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Abstract—Spoken and written language plays an important
role in communicating ideas about engineering from instructors
to students. Researchers in other disciplines have examined
the barriers that differences between everyday and technical
language can create to student understanding, but little, if any,
such work has been done in engineering. In this study, we
examine how students and experts in chemical engineering define
and use the word efficiency to determine if this term might lead
to misunderstandings or misconceptions. We find that experts
consistently define efficiency in terms of inputs and outputs of a
chemical process. Students, however, initially think of efficiency as
completing a task or producing a product in the least amount of
time possible — a definition that is sometimes at odds with experts’
technical definitions. However, we see that students use the expert
definition of efficiency when analyzing a process flow diagram.
The results of this study highlight the need for instructors to be
clear when using ambiguous technical language in the classroom.

Index Terms—semantics, chemical engineering

I. INTRODUCTION

Educational researchers have long been interested in the role
of spoken and written language in science and engineering.
Scientists and engineers use written language to represent their
ideas and communicate those ideas to students, peers, and
the public. Researchers in science education have documented
how language can create barriers to student learning. In
physics, commonly used terms have both technical and ev-
eryday definitions (e.g. force, acceleration, power), leading to
student misconceptions about these ideas [1]-[13]. In biology
and medicine, excess jargon introduces excess cognitive load
in the classroom and interferes with student learning [14], [15].
We could find no studies in engineering education looking at
the use of language in the classroom and how it might create
barriers to student learning. This study represents a first step
in critically examining the role of language in engineering
classrooms.

In a previous study of student problem-solving, we found
that students would frequently use “efficiency” as a criterion
for evaluating how well a chemical process is functioning [16].
However, students would not define what efficiency meant, and
would use it in inconsistent ways (e.g. saying that the process
should be “environmentally efficient”). This inconsistent use
of the word efficiency motivated us to study how students and
experts define and use the term in both every day and technical
contexts. Our research questions were:

1) How do students and experts define and use the word
“efficiency” in different contexts?

2) Do students at different stages of their education exhibit
different understandings of efficiency?

3) Do students exhibit misconceptions about efficiency?

Though our research questions are limited to one particular
term, the results can provide insight into how language might
create barriers to student learning in the engineering class-
room. We hope this will motivate other researchers to examine
the use of technical language (e.g. power, strain, stress, waste)
and that greater awareness will motivate educators to be more
aware of how they use language when communicating with
students.

II. THEORETICAL FRAMEWORK

Reddy presents a framework for communication called the
“toolmaker’s paradigm” [17]. He suggests that people con-
struct meaning from messages they receive based on their prior
knowledge, experience, and the resources available to them.
This implies that the message itself is meaningless. The sender
and recipient need to construct the meaning using a commonly
understood set of signals and meanings. This establishes
communication as an effortful act. Miscommunications and
multiple interpretations of text are thus inherent in the system
of communication.

One such example of potential miscommunications is what
Ullmann [18] calls a “semantic pathology.” A semantic pathol-
ogy arises whenever the same text can have two different,
incompatible meanings while used in the same context. For
example, the phrase “I’m sorry” can either be an expression
of empathy, or admitting fault. Both definitions might be used
in the same context — when something bad has happened to
another person (for which you may or may not be at fault)
— but express fundamentally different sentiments. Thus, the
recipient of a signal might construct a meaning different from
that intended by the sender.

This framework suggests that meaning cannot be directly
conveyed from one person to another (e.g. teacher to student)
through text. The teacher needs to help the student construct
their intended meaning by elaborating on the set of shared
meanings they have already developed. Students can use these
shared meanings to decode the new words presented to them.
Brookes & Etkina provide a useful example [19]. When a



physicist says that an electron is in the ground state, she means
that the electron has a particular energy. If students do not have
the same shared meanings as the physicist, they may interpret
state as a spatial characteristic rather than something related to
energy. This would be a misconception on the students’ part,
and the word “state” would thus be an example of a semantic
pathology.

