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Analyzing K-12 Education as a Complex System

Introduction

Schools and school districts are complex, dynamic systems affected by numerous factors,
specific to the particular environment. These factors, which range from the stability of the home
life of the enrolled children, to the interpersonal relationships of the school staff, to the funding
decisions of the school board, to the laws passed by the U.S. Congress (and innumerable
additional factors in between), all interact in sometimes predictable but often completely
surprising ways. Educational initiatives and interventions that work well in one environment can
prove completely ineffective (or un-implementable) in a different school setting, for a myriad of
reasons. For university faculty and STEM professionals who partner with K-12 schools to
implement and assess STEM educational reform initiatives, particularly for those who choose to
work or scale up projects in non-charter or non-specialized lab school settings, the complexity of
the system of K-12 education makes it difficult to identify all the potential barriers that can
impact the proposed project. Unexpected factors can easily derail an otherwise well thought-out
project, both in terms of project implementation and also in the success of assessing student
outcomes.

Educational researchers have long studied school reform and the issues of what facilitates and
hinders success in curricular and other interventions'~. Experts in educational policy and public
policy also have studied the interaction of policies and practices of reform agendas within social
and organizational contexts®*”. Industrial engineering, which had its origins in studying
manufacturing systems, is a field where researchers have made great contributions towards
understanding complex systems including transportation systems, financial systems, health care,
and even recently humanitarian support systems®.

The Advanced Manufacturing and Prototyping Integrated to Unlock Potential (AMP-IT-UP)
NSF Math/Science Partnership at the Georgia Institute of Technology is creating an innovative
framework, which is both conceptual and theoretical and rooted within the field of industrial and
systems engineering, to examine barriers and enablers to school change and reform. The
framework describes the system in terms of both agents and the attributes of those agents and
will become the foundation for identifying a subset of attribute combinations that allow for
successful change in the system. In this paper we describe the first step in creating this
framework, namely identifying the agents within K-12 education and the attributes of these
agents that are critical to educational change. The paper also presents a sample scale for
describing these attributes.

Using Industrial and Systems Engineering to Model Complex Systems

According to the Institute of Industrial Engineers (IIE):

Industrial engineering is concerned with the design, improvement and installation of integrated
systems of people, materials, information, equipment and energy. It draws upon specialized
knowledge and skill in the mathematical, physical, and social sciences together with the



principles and methods of engineering analysis and design, to specify, predict, and evaluate the
results to be obtained from such systems.’

Historically, industrial engineering was concerned with manufacturing processes; however, in
more recent times it has been applied to many other contexts including transportation and
logistics systems, financial systems, and health systems. Systems engineering, on the other hand,
is a rapidly evolving field for managing, designing, and optimizing complex systems involving
interactions between multiple interdisciplinary subsystems®’. Considering the system as a whole
leads to more informed decision-making, even at the subsystem or component levels. The
educational system is clearly complex; it is an integrated, multilayer system of people, money,
knowledge, and information as outlined above and hence it is ripe for the tools that industrial and
systems engineering provide.

There have been very few systematic applications of industrial and systems engineering
principles to model education systems. Nicholls ez al'® use hard and soft modeling techniques to
develop a methodology for diagnosis and facilitation of organizational change management
programs in an Australian university, and Figueiredo ef al'' use data envelopment analysis to
develop a decision support methodology to increase school efficiency in Bolivia’s low income
community. However, a systems approach in which interactions between the different agents
affecting the school (e.g. students, teachers, administrators, community etc.) is missing in these
papers. There is an attempt at modeling education using systems engineering by Pedamallu et
al'>"*'* In this work, system dynamics are used to study the factors that affect the academic
performance of primary school students in the inner squatter and outer squatter districts of
Turkish cities. However, in this study, survey data is used to formulate causal relationships, but
there is no mechanism for distinguishing correlation from causation. In addition, the effect of
policy variables on the attributes of the agents is excluded.

According to a recent editorial in the International Journal of Production Economics', there
exists a need to apply more rigorous systems engineering and operations research techniques to
model the system of education.

