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General System Theory: Toward a Conceptual 
Framework for Science and Technology 
Education for All 

David Chen 1 and Walter  Stroup 1,2 

In this paper we suggest using general system theory (GST) as a unifying theoretical frame- 
work for "science and technology education for all." Five reasons are articulated: the mul- 
tidisciplinary nature of systems theory, the ability to engage complexity, the capacity to 
describe system dynamics and change, the ability to represent the relationship between the 
micro-level and macro-level of analysis, and the ability to bring together the natural and 
human worlds. The historical origins of system ideas are described, and the major concepts 
of system theory are mapped; including the mathematical, technological, and philosophical 
constructs. The various efforts to implement system thinking in educational contexts are 
reviewed, and three kinds of learning environments are defined: expert presentation, simu- 
lation, and real-world. A broad research agenda for exploring and drawing-out the educa- 
tional implications of system thinking and learning is outlined. The study of both real-world 
and simulated learning environments is advocated. 
KEY WORDS: Science education for all; general system theory; system thinking; learning technology; 
complexity; simulation; real world. 

I N T R O D U C T I O N  

For  several  decades  scientists, phi losophers  
and mathematicians have been working to construct 
an exac t  t h e o r y  c a p a b l e  of  un i fy ing  the  m a n y  
branches of the scientific enterprise. The product  of 
this e f f o r t - - s y s t e m  t h e o r y - - i s  seen to provide a 
power fu l  f r a m e w o r k  for  unders tand ing  bo th  the 
natural  and the human-const ruc ted  world. System 
theory is fundamental ly an approach to intellectually 
engaging change and complexity. Such ability, we 
believe, is essential to functioning effectively in to- 
day's world. We advance system theory as an impor-  
tant f ramework capable of supporting current efforts 
at science education reform. 

1The Wright Center  for Science Education, Science and Tech- 
nology Center, 4 Colby Street, Tufts University, Medford MA 
02155. 

2Correspondence should be directed to Walter Stroup, H. The 
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Why System Theory in Education? 

Many of the current efforts aimed at school 
science reform make the following point: If a de- 
mocracy requires education for all, then science and 
technology 3 education must have as a core compo-  
nent a commitment  to educating all citizens. Science 
and technology for all is the intellectual analog to 
functional literacy in the traditional sense. Just as 
traditional literacy has played a central role in al- 
lowing citizens to participate in the traditional as- 
pects of  society, full participation in our increasingly 
technological future will require a citizenry that is 
scientifically literate. Unfortunately,  even as achiev- 

447 

3Traditional epistemological frameworks have historically consid- 
ered science and technology as two distinct ways of knowing. 
As a practical matter, the developments of the twentieth century 
have moved the two frameworks closer to each other. This evo- 
lution has happened even as some distinctive features have been 
maintained. 
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ing functional literacy in science and technology has 
been an articulated goal at both the national and 
international level, a coherent theoretical framework 
capable of guiding such an undertaking is still ab- 
sent. The enthusiastic generation of lists of content 
areas, topics, and issues to be covered in various cur- 
ricula cannot, in and of themselves, make up for this 
absence. A theoretical framework capable of clari- 
fying and supporting science and technology for all 
needs to be advanced. System theory is the strongest 
candidate of which we are aware, capable of guiding 
the science education reform effort. 

The major strengths of system theory that rec- 
ommend it as an approach to science education are 
as follows. 

1. Toward Integration: General system theory 
(GST) provides a set of powerful ideas stu- 
dents can use to integrate and structure 
their understanding in the disciplines of 
physical, life, engineering, and social sci- 
ence. 

2. Engaging Complexity: Complexity is the fun- 
damental trait of the everyday environment 
in which the student lives. Traditional sci- 
ence education has avoided engaging com- 
plexity by promoting curricula built upon 
overly simplified activities and frameworks. 
GST provides the tools for actively engag- 
ing complexity. This offers the possibility of 
bridging the gap between the world of the 
learner and the world of science education. 

3. Understanding Change: The world as it is 
experienced is dynamic. To ignore the cen- 
trality of change over time is to present a 
picture that is alienated from reality. Tra- 
ditional science education has tended to fo- 
cus on stat ic  and rote sequences .  The 
system theory offers the intellectual tools 
for learners to build understanding based 
on dynamics. 

4. Relating Macro- and Micro-Levels: A sound 
scientific account requires facility in mov- 
ing between the macro- and micro-levels. 
These levels work in concert. An under- 
standing built on the two levels must be 
mediated. General system theory offers the 
possibility of making explicit the comple- 
mentary relation between these levels of 
analysis. 

5. Functioning in a Human-Made World: Fun- 
damental ly,  humankind has the distinct 

ability to articulate and negotiate its rela- 
tion to the world. The arts, including the 
technological arts, are the manifest prod- 
ucts of this ability. Recent curricula propos- 
als focusing on science, technology, and 
society (STS) are an effort to place this dis- 
tinct human trait at the core of science 
education for all. General system theory, 
since its inception, has had issues of design, 
goals, and purpose at the center  of its 
analyses. GST is in a unique position to 
provide a sound theoretical foundation for 
science, technology, and society curricula. 

Clearly GST has potential for science educa- 
tion. To date, system dynamics and GST have in- 
spired a few innovative efforts to construct curricula 
and learning environments. While these efforts have 
been guided by sound understanding of system the- 
ory, an equally developed understanding of how 
learning develops in relation to system theory is not 
yet in place. In order for system theory to live up 
to its potential, a substantial program of fundamen- 
tal research and applied curriculum development is 
required. 

What is 

At 

1. 

