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TOWARD TECHNICAL UNDERSTANDING 
Part 4. A General Hierarchy 

Based on the Evolution of Cognition* 

J.M. HAILE 
Clemson University • Clemson, SC 29634-0909 

As their principal role, institutions of higher learning 
are to develop and extend those high-level cogni
tive skills that people need to function productively 

in modem society.[11 Such skills include complex abstract 
thought, logical and mathematical reasoning, synthesis and 
analysis, and the ability to recognize and apply patterns, 
generalizations, theories, and schema to solve problems. 
Such skills are developed by immersing students in a com
munity whose members explicitly attempt to pass those skills 
to other segments of the society. This difficult job is at
tempted only at institutions of higher education. But though 
we, as institutions, have been at this job for centuries, we 
still do not have effective methods for accomplishing it. 

In previous papers in this series, I presented a hierarchy of 
technical understandingsc2

•31 based on my experience in try
ing to help students learn and on our current knowledge of 
the structure and function of the human brain.r41 I will refer 
to this as a special hierarchy of understandings. 

But in addition to using observations of college students 
and brains to obtain evidence for how learning occurs, we 
can also pursue other routes. For example, Merlin Donald 
studied the evolutionary history of culture from apes to 
homo sapiens sapiens to show how high-level cognitive 
skills probably developed. rsi And in another study, Kieran 
Egan used mental growth in youngsters as the basis for a 
theory of how humans learn.C61 Both these studies result in 
cognitive hierarchies. That by Egan contains five levels of 
human understandings: somatic, mythic, romantic, philo
sophic, and ironic. I will refer to this as a general hierarchy 
of understandings. 

* Part 1, "Brain Structure and Function," CEE, Vol. 31(3), 152 
(1997); Part 2, "Elementary Levels," CEE, Vol. 31(4), 214 (1997); 
and Part 3, ''Advanced Levels," CEE, Vol. 32(1), 30 (1998). 

In this general hierarchy, it is the philosophic level that 
encompasses the critical thinking skills required of engi
neers. However, we cannot immediately begin instruction at 
the philosophic level, because the special and general hierar
chies are not merely sequential , but integrative: in such 
models, mastery at any level requires assimilation, reorgani
zation, and generalization of understandings gained at lower 
levels. Hence, unless students have attained adequate facility 
with somatic, mythic, and romantic thinking, they cannot 
progress beyond a superficial level of philosophic under
standing. Unfortunately, most students now entering engi
neering schools in the U.S. are ill-prepared to develop tech
nical understandings at the philosophic level. Moreover, vari
ous strategies currently in vogue for addressing this prob
lem-such as problem-based learning, discovery-based learn
ing, group work, and web-based learning-are primarily 
attempts to exercise thinking at the philosophic level. As 
such, they fail to meet student needs at lower levels in the 
hierarchy and therefore they are generally not as effective as 
they could be. For some students, such learning exercises 
are, in fact, counterproductive. 

As engineering instructors, we are masters of philosophic 
understanding, and we naturally want to teach what we do 
best. But many engineering students are not prepared to 
enter into philosophic modes of instruction. If those students 
are not properly prepared, then philosophic instruction is 
largely frustrating, and such students fail to develop the 
ski lls we want them to have: ability to solve novel problems, 
ability to extract meaning from data, ability to develop tech
nical narratives that are well-reasoned and convincing, abil-
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ity to exercise sound engineering judgment. The question is, 
can we do anything about it? 

EPISODIC LEARNING 

before he developed the theory of relativity .1101 The close 
interdependence of manual dexterity and abstract mental 
processing has been emphasized in a book by Frank Wi l
son;1 11 1 similarly, the connections between manual skills and 

engineering talents have been emphasized in 
an article by Petroski.1121 

Before identifying levels of human under
standings, we consider the demarcation between 
human and animal cognition. In animals, the 
highest levels of cognitive skills are found in 
chimps and the great apes. Beyond the instinc
tive and procedural-habits characteristic of all 
animals, chimps and great apes are masters of 
the moment; they can contrive creative solu
tions to problems as they arise. For example, 
they can combine available objects in new ways 
and they can use available objects as tools to 
achieve goals . Further, some individual apes 
have been taught a subset of American Sign 
Language. 171 Donald refers to these achieve
ments as episodic learning. These kinds of 
achievements are remarkable; nevertheless, they 
are limited to the current situation-animals 
live in the present. They do not plan for the 
future. For example, they do not make tools of 
their own. Although they may have used an 
object repeatedly as a tool, they do not set it 
aside for future use. Even though they may 
learn some sign language, they have never 