The Basic Components Of The Model

The model will be defined by a collection of Agents and their A#tributes. Agents are considered
to be independent entities that make decisions, and their attributes affect what decisions are
made. For simplicity, the agents will be populations of agents that will be assumed to have basic
population attributes rather than individual attributes (for example the Student Body of a school
rather than each of the individual students). The model will then be described by a vector of
attributes for each of the agent populations. This will be called the State of the system. The state
of the system when we begin studying it is called the Initial State. The state of the system at the
end of the period of study will be called the End State. The space of all possible states is called
the State Space. In general, we are interested in studying how the system changes over time.
These changes can be described by indicating how the attributes of some or all of the agent
populations change. It is important to note that movement from one state to another requires
resources (time, money, political will, effort, etc.). We call these movements State Transitions.
We will use the term Acceptable Zone to indicate the collection of states where the desired
intervention or implementation is considered to be successful.



Below are the basic definitions of the agent populations within K-12 education and their
attributes:

o [Entities (Agent Populations): Students, Teachers, School Leadership, School System
Administration, Community, Government

These are the parts of the model that act and have the potential for change. While each group is
made up of many individuals with different characteristics, to simplify the work (as mentioned
above), each group is considered as a population that has a collective description and movement.
The first two of these groups, “Students” and “Teachers”, are self-explanatory. “School
Leadership” refers to the Principal, Assistant Principals, Department Chairs and any other staff
member who helps to set the policies and culture of the school; the actual set of individuals in
this population will vary from school to school. “School System Administration” refers to the
Superintendent, Deputy Superintendents, Curriculum Directors, School Board members and any
other personnel involved in setting policy and procedures for the school system of the school
under study. “Community” refers to the local community of residents (including parents), and
agents of that community such as local newspapers and civic associations, in the vicinity of the
school being studied. While in general “Government” refers to all levels of government — from
local to county to state to federal--different case studies will most likely concentrate on the
limited subset of these levels that set educational policies that directly impact the schools.

o Attributes (State Dimensions): Affective, Cognitive, Conative, Intra-group
Relationships, Inter-group Relationships

These are the dimensions that we use to describe each of the agent populations. As mentioned
above, this is a collective description rather than a large set of individual descriptions. The first
three attributes are common ways to divide up the parts of the mind and how people react to new
situations. The affective domain refers to emotions, cognitive ability refers to intelligence in
multiple dimensions, and conative is related to drive and striving. Intra-group Relationships is
used to describe how the population works and acts together, while Inter-group Relationship
describes how the particular population works and acts with the other agent populations.

Figure 1 is a generic high-level diagram of movement in the system to a successful End State:
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Figure 1: Conceptual Mapping from Initial State to End State

There are two implicit questions that arise when looking at this diagram. First, what is necessary
for there to be a non-empty acceptable zone? Second, given a non-empty acceptable zone, what
is necessary for there to be a feasible path from the initial state to an end state in the acceptable
zone?

The first question depends on the intervention planned. For example, it is clear that if the
educational intervention is intended to ensure that every first grader is reading on grade level,
then it is possible to have a non-empty acceptable zone. However, if the intention is for every
third grader to understand calculus, then it is highly unlikely that there will be any acceptable
end states. For most cases, the answer to this question will be determined by how well the
intervention matches the given context of the school being studied.

The second question is also dependent upon the context but it is also highly dependent on the
available resources. Going back to the first example, if the context is one of highly skilled and
motivated teachers in a high SES community, then given a reasonable intervention, most likely
there will be a feasible path with an acceptable end state (every first grader reading on grade
level). However, for the same intervention in a high needs school with a high proportion of
students with disabilities and/or coming from homes in poverty, with a contentious or disengaged



school staff and a lack of resources in the school, it will require more external resources (time,
money, and political will) to reach an acceptable end state.

In general, the model allows for an analytical approach to answering these two questions. A
means for describing the state of the system at any point in time based on a set of attributes of the
agents in the system must first be provided. Then, given any particular planned intervention, one
can analyze the available feasible paths through the state space to reach solutions to these two
questions.