System Theory? 

the core of system theory are the notions that: 

A "system" is an ensemble of interacting 
parts, the sum of which exhibits behavior 
not localized in its constituent parts. (That 
is, "the whole is more than the sum of the 
parts.") 

2. A system can be physical, biological, social, 
or symbolic; or it can be comprised of one 
or more of these. 

3. Change is seen as a transformation of the 
system in time, which, nevertheless, con- 
serves its identity. Growth, steady state, 
and decay are major types of change. 

4. Goal-directed behavior characterizes the 
changes observed in the state of the system. 
A system is seen to be actively organized 
in terms of the goal and, hence, can be  un- 
derstood to exhibit "reverse causality." 

5. "Feedback" is the mechanism that medi- 
ates between the goal and system behavior. 

6. Time is a central variable in system theory. 
It provides a referent for the very idea of 
dynamics. 
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The "boundary" serves to delineate the sys- 
tem from the environment and any subsys- 
tems from the system as a whole. 
System-environment interactions can be 
defined as the input and output of matter, 
information, and energy. The system can be 
open, closed, or semipermeable to the en- 
vironment. 

Ultimately, it is not for us to decide whether 
or not general system theory is capable of unifying 
all branches of human understanding. We do believe 
it provides the most rigorous and thorough-going 
framework for developing science education for all 
now in existence. As such, it provides a powerful 
place to begin the effort at science education re- 
form. 

In this document, we will present a brief his- 
tory of the development of system theory concepts, 
an overview of educational research and develop- 
ment efforts in this area, an outline of the learning 
environments explored to date and some conclu- 
sions. 

A BRIEF HISTORY OF SYSTEM THEORY 

Aristotle expressed the basic tenet of system 
theory: The whole is more than the sum of the parts. 
This emphasis on synthesis was eventually displaced 
by an analytic approach. Galileo's mathematical con- 
ception of the world replaced Aristotle's descrip- 
tive-metaphysical approach and paved the way for 
what has become modern scientific analysis. Follow- 
ing Descartes, the scientific method involved analyz- 
ing complex phenomena into elementary particles 
and processes. This approach was (and is) phenome- 
nally successful in helping to understand processes 
that can be readily decomposed into simple causal 
chains. However, multivariable systems have re- 
mained problematic within this framework. As many 
of the major problems facing science and society to- 
day involve complex multivariable systems, ap- 
proaches that draw on the activity of synthesis 
recommend themselves. 

Modern efforts to construct a unifying theory 
capable of addressing complex systems in the do- 
mains of natural, social, and engineering sciences 
can be traced to the early 1920s. A. J. Lotka (1920, 
1956) in his Elements of Mathematical Biology for- 
mally articulated the principles of what would be- 
come modern system theory. He applied these 

principles to important biological phenomena. Lotka 
realized the scientific enterprise had to move in a 
new direction: "True progress can be expected only 
b y . . .  striking out in a new direction; forsaking the 
way of quasi-dynamics, and breaking a trail toward 
a system of true dynamics, both of the individual 
(micro-dynamics) and of the system as whole 
(macro-dynamics) [1920, 1956, p. 52]." Lotka devel- 
oped detailed dynamic models of the circulation of 
certain elements in nature (e.g., carbon and nitrogen 
cycles), growth of organisms, and other important 
dynamic systems. 

The interaction between physics and biology at 
the beginning of the century led Defay (1929) and 
Schr6dinger (1944, 1967) to utilize thermodynamics 
principles to explore biological systems. This kind of 
research makes it clear that the organism as a whole 
cannot be considered a closed system in equilibrium. 
An organism is an open system that remains stable 
under continuous transformations and exchanges of 
matter and energy. 

The physicist Weaver joined with Claude 
Shannon to write a seminal work on information 
theory. The Mathematical Theory of Communication 
(Shannon and Weaver, 1949) discussed three stages 
in the development of scientific analysis: 

1. Organized simplicity--classical mechanics 
is built on the idea that the orderliness of 
the world is built up from simple units and 
relations. 

2. Unorganized complexity--statistical phys- 
ics accounts for complexity but only insofar 
as it can be built up from random or 
chance occurrences. 

3. Organized complexity--information the- 
ory looks to account for complexity by 
identifying the fundamental ordering rela- 
tions that give rise to the complexity. 

The examples given serve to illustrate the na- 
ture of the stages. Under their analysis, the third 
stage was to be the model for the science of the 20th 
century. 

Weiner (1948) discussed organized complexity 
in his work, Cybernetics: Control of Man and the Ma- 
chine. He articulated an integrated theoretical 
framework built on the kinds of analyses Lotka pro- 
vided. Cybernetics draws on three theories: system 
theory, information theory, and control theory. For 
Weiner the notion of system was a given. He ad- 
vanced a more complete analysis of feedback 
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mechanisms and goal-directed behavior. He applied 
these constructs to social, biological, and mechanical 
systems. Weiner envisaged the central role of the 
computer in industrial and intellectual processes. In 
so doing he provided the impetus for what would 
become system dynamics theory and, still later, what 
was to become cognitive science. The powerful ideas 
of cybernetics were taken up by computer science, 
engineering, biology, philosophy, psychology, and 
many branches of social science. So complete was 
this integration of cybernetics ideas into other areas 
that the discipline of cybernetics ceased to exist as 
an independent field of study. 

Ludwig Bertalanffy established the field of 
general system theory (GST). The comprehensive 
theory was first published in 1955 and drew heavily 
on basic ideas he developed in the 1930s. It is worth 
noting that in his outline of the "major aims of gen- 
eral system theory," Bertalanffy is explicit in seeing 
the implications for education. His list of the major 
aims included: 

1. There is a general tendency towards integration in 
the various sciences, natural and social. 

2. Such integration seems to be centered in a gen- 
eral theory of systems. 

3. Such theory may be an important means for aiming 
at exact theory in the nonphysical fields of science. 

4. Developing unifying principles running "verti- 
cally" through the universe of the individual sci- 
ences, this theory brings us nearer to the goal of 
the unity of science. 

