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The Effect of Conceptual Diagrams on Aviation Mechanics’ Technical Systems Understanding

Abstract

This quasi-experimental study explored the effect of functional flow diagrams on technical
system understanding. An individualized field training package which contained schematic
diagrams that illustrated an aircraft’s electrical system was complimented with functional flow
diagrams. A four week treatment was administered with a control group receiving the
instructional package which contained only schematic diagrams. The treatment group received an
instructional package that contained the schematic diagrams and additional conceptual diagrams
of the systems. The following research questions were addressed:

1. Do functional flow diagrams increase student’s understanding of the structural, functional,
and behavioral aspects of technical systems?

2. Do functional flow diagrams enhance student’s knowledge structures of technical systems?

Results of this study show that the use of functional flow diagrams was effective for
improving overal} system understanding related to the electrical systems. The functional flow
diagrams were also found to be an effective instructional media for enhancing students’
conceptual understanding of the causal behavior of the system. In addition, the use of the
functional flow diagram was found to significantly improve the subjects’ ability to re-construct
conceptual models that were similar to those of an expert.
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The Effect of Conceptual Diagrams on Aviation Mechanics’ Technical Systems Understanding

Research directed at expert and novice differences in domains such as financial reasoning
(Bouwman, 1983), physics and mechanics (Chi, Feltovich, & Glaser, 1982; Larkin, McDermott,
Simon, & Simon, 1980), medical diagnosis (Elstein, Shulman, & Sprafka, 1978), and electronic
troubleshooting (Johnson, 1987) has attempted to identify those characteristics that are associated
with expertise. As a result of this research, it appears that experts have large detailed knowledge
structures related to how systems operate that partially stems from experiential knowledge of the
system (Chi, Glaser, & Farr, 1988). One goal of technical training and vocational education is to
bring the novice closer to the expert’s level of understanding. The use of an expert’s causal
mental model of how a system works may prove beneficial when training novices. The expert’s
model may resolve the ambiguities of the system and provide more robust component models of
the device. “From the learner’s perspective, the simply constructed, but correct causal model can
serve as a cognitive framework for organizing forthcoming refinements derived from models with
fewer implicit assumptions” (de Kleer & Brown, 1983, p.184). In line with this reasoning, Brown
and Burton (1987) advocate teaching technicians (a) conceptual knowledge, based on qualitative,
causal models of how systems function; (b) how to develop causal mental models from the

structure of the device; and (c) how to use the developed model to understand the rationale behind
various troubleshooting procedures.

A major goal for vocational and tecnnical training is to develop reasoning skills that will
enhance a person’s problem solving capabilities, as well as facilitate learning at a conceptual
level. However, current instructional materials developed for technical instruction do not appear
to be effective in helping students develop this level of understanding (Johnson, Foster, &
Satchwell, 1989; Mayer & Gallini, 1990; National Alliance of Business, 1988). For example, a
typical approach to fluid power systems instruction is to use schematic diagrams to describe the
function and operation of that system and its component parts. When students do not have a
sufficient background in hydraulics to fully comprehend the complex, abstract nature of the
schematic diagram they are unable to develop the conceptual understanding of the system. Other
types of graphic representations may prove beneficial to technical systems instruction.

The major focus of this inquiry was to examine the effectiveness of two types of network
diagrams for improving college level aviation mechanics students’ understanding of technical
systems. Specifically, the effectiveness of complimenting the schematic network diagram wiih
the functional flow diagram was explored.

Mental Models

Recent cognitive science research has studied how people mentally represent complex
phenomena. Resultant theories suggest that when people interact with their environment, with
other people, or with technological devices, they form internal mental models of themselves and
the things with which they are interacting. These models help to predict or explain our
inieractions with our environment, other people, and with technical apparatus (Norman, 1983).
Novices often lack a mental model or begin with a general model of the system which becomes
more detailed as they gain experience. For example, some people can imagine how a cassette
tape recorder works to record a favorite song. They can mentally visualize how devices like these
might work, compiling a “picture” in their mind of the components within the system (e.g.,
recording head, microphone, magnetic tape, etc.). Whether accurate or not, they can construct
explanations of how the recording device works based on their prior knowledge of the component
parts within that system. In order to develop a deeper level of understanding with respect to the
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cassette tape recorder and its specific components, people need a basic understanding of the
system’s physical structure, knowledge of the function of it’s component parts, and an
understanding of how these components interact with each other. While our understanding of
these underlining principles and concepts may not be complete or even accurate, we must possess
some knowledge of these concepts if we are to develop an understanding of technical systems.

