaining agreements in the case of
unions or cartelike behavior on the part of physiciangnlike these other examplebgtmarket for

engineering taleris relatively unhinderedBecausahe market for engineering talent does not appear to

be fundioning correctly however, we must continue exploring additional structure that could bring about
pathological behavior.
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2.3 Exploring the STEM Education Pipeline

The nature of the delay between increased student interest in STEM fields and the emergence of
additional engineers must be more clearygerstood

Rising Above the Gathering Storitnis articulated that:

Student interest in research careers is dampened by several factors. First,
there are important prerequisites for science and engineering study.
Studentsvho choose not to or are unable to finish algebra 1 before 9th
gradéd which is needed for them to proceed in high school to geometry,
algebra 2 trigonometry, and prealculu$ effectively shut themselves

out of careers ithe sciences. In conttashe decision to pursue a career

in law or businessypically can wait until the junior or senior year of
college, when studentbegin to commit to postgraduate entrance

examinations.

Science and engineering education has a unique hierarchical nature th
requires academic preparation for advanced study to begin in middle
school.Only recently have US schools begunréguire algebra in the
8th-gradecurriculum.

(NAE, 2007 p. 102)

The fact that the ability to enter a profession requiring advanced nmatihahtraining is dependent upon
decisions made in thd"grade or earlienas important implicationsAll educators interviewed over the
course of this investigatiamgreed with its validity Students who stopped studying mathematics at any
point in heir educational career almost never entered the engineering profession because the entry
barriers were too high. Many argued that the decision points may be even earlier. Numerical concepts
must be mastered before a student can effectively learn algilithey are not, a student may have fallen
of the ASTEM Pimpdelsdhoole 6 pri or to entering

out

The only point &discussion raised by some was to question whether this was an innate feature in

mathematical knowledge, or whether it resufredn the way mathematics education and institutions of

learning were structured. Most agreed that nafdheeffect had to do with the inherent nature of

mat hematics itself, anderthray moismtcd ®@ttad tadid esmpdt dr
problem somewhat.

In order to calibrate our model, studies were found which reported student interest in STEsuod
progressioror falloff atdifferent levels. This gavea crude way to estimate parametghencreating
initial models of the syste. One extremely useful source of parameter information is the paper titled

AN

Anal ytical

Controbatgs Eami Me d e GnegdrefHtrigd at g o a d

and Farbrother(Grismore, et al., 2003This paper presents a control systendeido estimate the
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efficacy ofschoolimprovement at different grade levels to improve t8BEM throughput. The
following two tables are drawn frothatpaper.

This tableshows students losing interest and dropping off fairly rapidly in the 4sigiml and college
years Numbers presented are for the cohort gradu#tomg college in 1984:

Student interest and pursuit of careers in natural sciences and engineering

Stage Year Number of Students
All high school sophomores (baseline) 1977 4,000,000

High school sophomores reporting intere

. . . . 1977 730,000
in natural sciences and engineering.

High scho.ol seniors repor.tmg |.nterest in 1979 590,000
natural sciences and engineering.

College frgshmen with |nt'ent|o.n to study 1980 340,000
natural sciences and engineering.

B.S. Graduates in natural sciences and 1984 208,000

engineerin
d g (78,000 engineers

Table 2: Declining STEM Interest in Higher Grade Levels

This nexttable presentsstimates provided by the National Center of Etioa Statistics (NCES) for the
percentage of peoplgho continue moving through the pipeliagévarying stages. Th&udywas
publishedn 1998and is also found iGrismore, et al., 2003)

Retention Rates in the Engineering Pipeline
Note: MPC standfor Math-PhysicsChemistry

Fraction of middle school graduates

. 18%
prepared to take high school MPC courses 8%

Fraction of middle school graduates

prepared to take high school MPC courses 75%
who actually enroll in those courses

Fraction of high school stients who

actually complete the MPC courses (high 81%
school pathway retention)

The fraction of high school students havint

taken all MPC corses who actually enroll ir 22%
engineering

Fraction of engineering enrollees who

actually complete the educatarprogram 61%

requirements. (engineering retention)
Table 3: STEM Pipeline Drop-off at Different Grade Levels
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One of the most devastating things to take note of is that 82% of students fall out of the pipeline
sometime prior to laving junior high school.

2.4 Second ConceptuaModel: The STEM Gauntlet

Based on the above discussion, the conceptual model was modifiededully articulate thestructure
of the STEM pipeline:

Babies .
Engineers

% Elementary School Junior High High School University
% %»EI%»%{»@%»@ ¢ 11 el 11 ]=>{12] ol 14]50] 15 [
| Py

I T

Figure 18: STEM Gauntlet Conceptud Structure

The above model represents a system dynswookscs fisto
represented by boxes afiolw through different stages in the systelm.this picture people start as babies

and flow into kindergarten, floshrough the rest of the educational pipeline, and then flow into the stock

of engineers. Notice also that people can flow o
out of the STEM pipelinenost likelynever to return. As discussed pisly, the unique nature of

mathematics education makes it extremely hard to retuca this occursTherefore, this model assumes

that if a person has fallen out of the system, they do reniter.This is fundamentally different from the

nature of buding knowledge in humanities fieldsét lackvertically structured chains of knowledge
dependencieNAE, 2007 p. 115)and therefore have lower barriers to entry.

The STEM pipelinestructureis thereforebeenre-designatedas he A STEM Garencettdthet 6 i n r
C 0 n ¢ e prningotie gduntlet o This was a for m of soldierwas forced | puni
to walk or run through a column péoplethat beat him at every step. If the individo@de it through

the gauntlet his life may haveén spared and sins forgiven. If he did not, he may have been beaten to

death. The slower a person moved, the more likely he was to die.

A student may be considered to have fallen off the pipeline even if they are still taking STEM subjects in
school. This would be the case if they are taking courses that are not rigorous enough to enable them to
eventually succeed in a university level science or engineering prod¢masder to better visualize the
functioning of the pipeline, the following pictuseiperimposes a crude picture of the subjects that must

be learned at each stage with the number of students that coamlaequately learn those subjects

within the timeframe necessary to continue to the next stage

Registered copyrigh® 2008 Daniel Joseph Stuvemnt, All rights reserved
40



Figure 19: STEM Gauntlet Conceptual Structure with Subject Matter and Student Interest

The vertical nature of mathematics knowledge means that the production of engineers is subject to longer
periods of delay thamanyother profession The ef fdctto oifiproductaiissf eg n a |
engineers, caused by an increase in availability of jobs and rising wages, will not be fully felt until
decadesaterbecause of this incredibly long pipeline in which reentry is not allow&idhough

economic signals can eeince STEM trained individuals to switch industries or gravitate towards other
subjects, the stock of STEM capable individuals in the economy cannot be easily enlarged by transfers
from other fields. Delays such as this limit the effectiveness of-sdroanteconomic signaling
mechanismabecause although they can cause a reallocation of existing STEM skills, theyioareaste

the overall pool of STEM capable workénshe short term This fact carbe responsibléor
unresponsiveness in the short temnd potentially lead tanstable or oscillating behaviwor the long

term.
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