... the special 
and general 

hierarchies are 
not merely 

sequential, but 
integrative: in 
such models, 

mastery at any 
level requires 
assimilation, 

reorganization, 
and 

Toolmaking, which reverses tactile learning, 
is the attempt to convert abstract images into 
concrete objects. Toolmaking is taught in mas
ter-apprentice relations with little verbal com
munication ; the instruction relies heavily on 
gestures, physically realized procedures, and 
concrete trial-and-error strategies. An en
hanced remnant of this somatic mode of in
struction serves as the basis for today 's 
graduate education. 

Somatic modes of communication rely on 
manual gestures and body motions-obvious 
abstractions employed to convey ideas and re
lations among concrete objects and situations. 
There is a growing body of evidence to support 
Donald ' s position that human language evolved 
from manual gestures.l 131 Further, somatic forms 
of communcation are still employed in the per
forming arts, in sign languages for the handi
capped, and in signals used by referees and 

generalization 
of 

understandings 
gained at lower 

levels. 

made original contributions to their vocabu-
lary, much less created a grammar. In short, animals with 
the most highly developed cognitive skills appear inca
pable of abstract thought . 

SOMATIC UNDERSTANDING 

The first step beyond episodic learning is prelanguage and 
relies on the sense of touch to gain and convey understand
ing. For engineers, its important characteristics are tactile 
learning, toolmaking, and communication by manual ges
tures and body motions. Donald calls this mimetic learning, 
but we follow Egan and call it somatic understanding. At the 
somatic level , we have already taken a decisive step away 
from episodic learning and into abstract thought. Thus, the 
touching and manipulating of objects, which is characteristic 
of tacti le learning, seem to aid the human mind in learning to 
create abstract images. We conjecture that mastery at the 
somatic level is a prerequisite for later facility with highly 
abstract thought. Thus, Newton was an accomplished ex
perimentalist before he wrote the largely theoretical 
Principia, 181 Gibbs designed gears and brakes for railway 
cars before he developed the abstract thermodynamics of 
phase equilibria,l91 and (to stretch the point only slightly) 
Einstein worked with concrete inventions submitted for patent 
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umpires in sporting events. 

An instructive example of somatic learning 
has been documented in a recent article published in this 
joumal;li 41 as a student, S. Godiwalla found herself frustrated 
by instructors who consistently presented engineering sub
jects at high levels of abstraction. She needed to see the 
pumps, valves, and fittings that were being represented sym
bolically in lectures; to understand, she needed to handle the 
objects, look inside them, take them apart. Her response was 
to find a technician who could help her convert abstract 
symbols into concrete reality. It is germane to note that Ms. 
Godiwalla was a double major in chemical engineering and 
dance; thus, we have strong evidence for a student function
ing at the somatic level. 

MYTHIC UNDERSTANDING 

In evolutionary terms, mastery of somatic skills serves as a 
foundation for creating abstract names for concrete things, 
then language, and then names for abstract things such as 
virtue, patience, and deceit. Understandings at this level are 
characterized by oral traditions, such as myths and epic 
poetry, and so they can be called mythic understandings. In 
an earlier paper in this series,121 I di scussed the power that 
primitive people attributed to names. That power becomes 
extended and generalized when myths are used to explain 
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Once a culture has established an oral tradition, it may proceed to 
further levels of abstraction by creating graphic images for objects, situations, 
and events. Such pictures, hieroglyphs, and other graphic devices may be followed by 
creation of symbols for numbers, an alphabet, and writing. 

how the world works. At the mythic level, understandings 
are developed and conveyed through stories: oral structures 
composed of an introduction that establishes a conflict, an 
internally consistent narrative line, and a conclusion that 
resolves the conflict. Egan reminds us that Carl Sagan and 
Richard Feynman were both masters at presenting technical 
material in narrative forms.C61 