5. This can lead to a much-needed integration in sci- 
entific education [emphasis added] [1988, p. 37]. 

Such a comprehensive vision has to be taken 
as the model for what followed in system theory and 
in its vision of the integrated study of science. 

The philosophical aspects of general system 
theory were taken up by Laszlo (1972), who advo- 
cated "seeing things whole" and seeing the world as 
an interconnected, interdependent field continuous 
with itself. This synthetic stance was to provide a 
powerful antidote to the intellectual fragmentation 
implied by compartmentalized research and piece- 
meal analysis. Knowing and intentionality are as- 
pects of system theory. This inclusion of the knower 
and goals is seen as a strength of the system ap- 
proach. Scientific knowing is used instrumentally to 
bring the organized interdependencies of the world 
into a greater totality. This totality specifically in- 
cludes the human. 

Laszlo's version of system theory uses two 
kinds of interacting hierarchies. Micro-hierarchies 

and macro-hierarchies are to be interwoven in mod- 
eling the natural world. In his emphasis on knowing 
and goals, Laszlo brings to the fore aspects of system 
theory that serve to unite Aristotelian insights with 
contemporary theories of complexity. 

In a collection of Bertalanffy's papers publish- 
ed after his death (1984), system theory is described 
as consisting of three elements: 

1. Mathematical  system theory: The description 
of a system in terms of a set of measures that define 
the state of that system. Formal mathematics are 
used to account for the transformations in the state 
of the system. The changes in the system are ex- 
pressed by a set of differential equations in time. 
Properties of the system such as stability, wholeness 
and sum, growth mechanization, competition and fi- 
nality are given precise expression using this mathe- 
matics. This is essentially a "structural" internal 
description of a system. 

An external description of a system can be 
analyzed as a "black box." From the outside, the sys- 
tem can be described in terms of inputs and outputs; 
and uses terms from the language of control tech- 
nology such as feedback and goals. This "functional" 
approach can be used to talk about system-environ- 
ment behavior. 

2. System technology: Society and society's use 
of technology have become so complex that they are 
not amenable to traditional analysis. System theory 
allows one to effectively engage this complexity. 
Ecosystems, industrial complexes, education, urban 
environments, socioeconomic entities, and a variety 
of organizations exhibit behaviors that lend them- 
selves to analysis within the system framework. 

3. Sys'tem philosophy: System theory strives to 
be a fully articulated world view, which is to stand 
in contrast to the analytic, mechanistic, linear, and 
externally causal analytic framework of the tradi- 
tional scientific paradigm. System philosophy is to 
be a new paradigm complete with a new ontology 
and epistemology covering "real systems, conceptual 
systems, and abstract systems." 

Bertalanffy's discussion serves to reconcile the 
competing traditions of general system theory, cy- 
bernetics, and system dynamics. 

More recently, the availability and increased 
power of the computer  enabled Jay Forrester of 
M.I.T. to show that "the same principles of cause, 
effect and feedback underlying various weapon sys- 
tems were applicable to explaining the dynamic be- 
havior of governments, business systems, and human 
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behavior." He called this "new" field of study system 
dynamics. Forrester's major works on the principles 
of system dynamics, industrial dynamics, and world 
dynamics were published in 1961, 1968 and 1973 re- 
spectively. Not only did Forrester outline and apply 
system dynamics theory, he mentored many of the 
central figures in the current generation of system 
theorists. This list includes such central figures as 
Denis and Donella Meadows (Limits to Growth; 
1972), Nancy Roberts  (Introduction to Computer 
Simulation), Barry Richmond and Steve Peterson 
(STELLA; 1984, 1990) and Peter Senge (The Fifth 
Discipline; 1990). 

The major advances in system theory of late 
have not occurred at the level of theory but at the 
level accessibility and availability of computational 
platforms. Improvements in interface and the devel- 
opment of various finite-difference modeling envi- 
ronments for the microcomputer  have made it 
possible to consider the introduction of system the- 
ory into school settings. 

A REVIEW OF LEARNING SYSTEM THINKING 

The origin of the idea of using system theory 
as the basis for an integrated science curriculum is 
not recent. In the articulating his general system the- 
ory (GST) in the early 1950s, Bertalanffy explicitly 
drew attention to the possibility of using general sys- 
tem theory as a basis for education. His thesis was 
that GST provides basic interdisciplinary principles 
that could structure an integrated curriculum and 
help move away from the compartmentalized study 
of physics, biology, and chemistry. Under Bertalan- 
fly's analysis, the introduction of system concepts 
holds out the prospect of meaningful reform at the 
level of classroom curriculum. 

A second level of possible reform also exists. 
In the 1960s, Jay Forrester extended the basic analy- 
sis of system thinking to social contexts. He saw this 
work as part of an effort to conceptualize an over- 
arching discipline of system dynamics that would in- 
clude both natural and social processes. In his 
analysis of social system management, Forrester ob- 
served 

there  are f u n d a m e n t a l  reasons  why people mis- 
judged the beh~.vior of  social systems, orderly proc- 
e s s e s  a r e  at  w o r k  in t h e  c r e a t i o n  o f  h u m a n  
judgmen t  and intuition, which frequently lead peo- 
ple to wrong decisions when faced with complex 

and highly interactive systems. Until we come to a 
much  better  unders tanding  of social systems, we 
should expect that a t tempts  to develop corrective 
programs will continue to disappoint us [Forrester, 
1975; p. 211]. 