III. METHODS

We took a phenomenological approach to answering our
research questions. This approach was appropriate given the
exploratory nature of this work and the lack of previous
investigations of the use of language in engineering. We devel-
oped an interview protocol to probe participants’ definitions
of the word efficiency in different contexts. The protocol was
designed based on the research questions listed above, and
based on the protocol used in Ioannides & Vosniadou [7]; the
full protocol is in Tab. 1. We first asked participants about
their general impressions of the word efficiency and how they
would describe it to a child. We asked this before collecting
information about the participants’ technical backgrounds so
as not to influence their initial definitions. We then asked
participants how they would define efficiency in an engineering
context, and whether they thought the definition might vary
by engineering discipline. Finally we showed participants a
process flow diagram and then asked them how they would
evaluate the diagram, and whether there was enough informa-
tion to determine whether the design is efficient. We concluded
the interview by asking whether participants thought there
were different kinds of efficiency. The interview protocol was
reviewed by three experts in educational research, two of
whom had studied semantics in physics.

We recruited participants from chemical engineering pro-
grams at two highly selective research universities in the
United States; one a private, east-coast university and the
other a public, west-coast university. We invited students to
participate in a study of how engineering students think about
the word “efficiency,” and participants were compensated $25
for 30 minutes of their time. In total, 13 first-year students (in
the first three weeks of their first engineering course), 16 senior
students (in the first three weeks of their capstone lab and
design courses), and 18 PhD students at various stages in their
degrees responded and participated in the study. In addition,
we asked three professors of practice at these universities to
be interviewed to provide an “expert” perspective we could
use for comparison.

The interviews were divided into three sections: how partici-
pants initially defined efficiency, how they defined efficiency in
an engineering context, and how they applied the definition of
efficiency to analyzing the process flow diagram we presented
them. We found that the ontology of the word efficiency
was consistent across interview sections and participants. All
participants defined efficiency as a process characteristic:
optimizing the outputs of some process with respect to the
inputs of the process. This applied to processes from their
everyday experiences (e.g. completing homework assignments

in the minimal amount of time), as well as in engineering
contexts (maximizing the production of a chemical product
from the given amount of input material).

According to this ontology, we thus coded each section
of the interview for the various process outputs and inputs
that participants identified. We identified 11 unique inputs
and 6 unique outputs that participants identified across the
three interview sections, which we have listed in Table 2. We
then calculated the frequency of occurrence of each input and
output code among the four groups: first-year students, senior
students, PhD students, and experts.

IV. RESULTS

In Fig. 2, we plot the frequency of occurrence for each
input and output code among each of the four groups of
participants when initially defining the word efficiency. We
find that experts unanimously define efficiency to be max-
imizing the amount of desired product produced compared
with the amount of starting material, energy, money, and
number of steps input into the process. Experts also mentioned
minimizing the amount of waste produced as a byproduct.

“It means high throughput and high yield....I also

mean minimal waste, which isn’t the same thing...I

get a fair amount of product per either space or time

or energy put into it.”
In addition to this technical definition, approximately 66% of
the experts also defined efficiency as completing tasks in the
least amount of time.

“Let’s say I have a certain person doing some work

and it should take him about 30 minutes work, and

all of a sudden, it takes him 35 minutes. You know

something’s not...he’s not being very effective.”
The vast majority of students (60-70%) defined efficiency only
as completing a certain task as fast as possible. Approximately
20% of students also considered the resources or effort put into
completing that task,

“..trying to do the least amount of work possible

and like achieve the same results. Like, that’s the

best way I can put it, like ‘m working to achieve a

result with less time, less resources.”
but less than 15% of students provided a technical definition
of efficiency similar to the one that experts produced.

When asked to define efficiency in an engineering context,
students’ responses shifted considerably (see Fig. 3). Only
30% of students still defined efficiency as completing a desired
task in the shortest amount of time, while 40-50% of students
defined efficiency as producing some desired product in the
least amount of time possible.

“I just think the most efficient way to do that is,
like, it takes the least amount of time to get the
most amount of product out of it.”
Time was the most commonly considered input, though some
considered the amount of starting material and energy required
to produce a product.
“...there’s also the material sense of efficiency...”