To establish such narratives, storytellers usually create 
conflicts based on binary opposites: good vs . bad, strong vs. 
weak, industrious vs. lazy. For us as sophisticated instruc
tors, this is a simple-minded way to view the world; further, 
it leads to two-valued logic systems that are not merely 
wrong, but dangerous_LI 5l (For example, "Never trust anyone 
over 30." "All Democrats are liberals." "People who can ' t 
do, teach.") Nevertheless, binary opposites are effective for 
introducing new ideas, and they allow us to develop narra
tive lines that conclude with discussions of engineering judg
ment. In technical material, binary opposites rarely occur, 
but the same advantages can be obtained by appealing to 
binary alternatives; for example, we might introduce chemi
cal processes as either batch or continuous, instruments as 
either digital or analog, and pumps as either centrifugal or 
positive displacement. The degree to which such a pair fails 
to cover all possibilities would be left for later discussions at 
higher levels of understanding. 

ROMANTIC UNO ERST ANDING 

Once a culture has established an oral tradition, it may 
proceed to further levels of abstraction by creating graphic 
images for objects, situations, and events. Such pictures, 
hieroglyphs, and other graphic devices may be followed by 
creation of symbols for numbers, an alphabet, and writing. 
Note that graphic devices and writing involve abstractions 
identified at the mythic level combined with manual dexter
ity developed at the somatic level. This particular combina
tion of manual and mental abilities may have prevented 
some cultures from converting their oral traditions into writ
ten language. Thus, some cultures remained at the mythic 
level , while others developed graphic expression without 
adding a written language. Graphics, numbers, and writ
ing bring a richness and flexibility that is missing from 
the somatic and mythic levels; however, these advan
tages come at the price of greater difficulty in attaining 
mastery at this level. 
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It is a command of graphic symbols and wntmg that 
characterizes romantic understanding, so called because the 
explanatory stories of mythic understanding are converted 
into stories driven by human needs and aspirations. One 
aspect of romantic understanding is an emphasis on bounds
on the limits of human performance. Thus, at the romantic 
level, we focus on the highest building, the longest bridge, 
the fastest car, the most powerful rocket engine, and the 
smallest (nanoscale) motor. The seven wonders of the an
cient world were all made by man. 

To i11ustrate the human context of a technical topic, let us 
consider using the romantic mode for introducing the second 
law of thermodynamics. In so doing, we would not merely 
introduce such abstractions as entropy, irreversible processes, 
and heat engines, we would place those abstractions within 
the context in which they were invented: the needs driven by 
the industrial revolution occurring in Europe in the early 
1800s. To humanize the discussion, we could discuss the 
personal histories of such figures as Sadi Carnot in France, 
Rudolf Clausius in Germany, and Wi11iam Thomson (later 
Lord Kelvin) in Britain, whose efforts culminated in a for
mal statement of the second law. 

A second aspect of romantic instruction is that material is 
not presented in a linear sequence; rather, the presentation 
emphasizes salient points and ignores details. To illustrate, 
Egan uses the metaphor of map-making. If we were to take a 
romantic approach to mapping a country, we would not 
proceed systematica1ly from one coordinate to the next; in
stead, we would locate the prominent features-the moun
tains, lakes, rivers, canyons, gorges, and cities. Adding de
tails involves understandings beyond the romantic. We find 
it convenient to extend this metaphor by referring to the 
"object" defined by this romantic activity as the conceptual 
landscape for a topic. 

A third aspect of the romantic mode is the uncovering of 
interesting and unexpected connections. For example, Sadi 
Carnot's work on heat engines was influenced by the inter
ests of his father, Lazare Carnot, who was minister of war 
under Napoleon in 1800 and minister of the interior during 
Napoleon ' s Hundred Days in 1814. When war erupted be
tween France and Britain in 1792, France faced a possible 
shortage of pencils. It was Lazare Carnot who commis
sioned Nicolas-Jacques Conte to develop a process for mak
ing high-quality pencil lead from low-quality graphite.[ 161 By 
about 1794, Conte had succeeded in inventing the crayons 
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Conte, which are essentially our "lead" pencils. Thus, the 
second law of thermodynamics is circuitously connected to 
an instrument that contributed to writing and, hence, to the 
spread of romantic understandings. 