Peter Senge used Forrester's ideas to analyze 
the working of specific institutions. Inst i tut ions--  
including schools - -would  be covered by Senge's 
analysis, and so system thinking can happen at an- 
other level in the context of school. Not only can it 
lead to an integrated school science curriculum; it 
has the potential of providing an important method 
for reflecting on the institution of schooling itself. 
The history of projects involving the introduction of 
system ideas in formal learning contexts can be seen 
to have two levels: understanding at the level of the 
students and understanding at the institutional level. 

System Thinking in Education Projects 

The 1960s saw the first efforts to realize the 
potential of system thinking at the level of school 
curricula. The Science Curriculum Improvement 
Study (SCIS) of the mid-1960s developed curriculum 
units that introduced the concepts of system, inter- 
actions, subsystems, and variables to elementary 
school children. An evaluation study, "SCIS: Chil- 
dren's Understanding of the Systems Concept"  
(Garigliano, 1975) found that "there are some real 
problems when people attempt to put the systems 
concept to work." In particular, the systems concept 
suffered from two confusions: children "believed 
that a system of objects has to be doing something 
in order to be a system" and "children are confused 
by a system that loses some part of itself." As a key 
component in his work, Garigliano developed an as- 
sessment activity that could be used to evaluate 
learners' understandings of the system concept. Half 
of the children "responded incorrectly" to activities 
involving a comparison of the "number and kind of 
objects." Garigliano argued that more studies with 
children needed be done with activities "requiring 
the ability to conserve a number of types of systems" 
including "volume, area, size, number and kind of 
objects." Garigliano suggested an analysis of the 
conservation activities be done in terms of Piaget's 
development theories about how and when conser- 
vation ideas are constructed by children. 

More recent research based on the SCIS 
model produced results consistent with Garigliano's 
findings. This effort used the SCIS physical science 
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unit "Systems and Interactions" with the experimen- 
tal group and a "descriptive, non-inquiry science 
program which did not attempt to develop the sys- 
tem concept" with the control group. Hill and Red- 
den (1985) reported the experimental group's mean 
on the assessment activity developed by Garigliano 
was higher than that of the control group. Both 
groups, however, had significant difficulties with cer- 
tain items in the assessment. Like Garigliano, Hill 
and Redden reasoned that conservation-related con- 
cepts were at the root of the difficulties. In particu- 
lar, "the notions of equality of systems and allowable 
transformations within a system are not understood 
by many children." 

As conservation concepts play a pivotal role in 
system theory, these difficulties point to real prob- 
lems for curriculum development efforts. Hill and 
Redden make the point by noting "the difficulties 
in developing systems concepts have been underes- 
timated in the SCIS program." Echoing Garigliano, 
Hill and Redden stress that issues surrounding con- 
servation concepts must be further investigated if ef- 
forts to pursue a quantified approach to system 
theory are to be advanced in school settings. 

A somewhat different effort to use system con- 
cepts in primary school settings was undertaken by 
Roberts (1975). Roberts studied how fifth and sixth 
graders learned to read dynamic feedback system 
causal-loop diagrams. The use of feedback concepts 
and causal-loop diagrams constitute an important part 
of system thinking. Roberts' emphasis on these com- 
ponents of system thinking distinguishes her work 
from the research discussed above. Conservation-re- 
lated activities were not a part of her experimental 
design. The students in Roberts' project developed 
and explored relationships among variables discussed 
in written materials. Using Bloom's taxonomy levels, 
Roberts showed that the students performed well on 
the levels of comprehension, application, and analysis. 
The results supported her conclusion that the fifth 
and sixth graders could, in fact, study the concepts 
"underlying problems usually taught at the college 
level and beyond" (Roberts, 1978). These results 
would suggest that some components of system think- 
ing do not seem to be as dependent on conservation 
concepts, and hence can be successfully engaged by 
students in elementary grades. 

Mintz (1987) studied ninth-graders learning 
about ecological systems in a computer simulation 
environment. A major focus of this work was how 
student comprehension of the components of a sys- 

tem and the interaction between variables could be 
advanced by working in a computer program that 
had "pictures, graphs and numerical tables." The ef- 
fectiveness of this kind of learning environment for 
having students come to an understanding of com- 
plexity was addressed. The researcher's conclusions 
in this area were significant. While "[p]assive viewing, 
of the system dynamics is sufficient for the learning 
of simple principles," to achieve the understanding 
of the "high level principles," the active manipulation 
of "at least two variables is needed." Benefits of 
working within this environment were observed for 
students across ability levels. Issues related to learn- 
ers' cognitive styles did arise, and the researcher 
found that "[f]ield-independent students derived 
more learning gains from the simulations than do 
field-dependent students." The overall conclusion for 
this work is that "[v]ariable manipulation is an in- 
structional tool which leads to intelligent learning 
through attention to relevant details, and it helps 
both field-dependent and field-independent students 
to some extent." 

Hopkins et al. (1987) studied how veterinary 
students and cardiovascular research experts made 
judgments of the relationship among properties and 
variables of complex systems. The system under 
study was the heart/blood vessel system. A number 
of analyses found that novices "tended to conceptu- 
alize the system in static anatomic terms." Experts 
showed "a more integrative conceptualization and 
distinguished more clearly than students between re- 
lations involving only system properties and those in- 
volving system variables." The authors found "that 
using the simplest form of representation, a digraph, 
has several advantages over other representations." 
This study arrived at the conclusion that "the dis- 
tinction between properties and variables is funda- 
mental to the understanding of dynamic systems." 