TABLE I
INTERVIEW PROTOCOL

Question Follow-up Question

1. Can you explain to me what you think of when you heard the word efficiency?

2. How can you explain efficiency to a six-year old?

3. What do you think the word efficiency means to an engineer or in an engineering

context?

4. Is this the same meaning as your fellow engineering students would have? a. Do you think this interpreted differently for different
fields of engineering?

5. Here is a chemical process block flow diagram based on some chemical pyrolysis

reactions (see Fig. 1). What criteria would you use to evaluate this design?

6. Do you have all the information you need to assess whether or not this design is  a. What information would you need to assess whether

efficient? or not this design is efficient and why?
b. How would you use that information to evaluate the
design’s efficiency?

7. What features of this design make it efficient? Which features of this design make

it inefficient?

Labor

8. What would be the characteristics of an efficient chemical process?

9. Are there different types of efficiency? If so, what are they?
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Fig. 1. Diagram given to subjects.

Inputs Outputs
g 1 g 1
£ 09 £ 09
= 0.8 5 08
S 0.7 g 07
c s S 06
S 04 S 04
g 03 7 0.3
g 02 I I £ 0.2 I
g-' 0'5 [l II (1% II & (I8 (I8 S 0'(1} ™ | lll ] | = i
=
= D 3 I’ X o X < = % X < X & X
‘\‘b & & & Q@ e > & o o . o~ & 2
& ¢ &S & & SRS & ¢ o‘*\Q
Q“\ Q_B‘-% o ¥ \é) bq Q\Q"
S & & &
G‘-\‘b Ao C,QQ 5
® First-Year ® Senior ™ Grad Expert B First-Year ®Senior ®Grad = Expert

Fig. 2. Frequency of each input (left) and output (right) mentioned by participants when first defining the word efficiency.
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Fig. 3. Frequency of each input (left) and output (right) mentioned by participants when defining efficiency in an engineering context. Note that experts were
committed from this graph because they gave engineering definitions of efficiency when first asked.
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Fig. 4. Frequency of each input (left) and output (right) mentioned by participants when assessing the efficiency of a process flow diagram.

TABLE I
COMPLETE LIST OF INPUT AND OUTPUT CODES IDENTIFIED IN THE
INTERVIEW DATA.

Inputs Outputs

Time Completed Tasks or Results
Resources Desired Product

Effort Waste

“Inputs” “Outputs”

Starting Material Profit

Energy Useful Energy

Money

Labor

Number of steps
Physical space
Materials of construction

In addition, approximately 20-30% of students gave a textbook
thermodynamic definition of efficiency: the useful energy
produced by a process compared with the amount of energy
put into the process.

“Work out over work in, I think. Yeah.”

We do not have expert data in Fig. 3 as experts responses
in the first interview section already contained their definition
of efficiency in an engineering context. We note, however,
that some experts cited pump efficiency and fuel efficiency as
specific instances of efficiency used in engineering.

In Fig. 4 we plot the frequency of inputs and outputs coded
when participants were asked to assess the efficiency of a
process flow diagram given to them. Again, experts said that
efficiency was defined as maximizing the production of desired
product, while minimizing the amount of starting material,
energy, steps, money, and materials of construction input into
the process. Unlike the previous sections of the interview,
we see substantially more agreement between students and
experts. Approximately 85-100% of students used efficiency
to mean maximizing the amount of desired product while
minimizing the amount of energy and starting material put
into the process. A non-zero fraction of students still retained
the idea of time, saying the process should happen as fast
as possible, and some students also considered the number



of steps in the process and the money put into the process as
important variables. Some students also said that the amount of
waste produced should be minimized, and the profit produced
should be maximized.

V. DISCUSSION

Our initial finding that the ontology of the word efficiency
is consistent across contexts and participants is noteworthy.
Though there are many varied specific definitions of efficiency,
the basic definition of maximizing process outputs with re-
spect to process inputs remains the same. This is different
from investigations in physics education, which have largely
centered on words like “force,” in which researchers found
that scientists’ use of conceptual and grammatical metaphor
resulted in many different definitions of scientific terms among
students [19], [20]. These varying definitions have been linked
to student misconceptions [20]; it thus seems unlikely that stu-
dents would develop misconceptions about the word efficiency.