To build a model to answer the questions mentioned above we have been investigating systems
engineering methods. Our approach is to first develop a model framework from a meta-model
standpoint. This meta-model can then be applied to different case studies to build a specific
model for that particular case. For this meta-model, a model boundary chart'® for our problem is
the following:

Endogenous Variables Exogenous Variables Excluded Variables
6 agents x 5 attributes matrix | Policy Anything not included in the
in Table 1 6x5 matrix in Table 1
Resources Initial state

Acceptable states

Endogenous variables, or intermediate outcomes, are those whose value is decided by the model.
Exogenous variables, or design variables, are inputs to the model. Excluded variables are
assumed to be beyond the scope of the model. For a specific case study, it is likely that not all of
the agent attributes will be included as endogenous variables but rather will be considered
exogenous variables.

The challenge now is to formulate quantitative relationships between the different agents and the
attributes of these agents so that quantitative analysis can be performed. We hypothesize that a
combination of system dynamics and agent-based modeling methodologies can be applied to this
problem'”. System dynamics allows for the depiction of causal relationships at the attribute level
and assumes that each attribute of each agent is an independent variable. However, this is an
assumption that is not always true in reality. Since the agents are interacting with each other, the
attributes of each agent should be assumed to be correlated or coupled, as this would be more
aligned with the reality. By contrast, agent-based modeling assumes that the different agents are
the agents in that they each make independent decisions, and the school is the environment
where they interact. However, forming quantitative relationships to analyze the state change of
the agents where each state is defined by the five attributes combined together is actually more
difficult than forming quantitative relationships as one would do in a systems dynamics model.
So, a hybrid approach between system dynamics and agent-based modeling might be more
feasible and applicable. Other techniques that are more popular in operations research such as
hidden Markov models'® will also be investigated.




Assessing Attributes

The education system’s agents and their attributes are introduced above. In this section, a
preliminary selection of relevant attributes is presented for each of the agents in the system.
Table 1, on the following page, gives a more detailed view of what will be measured as the
system state. Each agent will be analyzed on the basis of the five different broad attributes, so
there are 30 different components of the matrix that make up the system state. Each of these
components, for example the conative characteristic of the teacher population at the school, will
be described using a rubric created through discussions with educational domain experts and
drawing upon the educational literature'****' . The rubric describes each component on the
following 4-level scale:

1. Destructive
2. Absent

3. Situational
4. Constructive

In general, this can be interpreted in the following way:

Destructive implies that the attribute is present in a negative quality that harms the agent’s ability
to succeed. Absent means that the attribute is not present at all, or present in a neutral way.
Situational means that under certain contexts, the agent exhibits this attribute in a positive
manner (but only in those contexts); while Constructive is used to indicate that the agent exhibits
this attribute in a positive way independent of the surrounding context. Clearly, these terms need
to be fleshed out in more detail for each of the agent populations. A sample rubric for rating
teacher characteristics is shown in Table 2.

As the model is developed, screening methods may be applied to determine the most important
attributes and reduce the effective size of the state space. It is also possible that additional
attributes could be added or substituted for those defined here as new influences are discovered
or taken into consideration. Assessment of these variables is an additional consideration; the
accuracy and sensitivity of the data collected must be taken into account and factored in to the
reliability of the model’s predictive capabilities.