Mettes (1987) has incorporated system think- 
ing in an elaborate model called a systematic ap- 
proach to problem solving (SAPS). At a certain 
stage in his analysis of problem solving, the ideas of 
system boundaries, system content, and system state 
are needed. Using this model, Mettes has developed 
and studied academic courses at Twente University 
of Technology in the Netherlands.  Courses of 
mathematics, physics, and chemistry were developed 
whereby the learning process was divided into two 
phases. In the first phase, the learner receives in- 
struction and information in the skill to be acquired. 
This is the declarative phase. In the second phase, 
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this knowledge is gradually converted into proce- 
dural form by practicing problem solving. Evaluation 
studies have shown that in a course on thermody- 
namics and a course on magnetism, the effect was 
significant. 

The System Thinking and Curriculum Innova- 
tion Project (STACI), coordinated by researchers 
from the Educational Testing Service, was an early 
effort to use a computer-based modeling environ- 
ment with high school students (Mandinach and 
Thorpe, 1987, 1988). For this project, the STELLA 
(Richmond and Peterson, 1984) computer environ- 
ment was used. STELLA is a very powerfully mod- 
eling environment wherein learners can both build 
and manipulate system models. The modeling envi- 
ronment was used in physics, biology, chemistry, and 
social studies classes. The basic research design was 
to compare the abilities of these students to students 
who were taught using traditional classroom ap- 
proaches. The researchers developed a testing in- 
strument titled the system thinking instrument 
(STI). STI emphasized three aspects of what the re- 
searchers took to be the key concepts of system 
thinking: variables, causality, and looping. The re- 
sults were inconclusive using this instrument: "the 
incidence of overlap between test and system con- 
cept coverage was not sufficient from which to draw 
any conclusions." The researchers articulated a con- 
cern that the actual classroom time committed to 
system work probably was insufficient to produce 
significant results. In general, the students were not 
able to construct their own models. 

The actual construction of models by learners 
is an important component of system thinking. The 
development and evaluation cycle associated with 
making models serves to reinforce the idea of dy- 
namic feedback, which lies at the core of system the- 
ory. A paper titled "Learning about Systems by 
Making Models" by Riley (1990) focuses more spe- 
cifically on issues related to having students make 
models using a computer simulation environment. 
Riley used the software modeling environment 
STELLA in the context of an advanced high school 
geography class (sixth form students in London, 
England). He notes early on in his discussion that 
"dynamicsystems are difficult for students to under- 
stand and for teachers to present whether the sub- 
jects are industrial plants, economic activities, or 
environmental systems." 

His effort to have students "express and con- 
struct their own understandings of systems behavior 

through model-making activities" encountered a 
number of difficulties, which are described in the ar- 
ticle. Riley concluded that such an approach may be 
"impractical" because of "excessive demands on the 
expertise and time of the teachers and students." He 
holds out hope, however, that research into "pro- 
gression in student activities" and the development 
of "appropriate software environments" assisting 
students' progress from "ready-made simulations to 
making their own models" will make the process 
more practical in the near future. 

A more specific overview of the features of the 
STELLA environment and an outline of some of the 
potential implications of learning system dynamics 
is provided in Steed's (1992) article, "STELLA, A 
Simulation Construction Kit: Cognitive Process and 
Educational Implications." Drawing heavily on the 
discussion of STELLA and dynamic system princi- 
ples found in the manuals that accompany the soft- 
ware, Steed mentions a host of issues related to 
using the software environment and dynamic system 
principles. A list of the issues raised includes: linear 
vs. circular notions of causality, the challenge of ele- 
gant simplification, discovery and experiential learn- 
ing, constructivism, simulation as intellectual  
"mirror," modeling both physical and affective sys- 
tems, metacognitive skills, complexity, whether the 
time involved in using the STELLA environment is 
"worth the effort," "what-if" kinds of experimenta- 
tion, and seeing "structure as cause" of behavior. 
Other issues are also raised in the article. Unfortu- 
nately, none of the assertions made by Steed are 
supported by empirical research or extended theo- 
retical analysis. In the end, the author is only left 
with the following: "It is concluded that model con- 
struction software might prove to be a useful way of 
making explicit our assumptions about dynamic sys- 
tems and bring us to a better understanding of a 
system's behavior." The operative word in the con- 
clusion is "might." The potential continues to un- 
deranalyzed and underrealized. 

Blauberg et al. (1977), in their book Systems 
Theory: Philosophical and Methodological Problems, 
have conceptualized a number of paradoxes con- 
cerning system thinking. One paradox concerns the 
capacity to analyze system hierarchy. The effort to 
describe a system as such calls upon the description 
of the subsystems; and the descriptions of the sub- 
systems depend on the description of the system. 
Another paradox involves the concept of wholeness. 
It is impossible to cognize a system as a whole with- 
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out decomposing it into its parts. A further paradox 
involves the tension between the knowledge (and 
corresponding methodologies) associated with spe- 
cific systems and the methodology of system theory 
itself, which is to be general and hence not tied to 
the specific content of the systems under considera- 
tion. There are many levels of complexity that need 
to be resolved as the new science of system theory 
emerges and attempts to articulate its relation to the 
analytic method of traditional science. 

Recently, Senge (1990), in The Fifth Discipline, 
has extended Forrester's work and studied exten- 
sively systems thinking in what he calls "learning or- 
ganizations." In a detailed analysis of behavior of 
corporations as learning organizations, Senge de- 
picts several "archetypes" of system thinking crucial 
for managing organizational behavior in complex 
situations. It would be interesting to study whether 
or not the organizational behavior problems coin- 
cide with individual cognitive problems concerning 
systems thinking. The following system thinking ar- 
chetypes were captured by Senge: 

1. "Balancing process with delay." When the 
feedback from the goal is delayed, and the 
organization is not conscious of the delay, 
it will end up taking more corrective action 
than necessary. 