Connections are often interesting because they are 
counterintuitive or amusing. For example, modern textbooks 
routinely use the second law to prove that there can be no 
perpetual motion machine. But it is amusing to note that 
Sadi Carnot reversed the logic: he deduced the second law 
from the assumption that perpetual motion machines cannot 
exist. 11 71 Such connections serve as themes for popular es
says written by James Burke 
and now regularly published 
in Scientific American. 

time 

we force all students to construct plots on computers, for 
somatic contact with the data is replaced by representations 
and manipulations at higher levels of abstraction. 

PHILOSOPHIC UNDERSTANDING 

To our knowledge, all human cultures developed somatic 
knowledge and mythic traditions and some developed ro
mantic learning, but few developed philosophic understand
ings; in fact, we know of only one such culture-the ancient 
Greek. At the philosophic level, the graphic tools and writ-

ten language mastered at the 

Besides bounds, connec
tions, and human interest, 
the romantic level invokes 
pictorial symbols: diagrams, 
flowsheets, plots, and other 
figures that are characteris
tic of engineering. At first 
blush, there may seem to be 
little to say about these de
vices-they are taken for 
granted in both engineering 
education and practice-but 
for this very reason, they 
may be easily misused in 
teaching. First note that al-

Figure 1. The x-y plot is a graphic device characteristic of 
those deployed at the level of romantic understanding. 
Nevertheless , such plots are late inventions in human his
tory, coming long after romantic, philosophic, and ironic 
understandings were fully developed. The first x-y plot was 
apparently the musical staff, created by a Benedictine choir
master during the Middle Ages/' 81 

romantic level may enable de
velopment of higher-order 
thinking skills: inductive and 
deductive logic, inferential 
reasoning, analysis and syn
thesis, critical thinking, cre
ation of theoretical constructs, 
and generalizations. These 
abstractions relate, simplify, 
and extend knowledge gained 
at lower levels in the hierar
chy. 

Our experience implies that 
the transition from romantic 
to philosophic understandings 
is a difficult one; in fact, in-

though plots are romantic devices, they may invoke interpre
tations at other levels of understanding. For example, some 
plots can be interpreted in terms of the performance of 
equipment; this appeals to somatic understanding. On other 
plots, a curve might be interpreted in narrative terms as 
illustrating a response to conflicts or competition between 
variables; this appeals to mythic understandings. Still other 
plots may be interpreted as expressing relations among terms 
and quantities in equations; this appeals to philosophic un
derstandings, as discussed in the next section. Thus on enter
ing the romantic mode of learning, a student may readily 
understand some plots, but have difficulty with others. 

Second, note that interpreting an existing plot usually 
involves lower levels of understanding than those used in 
creating the plot. For example, the first x-y plot was, appar
ently, the musical staff created by Benedictine monks during 
the Middle Ages; 11 81 on the staff, pitch (frequency) of each 
note is plotted on the ordinate, while time runs along the 
abscissa, as shown in Figure I. The musical staff is a 
graphic-a romantic-device created by philosophic think
ing for use by mythic performers. Nevertheless, creation of a 
plot can involve somatic elements that are beneficial to some 
students; they gain understandings by manually transform
ing a table of data onto graph paper. This benefit is lost when 

Winter WOO 

dividuals do not seem able to 
make the complete transition by themselves. 161 That is, to 
progress beyond a superficial level of philosophic under
standing, an individual must reside in a community of philo
sophic and ironic thinkers and learn from them. This is the 
principal role of higher education in our society,C1

•61 although 
the role is poorly understood by most students, many admin
istrators, and some faculty. 

To achieve technical understandings at the philosophic 
level , we rely heavily on mathematical logic using equa
tions. An equation is a romantic construct: a collection of 
graphic symbols arranged to show relations among quanti
ties and ideas. But even at this romantic level, many students 
have difficulty distinguishing equations from formulae: for
mulae are means for converting numbers into other numbers 
(such is the use of the quadratic formula), whi le equations 
are means for expressing relations. Of course, most equa
tions can also be used as formulae, but their real import lies 
in relating ideas, not numbers. 