Experts’ definitions of efficiency were consistent across
contexts, and consistent with what we expected based on dis-
ciplinary conventions of chemical engineering. They defined
efficiency as maximizing desired products and minimizing
waste, while minimizing the amount of material, energy, and
money used in the process. Students’ definitions of efficiency,
however, changed depending on the context. Students’ initial
definitions of efficiency seem to be rooted in their everyday
experiences: completing tasks as fast as possible (sometimes
considering the effort required). Indeed, students cling to the
idea that efficiency is doing something or producing something
in as little time as possible when asked about efficiency in an
engineering context. Curiously, students actually apply the idea
of efficiency to a chemical process in the same way that experts
do. It may be that the static representation of a process flow
diagram discourages students from thinking about how long
it takes to produce something, and more about the materials
that are put into and out of the process.

Concerning our second research question, it is notable that
students were consistent in how they defined efficiency in
different contexts across cohorts. This suggests that a more
nuanced and technical definition of efficiency comes with
experience in industry, rather than from formal education.
Indeed, it is notable that even the first year students with
essentially no engineering knowledge were able to come up
with a mostly correct definition of efficiency when analyzing a
process flow diagram. This indicates that efficiency may be a
relatively intuitive idea, though one that needs to be carefully
defined and contextualized.

Students’ shifting definitions of the word efficiency and the
difference between students and experts constitute a semantic
pathology. Efficiency can have multiple different meanings in
the same context which may be in conflict with one another.
For example, the fastest way to produce something is often the
most energy and resource intensive, SO minimizing time as an
input would be at odds with minimizing energy and starting
materials. Based on Reddy’s toolmaker’s paradigm, such a
semantic pathology could easily lead to misunderstandings

between students and instructors when describing a process
as “efficient.” These results suggest that instructors need to
be very precise and clear when using the word efficiency.
They should define which outputs are being maximized or
minimized, and the inputs this optimization is occurring with
respect to. This is already done in textbooks when defining
ideas like engine efficiency or pump efficiency, but could easily
be overlooked when interacting with students in the classroom.
Indeed, one of the experts who participated in this study was
motivated to incorporate a lecture on “efficiency” into their
process design course.

While we only studied a single technical term here, there are
many others which may cause barriers to student understand-
ing in the classroom. “Stress” and “strain” are words which
have everyday and technical definitions that differ — research
from physics suggests that this will lead to misconceptions.
Other technical terms have multiple different contexts in which
they can be defined (much like the word efficiency) and
thus care is needed to make sure that the proper meaning
is conveyed. Such terms include “waste,” or “safety” — for
example, one could consider process safety, consumer safety,
food safety, personal safety, and many other types of safety.

VI. CONCLUSIONS

This work represents the first study, to our knowledge,
of the role of semantics in chemical engineering education.
Nonmathematical language plays an important role in commu-
nication between engineers, students, instructors, and clients,
and thus deserves more attention in the research literature. In
this particular study, we identified a term with many differing
definitions, but all the definitions fit into the same ontological
category, so we did not observe any misconceptions. However,
we still identified the potential for misunderstandings between
students and instructors, or even engineers and clients, when
using the word efficiency. In the future, we will investigate
students’ use of language in the classroom environment to de-
termine if these differences in interpreting ambiguous language
actually inhibit student learning.

We hope this work motivates other researchers to examine
the use of technical language in the engineering classroom.
For example, the words “stress” and “strain” have both precise
technical and everyday definitions, which indicates there may
be the potential for student misconceptions. We also hope that
educators will be more aware of how they use language in
the classroom. This study suggests that technical terms with
ambiguous definitions need careful attention so that instructors
can help students construct the discipline-appropriate mean-
ings they are trying to convey.

Future work should address links between this ambiguous
language and problems with student learning, but this study
clearly demonstrates the potential for problems in the class-
room. Indeed, in other disciplines instructors have found that
ambiguity in technical language can interfere with students’
conceptual understanding of a subject, as can excessive use of
technical jargon. Instructors should be aware of this issue and



ensure that their students are correctly interpreting the material
they are trying to convey.
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