2. "Limi ts  to growth."  A classical growth 
curve consists of log, log and saturation 
phases. In order to avoid approaching the 
saturation phase, the best strategy is to re- 
move the limiting factors and not to rein- 
force the growth. 

3. "Shifting the burden." When a short-term 
solution is used to correct the problem we 
seemingly see positive, immediate results. 
The long- term corrective measures  are 
used less and less, leading to reliance on 
the symptomatic solution. 

4. "Shifting the burden to the intervener." 
When an external agent attempts success- 
fully to correct  the system, the people 
within the system never learn how to deal 
with problems themselves. 

5. "E rod ing  goals ."  This s i tuat ion occurs 
when short-term solutions let a long-term 
goal decline. 

6. "Escala t ion."  When one system sees its 
welfare depending on a relative advantage 
over the other, each side sees its own ag- 
gressive behavior  as a response to the 

. 

. 

other's aggression. This leads to a buildup 
which goes far beyond what either side con- 
siders desirable. 
"Success to the successful." When two sys- 
tems compete for limited resources, the 
more successful one becomes the more suc- 
cess it gains, thereby starving the other. 
"Tragedy of the commons." When indivi- 
duals use a commonly available but limited 
resource solely on the basis of individual 
need. Eventually, the resource is signifi- 
cantly eroded or depleted. 

According to Senge, system thinking would al- 
low the individual, group, or organization to have 
an overview of the structure and the dynamics of the 
local system and adapt the behavior accordingly. 
Senge's account of the concept of system thinking 
on the level of organizational behavior is probably 
the most detailed study of its kind. However, this 
study does not tell us why problematic behavior 
emerges and what is necessary to learn and employ 
system thinking. 

The most recent effort to engage system theory 
in school settings is being carried out at the Catalena 
Schools in Tucson, Arizona. It is in this setting that 
Forrester (1991) has set up the Systems Thinking 
Educational Project. Rather than beginning the edu- 
cational enterprise with facts, Forrester advocates 
reversing the traditional educational sequence. Stu- 
dents would start with the activity of synthesis. Parts 
are to be brought together into a whole, where the 
whole assumes characteristics not capable of being 
reduced to properties of the elements. Only later 
would students break material into constituent parts 
and apply facts to generalizations. To support this 
teaching strategy Forrester draws on Bruner's idea 
that "unless detail is placed into a structured pat- 
tern, it is rapidly forgotten." This effort is still on- 
going and the formal results are not yet in. Because 
this effort attempts to build on the work of Roberts 
and not Garigliano, the issues surrounding conser- 
vation concepts are not raised. Insofar as Forrester's 
project uses the software environment STELLA and 
this environment  specifically requires an under- 
standing of conservation concepts to make it work, 
it will be interesting to see if difficulties related to 
children's ability to conserve such quantities as vol- 
ume, area, size, as well as number and kind of ob- 
ject, will arise anew in this context. 

The effort by Forrester is also significant at an- 
other level. It is the first project that articulates a 
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commitment to implementing system thinking both 
at the level of the curriculum and at the level of 
analyzing the behavior of the educational enterprise 
of the school itself. In order for system thinking to 
be effective at this level, system concepts must be 
learned by the people working at that level. Ques- 
tions about learning system thinking must be ad- 
dressed at this level: what is possible, when, and 
how? The need for fundamental research into learn- 
ing about system theory is once again highlighted. 

A REVIEW OF TYPES OF LEARNING 
ENVIRONMENTS 

There are three basic types of learning environ- 
ments or learning approaches that have been used 
to teach system thinking. The learning environments 
may be used in conjunction with one another in con- 
structing curricula and are not mutually exclusive. 

Expert Presentation 

Texts of the sort written by Lotka, Bertalanffy, 
Forrester, Roberts, or Senge are but one format for 
engaging system ideas. Texts serve both as a pres- 
entation of the theory and a kind of learning envi- 
ronment. Some of the texts on system theory require 
a high level of technical expertise on the part of the 
reader. Other texts are aimed at a much more gen- 
eral audience. Still others serve as textbooks within 
relatively traditional learning settings. 

Texts written for experts are not intended to 
serve as an ideal learning environment for a large 
number of people. Expert texts are for those with a 
good deal of expertise in place, and hence the ability 
of the texts to advance understanding in the nonex- 
pert population is not a central concern. 

Popular texts, in contrast, are designed to be 
accessible at some level by a significant number of 
potential readers. For popular texts, there is tension 
between the richness of ideas that can be presented 
and the need to maintain accessibility. Moreover, it 
is not clear that even for very good popular texts 
the number of people able to make significant shifts 
in their understanding based solely on reading is 
large. While popular texts are aimed at a larger 
audience, the assumptions about how the learning 
might take place are not made explicit. Thus it ap- 
pears that while accessibility is important, popular 
texts are simply "flying blind" when it comes to hav- 

ing that accessibility be based on a framework for 
how understanding is advanced. 

Texts that are to serve as textbooks are gen- 
erally designed to function within a relatively tradi- 
tional pedagogical paradigm. Thus their success is 
closely associated with the effectiveness (or ineffec- 
tiveness) of that paradigm. 

Lectures are a second kind of expert presen- 
tation. As an approach to learning about system the- 
ory, such a paradigm might be expected to be no 
more or no less successful than when this paradigm 
is used to teach various subject domains (e.g., phys- 
ics or chemistry). Based on results in specific disci- 
plines (Halloun and Hestenes, 1985; McCloskey et 
al., 1980), the use of formal verbal presentation 
(even when accompanied by a textbook) can be ex- 
pected to have very modest success. 