The use of equations in developing mathematical chains of 
logic, however, is not a romantic activity, but rather a philo
sophic one; examples include proofs, derivations, and the 
deductions routinely employed in problem solving. Such 
activities are highly abstract and require substantial sophisti-
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cation on the part of the student. As instructors, our tendency 
is to underestimate the somatic, mythic, and romantic skills 
that students must have mastered before they can manipulate 
equations productively at the philosophic level. As Marvin 
Minsky has noted, "it takes years to become proficient at the 
language of mathematics."11 91 

In addition to mathematics, we have a host of other de
vices for developing and conveying philosophic understand
ings; examples include problem-solving strategies, operat
ing procedures, technical reports, computer programs, gen
eralized patterns (such as the unit operations), and general
ized theories (such as occur in transport phenomena). Such 
philosophic devices are routinely explored and exploited in 
our teaching and in this journal, so there is no need to 
belabor them here. 

Philosophic understandings develop from systematic ex
plorations of a subject's conceptual landscape. In such ex
plorations, we seek justification for the prominent features 
identified at the romantic level ; further, we seek to expose 
the logical connections-the details- that relate the promi
nent features. But such an exploration soon overwhelms us 
with the innumerable details that establish the often-com
plex web of connections among 
important points. To maintain con-

2. Transference, which is the use of the concept to solve 
problems in concrete situations other than the one that 
inspired conceptualization. Thus, continuing with our 
example, when we place the pan of water in a refrigera
tor, we might again use the concept of heat, now to 
explain the fall in temperature. 

3.Generalization, which is creation of an abstract interpre
tation of the concept, independent of any concrete object 
or situation. Thus we might eventually generalize the 
concept of heat to the more abstract notion of energy: 
heat is a form of energy that "crosses" system bound
aries. Exploration of the generalized abstraction might 
lead us to generalized rules; for example, whenever the 
net effect of a process is to add energy to a system, we 
expect temperature to rise. 

4.Extension, which occurs whenever we recognize 
concrete situations, unlike those in conceptualization 
and transference, to which the abstract form of the 
concept can be applied. For example, we place ethanol 
in an insulated vessel and then do work on it. We 
understand that the temperature will rise because we 
have added energy, even though no heat crossed the 

boundaries. 

trol over the material, we seek sim
plifications via overriding patterns, 
theories, schema, and generaliza
tions that organize our knowledge 
into structures that are useful; in 
the words of Mach , we seek 
economy of thought. cwi 

Abstraction 
The articulation of these steps 

helps us recognize a possible pit
fall when using standardized tests 
to assess student progress. It is 
relatively "easy" to drill students 
in conceptualization and transfer
ence, so they can perform well on 
standardized tests, but without the 
ability to generalize and extend 
what they know, such students 
remain confined to a rather su
perficial level of philosophic un
derstanding. 

The reorganization of knowl
edge into abstract and economical 
structures is the characteristic ac
tivity oflearning at the philosophic 
level. Following Vygotsky, we can 
divide this activity into four 
steps:f211 

1. Conceptualization, which is 
the creation or recognition of 
a concept that arises from 
observing concrete situations. 
For example, placing a pan of 
water on a hot stove might 
lead us to the concept of heat 
as an explanation for the 
observed temperature rise. 
Conceptualization may take 
place at mythic, romantic, or 
philosophic levels; often, it 
incorporates features from all 
three. 
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Figure 2. Psychological studies of learning211 and 
neurological studies of brain function 12-41 confirm 
that student understandings of abstractions de
velop in a bottom-up learning strategy from con
crete situations to abstract concepts. Thus, it is 
counterproductive to attempt to teach conserva
tion of energy by confronting students first with 
the generalized energy balance. However, we ap
ply abstractions in a top-down fashion , from ab
stract notion to concrete situation. Thus in prob
lem solving, students should be taught to start 
with the generalized energy balance and then pro
ceed deductively. 