Table 1: Education System State

Entities Attributes (State Dimensions)
(Systems of Affective Cognitive Conative Intra-group Inter-group
Agents) (emotions) (intelligence) (impulse, relationships relationships
volition)
Student Morale, Content Willingness to | Multiple Home life,
Population motivation, knowledge, work, populations, work, mobility
self range of skills, | willingness to | student culture
expectations | language take initiative, | (cohesiveness
barriers, perseverance, VS.
students with grit divisiveness)
disabilities
Teacher Morale, Content Willingness to | Teamwork, Interactions
Population approach to knowledge, take action, grit | collaboration, | with students,
teaching, ability to learn planning, trust, | parents, school
willingness to communication | & system
learn new administrators,
ideas community
School Leadership Project Problem Collaboration | Managing up
Leadership ability, management & | solving within the & down--to
presence, implementation | initiative & leadership school system
ethics ability, ability, team administrators,
evaluation confrontation to teachers, to
approaches, approaches, students, and
budgeting, willingness to to community
planning take action
School System | Perspectives | Management, Micro- vs. Cohesiveness, | Managing in
Administration | on education, | budgeting, macro teamwork, & out--to
political & planning, management, alignment schools, to
philosophical | evaluation willingness to community, to
leanings, approaches, confront and government
ethics testing take action
schedule and
philosophy
Community Expectations | Tax base, SES | Activism Cohesiveness Access to
of academic regarding of community, | resources
achievement, education, support for (businesses,
political & impact on school, colleges, etc.)
philosophical school (local teachers known
leanings media, parent | by community
groups, etc.) members
Government Political & Standards, Imposition of | Alignment of Input from
(State DoE, philosophical | testing rules, carrots, policies, rules, | other agents
Fed, County) leanings, requirements sticks, and laws,
ethics, and pressure philosophies
expectations, | consequences
sense of

urgency




Table 2--Teacher Attribute Assessment Rubric

Domain Destructive Absent Situational Constructive
Affective ¢ Distrust of new e Skeptical of new ¢ Willingness to ¢ Enthusiastic to
ideas and ideas and learn new ideas learn new ideas
approaches approaches and approaches and approaches
e Caustic mindset | e Fixed mindset e Variable mindset o Growth
e Resistant e Apathetic e Compliant mindset
o Committed
Cognitive e Lack of e Content e Content ¢ Content
necessary knowledge at knowledge at knowledge at top
content lowest levels of middle levels of levels of Bloom’s
knowledge Bloom’s taxonomy Bloom’s taxonomy
taxonomy e Researches and
e Extreme e Can learn new learns new
difficulty e Can learn new content readily content readily
learning new content given o Transforms
content enough time e Can identify learning
e Creates learning | e Perpetuates learning misconceptions to
misconceptions learning misconceptions appropriate
misconceptions learning
formations
Conative e Refusal to take | e Must be e Willingness to ¢ Enthusiastic to

action

e Avoids challenge

e Undermines actiqg
plans &
implementation

persuaded to take
action

e Immobilized by

challenges

e Minimal or no

involvement in
action plans &
implementation

take action

e Examines
challenges

e Involved in action
planning &
implementation

take action

e Inspired by
challenges

e Immersed in
action planning
&
implementation

Intra-group

e Culture of

e Culture of

e Culture of cliques

e Culture of trust

relationships cynicism suspicion e Routine
e Negative e Formal or no communication ¢ Frequent
communication communication prioritized
e Share ideas, communication
o Self-segregated | o Isolated from resources, and o Share ideas,
from the group group decisions within resources, and
the clique decisions with
all of the group
Intergroup e Culture of e Culture of e Culture of cliques | e Culture of trust
relationships cynicism suspicion e Routine ¢ Frequent
e Negative e Formal or no communication prioritized
communication communication e Associated communication
e Distanced e Detached o Aligned




Conclusions and Future Work
In this paper, a first step toward creating a framework to examine barriers and enablers to school

reform is presented. The contributions include a proposed list of educational system agents and
their attributes, which may play a significant role in the success or failure of an educational
intervention program. Additionally, some possible modeling approaches, including agent-based
modeling and system dynamics, are proposed.

To continue the model development, a team of researchers and practitioners from the fields of
Industrial Engineering, Systems Engineering, Public Policy, and Education has been assembled
for this project. The next steps are as follows. First, this team must work within the community
to build and test rubric instruments for each population; the attributes of the agents will
subsequently be refined depending on which quantitative relationships can be developed in a
meaningful way. Next, different systems engineering approaches for building the model of
constrained state transitions must be tested. The models will be analyzed using industrial
engineering and operations research techniques. In parallel to the model development, a small
test case will be used to test the approach and refine the model further before it is applied to a
larger-scale case study at a particular school. Finally, the developed model must be verified and
validated using rigorous statistical techniques. A successful final product will be a model with
predictive value for educational reform. Practitioners and funders will then be able to use the
model to identify barriers and enablers to change in specific educational environments and to
better predict the resources required to have an impact in a particular school

' Spillane, J.P., Reiser, B.J., & Reimer, T. (2002). Policy implementation and cognition:
Reframing and refocusing implementation research. Review of Educational Research, 72(3),
387-431.