A specific example of a textbook-based cur- 
riculum project is The Man-Made World project be- 
gun in 1965. This project involved both research 
universities and industries. It focused on introducing 
concepts from the engineering curriculum into the 
liberal arts curriculum. The goal of this effort was 
to start down a road leading to technological literacy 
for all. The curriculum concentrated on the system 
concepts because "the systems approach is increas- 
ingly important in modern technology, economic, 
political and social studies" (David et al., 1980). The 
hope was that the curriculum would be animated by 
the fact that the text "presents a series of significant 
current problems in which the concepts provide un- 
derstanding." Within the context of technology and 
society, the content of this curriculum deals with de- 
cision-making, optimization, modeling, systems, 
change, feedback, human-machine systems, logic, 
and communications. 

This was a serious effort to present complex 
concepts in a way that would be accessible to nonen- 
gineering students while still providing an introduc- 
tion for s tudents  who did decide to go on in 
engineering disciplines. The project, however, did not 
articulate a coherent approach to learning issues nor 
did it do substantive evaluations of learning outcomes. 

For both kinds of expert presentation--text  
and verbal presentat ion-- the nature of the inter- 
action is largely fixed. Few opportunities, if any, exist 
for getting access to and then actively engaging 
learners' understanding. It seems highly suspect that 
such presentation-based learning environments 
might provide effective vehicles for actually learning 
system thinking. 
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Computer Simulation 

The most common form of active learning envi- 
ronment for learning system thinking is the computer 
simulation. There are two approaches to simulations. 
Either learners are asked to develop their own simu- 
lations or ready-made simulations are provided. 

Roberts et al. (1983) developed a introductory 
course in computer simulation for system dynamics. 
The computer environment is used as a "method for 
understanding, representing, and solving complex in- 
terdependent problems." The environment animates 
"three critical aspects" of the system perspective: 
cause-and-effect thinking, feedback relationships, 
and system boundary determination. The learners 
are required to construct computer simulations us- 
ing a system dynamics approach. 

The following six types of activities serve as the 
teaching and learning strategy outlined by Roberts 
et al. The first phase is concerned with "problem 
definition," which leads to the second phase of "sys- 
tems conceptualization." In the third phase models 
are represented using the DYNAMO simulation 
language. The fourth phase has the simulation being 
used to determine how the variables behave over 
time. The model is then evaluated by comparing the 
results of the model with the phenomena being 
modeled. Refinements are made in the model. In 
the final phase the model is used to test alternative 
policies and approaches for engaging the system un- 
der consideration. After the introduction to system 
theory, the text goes on to use the six phases to con- 
sider such topics as the oil crisis, urban planning, 
population, family dynamics, predator-prey rela- 
tions, and the progress of flu epidemics. Despite the 
richness of the models and learning strategy, very 
few insights into actual teaching and learning are 
given in the Roberts work. 

Recently, Forrester assumed a principal role in 
developing the Systems Dynamics in Education Pro- 
ject. Computer simulations implemented in the 
STELLA software environment are the core instru- 
ments in these curricula. Currently, the simulations 
are introduced using simple kinematics concepts (e.g., 
free-fall, uniform motion, etc.), a study of epidemics, 
and an examination of glucose regulation in the body. 

In contrast to the approach outlined by Roberts, 
the students are not responsible for building the mod- 
els. Instead, models very similar to those developed 
by the Systems Dynamics Group at MIT in the late 
1960s, 1970s, and early 1980s are central to this effort. 

The rationale recently articulated by Forrester 
(1991) for his work in schools is that "system dynam- 
ics offers a framework that promises to give cohesion, 
meaning and motivation to [j]unior and [s]enior high 
school education." Moreover, "learner-directed 
learning imports to pre-college education the chal- 
lenge and excitement of the research laboratory." 
Forrester's approach to reform revitalizes one of the 
central themes of the curriculum reform efforts of 
the 1960s. Notably, it centers on the idea that the 
content and methodologies associated with the uni- 
versity model for educating should be "imported" 
into the secondary schools as the primary instruments 
of reform. The gap between university learning and 
school learning is to be closed by making school edu- 
cation more like university education. Because its 
iconic interface is assumed to provide a more acces- 
sible interface for building computer simulations than 
that used to construct the original simulations in the 
1960s, 1970s, and 1980s, STELLA lies at the core of 
Forrester's effort to move school education to be 
more in line with university education. 

Recently, a number of high-quality, prepack- 
aged simulations have become commercially avail- 
able. As is true with the STELLA environment, the 
learner is able to manipulate the basic inputs and 
outputs of the model. Unlike the STELLA environ- 
ment, however, the learner is not given access to the 
internal structure of the model itself. The models 
are manipulated as a kind of intellectual black-box. 
SimEarth and SimCity are powerful examples of this 
kind of black-box simulation (Wright, 1992a, b). 

Looking just over the education horizon, a new 
parallel processing language called *Logo (pro- 
nounced "star-Logo") has been developed at the 
Media Lab of MIT (Resnick, 1992). Building on 
commands and concepts developed for Logo, *Logo 
can be used to model the behavior of complex sys- 
tems. The language is now available for micro-com- 
puters and represents a very powerful new direction 
in which computer simulation related to learning 
system thinking can move. 

Real World 

General system theory is about engaging the 
richness and dynamism of the world around us. Sci- 
ence education reforms of the last 30 years have em- 
phasized giving learners access to hands-on learning 
environments. This marks a significant improvement 
in science education in its own right. Those con- 
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cerned with advancing system theory as a basis for 
school curricula need to take care to build on this 
strength in the future. In providing an alternative 
framework to traditional science programs, system 
theory should retain a commitment to having stu- 
dents learn and act in the real world. System think- 
ing has to be seen to involve more than simulation. 