Note that, as illustrated in Fig
ure 2, we develop understandings 
of abstractions by instructing in a 
bottom-up mode: concrete situa
tion to abstraction. But, we apply 
abstractions in a top-down mode: 
abstraction to concrete situation. 
These two strategies, bottom-up 
for engineering education and top
down for engineering practice, 
were deduced from Vygotsky's 
psychological studies of language 
acquisition in children;C2 11 but we 
emphasize that they are consis
tent with our earlier deductions 
about proper learning strategies 
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based on the current understanding of brain function. 11-31 

Note also that as students develop and practice these skills, 
they often find extension, the transition from abstract to 
concrete, to be just as difficult as generalization, the transi
tion from concrete to abstract.1211 

Finally, we must emphasize the dangers that are inherent 
in the power of philosophic understandings: the command of 
knowledge and economy of thought provided by patterns 
and generalizations can easily seduce any of us into self
deception. 

We are particularly susceptible to self-deception at two 
Levels of philosophic development. One occurs at the novice 
level, where the student's knowledge base is small, so nearly 
any theory or generalization can organize and explain situa
tions and events.c61 The mi ld form of this disease leads to 

. overconfidence: the student considers his understanding com
plete, so filling in details is considered to be an unnecessary 
waste of effort. More severe cases lead to mental stagnation, 
prejudice, and antisocial behavior. 

The second window of susceptibility comes with mastery 
of philosophic understanding of a particular, well-defined 
and usually narrow, portion of a discipline. Though the 
domain of knowledge may be small, it still requires years of 
effort to master, so that although success is a true accom
plishment, it may induce self-deception manifested as hu
bris. A common symptom is the expectation that the pat
terns, generalizations, and organizing principles found in the 
restricted domain must apply to other domains; if they do 
not, then those other domains are deemed unimportant 
and can be ignored. Thus, we have scientists who treat 
humanists with disdain, and humanists who treat scien
tists with contempt. Such narrowly trained experts can 
pose considerable dangers to a society, as was empha
sized long ago by Ortega y Gasset.'221 

IRONIC UNDERSTANDING 

If we are able to avoid or overcome self-deception, and if 
we gain sufficient facility and experience with manipulating 
knowledge at the philosophic level , then we may come to 
realize that even the power of philosophic understanding is 
limited. Any real situation is so complex that it is, at best, 
only incompletely described by our abstractions , theories, 
and generalizations; in fact, many real situations are not 
described by any of our hard-won theoretical constructs. 
Such realizations may drive us to a level of understanding 
that Egan calls ironic. 161 

One aspect of ironic understanding is a proper perspective 
on models; all our attempts to describe and explain reality 
are merely models. At the somatic level, we use the human 
body in our first crude attempts to model. At the mythic 
level , the myths themselves serve as modeling devicesY1 At 
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the romantic level, graphics and writing allow us to revise 
the simple models of myths into more elaborate structures. 
At the philosophic level , technical thinking is dominated by 
mathematical models; at this level , we think we know much. 
The transition to the ironic level starts when we realize we 
still know very little. 

As engineering instructors we are probably more comfort
able than most with the roles that models assume in contrib
uting to and limiting our understandings. As engineers we 
routinely justify the use of a particular model in a given 
situation by the a posteriori observation that it solved the 
problem. "Whatever works" is laden with ironic overtones. 
Nevertheless, engineering students have considerable diffi
culty in recognizing models, in accepting their limitations, 
and in selecting the appropriate model for a given situation. 
For many students, "whatever works" is a cop-out rather 
than a signal of subtle sophistication. 

Another aspect of a properly developed ironic understand
ing is an underlying sense of humor. To have successfully 
completed the transition from the romantic to the philo
sophic level, to have spent years in mastering a discipline at 
the philosophic level, and then to realize that one still knows 
little-such progression must drive an individual to either 
despair or to humor. To react with humor is to recognize and 
accept the irony of our lot. 

More generally, the ironic thinker is sensitive to anoma
lous situations that fail to adhere to the usual philosophic 
patterns and theories. Such thinkers display considerable 
insight in attaching abstract interpretations to concrete phe
nomena, flexibility in manipulating concepts, and judgment 
in combining models with formal theories. Ironic thinkers 
are comfortable with multiple solutions, the lack of solu
tions, ambiguity, uncertainty, and doubt. 