* McLaughlin, M., & Talbert, J. (2003). Reforming districts: How districts support school
reform. Seattle, WA: Center for the Study of Teaching and Policy.

3 Borman, K. M., Carter, K., Aladjem, D.K., &. Le Floch, K.C. (2004). Challenges for the future
of comprehensive school reform. In C.T. Cross (Ed.), Putting the pieces together: Lessons
from comprehensive school reform research (pp. 109-150). Washington, DC: George
Washington University Press.

* Crawford, S., & Ostrom, E. (1995). 4 grammar of institutions. The American Political Science
Review, 89(3), 582-600.

> Weaver-Hightower, M.B. (2008). An ecology metaphor for educational policy analysis: A call
to complexity. Educational Researcher, 37(3), 153-167.

° Heaslip, G., Sharif, A. M., & Althonayan, A. (2012). Employing a systems-based perspective to
the identification of inter-relationships within Humanitarian Logistics. International Journal of
Production Economics.

" Institute of Industrial Engineers. Web. Mar. 22, 2013.

http://www.iienet2.org/Details.aspx?id=282

¥ Hazelrigg, G. A., 1996, Systems Engineering: An Approach to Information-Based Design,
Prentice-Hall, Upper Saddle River, NJ.

? Sage, A. P., and Armstrong Jr., J. E., 2000, Introduction to Systems Engineering, Wiley and
Sons.



http://www.iienet2.org/Details.aspx?id=282

' Nicholls, M. G., Cargill, B. J., & Dhir, K. S. (2004). Using OR for diagnosis and facilitation in
change programmes. a university application. Journal of the Operational Research Society,
55(5), 440-452.

' de Figueiredo, J. N., Barrientos, M., & Angel, M. (2011). 4 decision support methodology for
increasing school efficiency in Bolivia's low-income communities. International Transactions in
Operational Research, 19(1-2), 99-121.

12 Pedamallu, C. S., Ozdamar, L., Ganesh, L. S., Weber, G. W., & Kropat, E. (2010). A system
dynamics model for improving primary education enrollment in a developing
country. Organizacija, 43(3), 90-101.

13 Pedamallu, C. S., Ozdamar, L., Weber, G. W., Kropat, E., Barsoum, N., Weber, G. W., &
Vasant, P. (2010, June). A System Dynamics Model to Study the Importance of Infrastructure
Facilities on Quality of Primary Education System in Developing Countries. AIP Conference
Proceedings (Vol. 1239, No. 1, p. 321).

14 Pedamallu, C. S., Ozdamar, L., Akar, H., Weber, G. W., & Ozsoy, A. (2011). Investigating
academic performance of migrant students: A system dynamics perspective with an application
to Turkey. International Journal of Production Economics.

1 Sarkis, J. (2012). Models for compassionate operations. International Journal of Production
Economics.

'® Sterman, J. D. (2000). Business dynamics: systems thinking and modeling for a complex
world (Vol. 19). New York: Irwin/McGraw-Hill.

" Bonabeau, Eric. "Agent-based modeling: Methods and techniques for simulating human
systems." Proceedings of the National Academy of Sciences of the United States of
America 99.Suppl 3 (2002): 7280-7287.

'8 Rabiner, Lawrence, and B. Juang. "An introduction to hidden Markov models."ASSP
Magazine, IEEE 3.1 (1986): 4-16.

19 Krathwohl, D.R., Bloom, B.S., and Masia, B.B. (1964). Taxonomy of educational objectives:
Handbook 11: Affective domain. New York: David McKay Co.

20 Huitt, W., & Cain, S. (2005). An overview of the conative domain. Educational Psychology
Interactive. Valdosta, GA: Valdosta State University. Retrieved January, 2013.

*! Frey, B.B., Lohmeier, J.H., Lee, S.W., & Tollefson, N. (2006). Measuring collaboration

among grant partners. American Journal of Evaluation, 27, 3, 383-392