To date, very few curricula have had children 
use system concepts to understand real-world envi- 
ronments. The SCIS program is one of these. Un- 
fortunately, the environments provided in the SCIS 
program were relatively simple and static (e.g., fold- 
ing and cutting up sheets of paper). The potential 
of using system thinking to engage complex dynamic 
situations was not fully explored. 

A host of environments that would draw on 
the full potential of system thinking to engage com- 
plex dynamic situations are readily available. Many 
such environments can be developed using resources 
found at home, in the school, and in the larger com- 
munity. Commercially available products like Lego- 
Logo also have much to offer system-theory based 
curricula. The goal is to draw on the richness from 
within an inclusive framework like that provided by 
general system theory. 

SUMMARY 

From its inception, general system theory has 
represented an effort to provide an intellectual 
framework capable of unifying the various domains 
of empirical understanding. General system theory 
has also looked to actively engage the dynamic as- 
pects of the world as we experience it. These empha- 
ses give general system theory enormous potential as 
a basis for education reform. We are committed to 
the stance that GST is very much a human construc- 
tion and is therefore subject to change and further 
evolution. Nonetheless, GST allows for coordinated 
movement toward a coherent intellectual framework 
for reform efforts aiming at discipline integration, ad- 
dressing science, technology and society issues, and 
moving toward science education for all. We have 
suggested that there are five elements in general sys- 
tem theory that seem particularly appropriate to the 
pursuit of this kind of reform. 

1. General system theory takes up the challenge 
of creating a powerful framework for discipline inte- 
gration. As such it stands to provide a coherent al- 
ternative to the current pastiche of reform efforts 

based on vague or underdefined notions of what in- 
terdisciplinary science curricula might look like. 

2. System theory and system technology pro- 
vide tools that enable individuals and society to ana- 
lyze and take action upon a host of complex issues 
we now face. Many of these issues are addressed in 
science, technology, and society curricula. These is- 
sues include: resource depletion, environmental 
management, appropriate technology, population 
control, energy use, and building ecologically sus- 
tainable economies. The complexity and dynamics of 
these sorts of issues quickly overwhelm traditional 
school science curricula. System theory provides a 
framework in which these complex issues can be 
powerfully engaged and addressed. 

3. Change is a central aspect of our experience 
of the world. General system theory is aimed at pro- 
viding a framework for engaging the dynamics of our 
world. Understanding change means being able to 
comprehend system transformation and evolution. 
The ability to conserve number, form, shape, pat- 
tern, mass, volume, and other specific properties are 
crucial to being able to come to grips with change. 
Traditional school-based science curr icula- -be-  
cause they are based on static concepts (e.g., taxon- 
omy)- - leave  learners ill-prepared to engage the 
dynamics of the world around them. System think- 
ing, in contrast, has change at the center of under- 
standing the dynamics of systems. 

4. The ability to understand the world on more 
then one level is important for engaging complexity. 
We believe large and complex systems need to be 
analyzed at both the individual (micro) and collec- 
tive (macro) levels. The ability to relate individual 
and aggregate behavior is crucial for understanding 
complexity. Insight requires shifting back and forth 
from the micro-level to the macro-level and back 
again. Neither level can be reduced to or fully ex- 
plained without the other. System thinking articu- 
lates the tension between these levels and the need 
to engage both levels in constructing understanding. 

5. Last but not least, GST pursues a kind of 
intellectual reconciliation between the human world 
and the natural world. The reintroduction of goal 
and design in discussions of natural systems is con- 
troversial. Nevertheless, such a reintroduction allows 
our understanding of the world to be brought into 
line with our experience: we experience our world 
as a whole; the human and the natural are insepa- 
rable and fully integrated. By emphasizing intention- 
ality, the knowing of science and the problem solving 
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of technology are brought much closer than tradi- 
tional epistemologies typically allow. In undercutting 
the long-standing alienation of the human and the 
natural, the most controversial aspect of system the- 
o,- 3, stands also as its greatest potential strength. 
Matter, living organisms, social systems, and tech- 
nology are seen as related systems of an interactive 
universe. 

The theoretical potential of general system 
theory for science education is significant. Our re- 
view of the few efforts to implement system theory 
in the educational setting serves to underscore how 
far we currently are from realizing the potential. It 
is one thing to identify the central tenets of "system 
thinking," yet another to characterize and advance 
a learners' understanding of system ideas. Little is 
known regarding learners' intuitions and preconcep- 
tions about complex and dynamic systems. The few 
studies that have been undertaken suggest that is- 
sues related to conservation, cognitive style, multiple 
representation, and relating variables need to be for- 
mally investigated. 

An extensive program of research and devel- 
opment is called for. The research agenda should 
address, among other issues, learners' intuitions con- 
cerning complexity, system dynamics, synthetic 
thinking (as it specifically includes design and goal- 
directed behavior), and causality. The development 
effort should be aimed at the creation of environ- 
ments that engage learners' understanding and pro- 
vide learners with a setting in which they can 
construct more powerful system concepts and in- 
sights. While most of the research to date reports 
on simulated learning environments, we believe it is 
crucial to pursue learning research in the context of 
real-world settings as well. The many advantages of 
using computer-based simulations to advance system 
thinking need to be fully investigated and employed 
in the development effort. We have no reason to be- 
lieve that real-world learning environments are any 
less rich, and we would advance the idea that re- 
search and development should focus on these en- 
vironments as well. On the whole, a significant, 
long-term research and development effort is essen- 
tial to any effort to have system thinking realize its 
potential for science education reform. 
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