It is probably too much to expect that in four years we can 
bring many engineering undergraduates to even an opera
tional understanding at the ironic level; nevertheless, we can 
sow seeds for future growth. In our instruction, we can 
continually emphasize the roles and limitations of models, 
and we can give students exercises that force them to select 
the model most appropriate for a given situation-such exer
cises develop engineering judgment. To illustrate that many 
situations have no single "right" answer, we can confront 
students with open-ended problems; further, any prob
lems having multiple solutions allow us to ill ustrate the 
consequences of manipulating a situation to achieve dif
ferent objectives. 

Finally, we can exploit humor as an instructional device. 
Elsewhere I have speculated about the probable relations 
between humor and creativityY1 Here it is appropriate to 
twist an observation ofMinsky's:11 91 at the philosophic level, 
engineering instruction is essentially the humorless activity 
of using mathematical logic to establish connections, but 
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subset of the more general one; this is illustrated in Figure 3. 

The technical hierarchy begins, at its most elementary 
level , with making conversation, and it continues with ar
ticulation of definitions that identify conceptual elements. 
These activities are fundamental to the oral traditions char
acteri stic of mythic understanding, for conversation leads to 
storytelling, and both conversation and storytelling reveal 
the need for a language composed of words having com
monly accepted definitions. 

The third level in the technical hierarchy is pattern recog
nition; at this level we attach meanings, rather than mere 
definitions, to a concept by relating it to other concepts. The 
pattern formed in this way defines the conceptual landscape, 
whjch is a product of romantic understanding. 

The fourth and fifth levels of the technical hierarchy in
volve problem solving and problem posing. These are the 
principal activities that constitute transference of concepts 
among concrete situations in phj)osophic understanding. 
Making connections, at the sixth level of technical under
standing, is the same as the philosophic exercise of general
izing concepts from concrete situations to abstract ones. 

Finally, at the seventh level of technical understanding, 
creating extensions is the philosophic activity of applying 
abstractions to different concrete situations. Thus, we have a 
close and satisfying correspondence between the technical 
hierarchy and the more general one. 

In the next paper in this series we will discuss how the 
general hierarchy can be applied to engineering education. 

54 

5. Donald, M. , Origins of the Modern Mind, Harvard Univer
sity Press, Cambridge, MA (1991) 

6. Egan, K. , The Educated Mind, University of Chicago Press, 
Chicago, IL (1997) 

7. Savage-Rumbaugh, E.S., Ape Language: From Conditioned 
Response to a Symbol, Columbia University Press, New 
York, NY (1986) 

8. Westfall , R.S. , Never at Rest: A Biography of Isaac Newton, 
Cambridge University Press, Cambridge, UK (1980) 

9. Gibbs, J .W. , The Early Work of Willard Gibbs, Henry 
Schuman, New York, NY (1947) 

10. Pais, A. , 'Subtle is the Lord .. .' The Science and Life of Albert 
Einstein, Clarendon Press, Oxford, UK (1982) 

11. Wilson, F .R. , The Hand, Pantheon Books, New York, NY 
(1998) 

13. 
12. Petroski, H. , ''Work and Play," Am. Sci., 87, 208 (1999) 

Corballis, M.C. , "The Gestural Origins of Language," Am. 
Sci., 87, 138 (1999) 

14. Godiwalla, S., "What is Inside that Black Box and How Does 
It Work?" Chem. Eng. Ed., 32, 306 (1998) 

15. Hayakawa, S.I. , and A.R. Hayakawa, Language in Thought 
and Action, 5th ed. , Harcourt Brace & Co., San Diego, CA 
(1990) 

16. 
17. 

18. 

19. 

Petroski, H ., The Pencil, A.A. Knopf, New York, NY (1998) 
Carnot, S. Refl,exions on the Motive Power of Fire, translated 
and edited by R. Fox, Lilian Barber Press, New York, NY 
(1986) 
Crosby, A.W., The Measure of Reality, Cambridge Univer
sity Press, Cambridge, UK (1997) 
Minsky, M., The Society of Mind, Simon and Schuster, New 
York, NY (1986) 

20. Mach, E. , The Science of Mechanics, 6th ed., Open Court 
Publishing, La Salle, IL (1960) 

21. Vygotsky, L.S., Thought and Language, M.I.T. Press, Cam
bridge, MA (1962) 

22. Ortega y Gasset, J ., The Revolt of the Masses, Norton, New 
York, NY (1994) 0 

Chemical Engineering Education 