The recording device example identifies a type of mental model (i.e., causal mental model)
that is thought to be critical for complete understanding of technical systems. This notion was
initially introduced by de Kleer and Brown (1981, 1983) during their investigations on how
people acquire an understanding of technological devices. A causal mental model is an
internalized representation of the relationships within a given system. A person can mentally
“run” the model, producing a mental simulation that predicts the system’s actions. For example,
an expert troubleshooter can mentally insert various faults into their causal mental model of a
technical system and analyze the results.

Causal mental models infiuence not only how a problem is represented but also which
stimuli are encoded and how these stimuli are encoded. In this way, causal mental models serve
as mnemonic devices that facilitate remembering in the same manner as schemata (Borgman,
1982; Gott, Bennett, & Gillet, 1986; Johnson, 1987, 1988; Norman, 1983).

Research suggests that experts rely on these causal mental models to understand techni.
devices. Kieras and Bovair (1984) have investigated the role of a mental model in learning how
to operate an unfamiliar piecs of equipment. The results of their study suggests that a device
model is not needed for procedures that are easy and familiar, although for more difficult
unfamiliar procedures, the device model does improve performance on learning and retaining the
operating procedures of a device.

People may also develop several other types of mental models when reasoning about an
electrical system. Simple, qualitative physical models may be developed to explain an electrical
circuit at a micro level, for example a structural model might convey how electrical charges are
redistributed through a resistor when the current across the resistor changes. Another model may
be developed to convey the high-level functior:ality of the circuit, for example a functional model
might represent the system’s purpose and how the subsystems within the circuit interact to
achieve the system’s purpose. The third model is known as the behavioral model. This type of
model is developed to explain the behavior of the system at the component level, for example,

how changes in the state of one component can cause changes in the states of other components
(White and Frederiksen, 1987).

Network Diagrams for Instruction

The use of graphic materials to compliment regular classroom instruction has become a
common instructional technique at ail levels of education. After reviewing over 650 articles
related to the use of visualized instruction, Dwyer concludes that “present methods of selecting
and using visual materials for instructional purposes are grossly ineffective and wasteful and that,
in many cases, for specific educational objectives visualization of content material is no more
effective than the same instruction without visualization”(1978, p. xiii). Literature related to
visual materials and pedagogical approaches echo the concerns expressed by Dwyer. “One of the
major questions of future research dealing with training techniques should be how the internal
model can be developed efficiently and correctly” (Braune & Trollip, 1982, p. 997).

Dwyer’s conclusions and more recent concems expressed in the technical training literature,
have guided this research to investigate the use of two different types of network diagrams (i.e.,

an




Conceptual Diagrams

5

functional flow diagrams and schematic diagrams) for improving student understanding of
technical systems. According to Waller (1981), a network diagram is a graphic representation of
a system, a process, an organization, or 2 mechanism. This type of diagram is often used in
technical instruction to illustrate a company structure, an industrial process, or technical system.

Functional flow diagrams. Studies have suggested that different features of diagrams might
convey different types of information. For this investigation, the functional flow diagram is used
to represent the fundamental concepts or essential component parts of a system and to organize
meaningful relationships between these concepts and component parts. Current literature has
stressed the importance of meaningful learning of concepts and principles in school learning
(Ausubel, Novak, & Hanesian, 1978; DeKlerk, 1987; Novak & Gowin, 1984; Stice, & Alvarez,
1986). Several investigations have attempted to “map” the concepts held by students (Novak,
Gowin, & Johansen, 1983; Pankratius, & Keith, 1987; Stice, & Alvarez, 1986). According to
Ausubel’s learning theory, concepts play an important role in the acquisition and use of
knowledge. In order to learn meaningfully, students must relate ideas to one another and to their
existing conceptual schema.

Schematic diagrams. In this study, a schematic network diagram is one that uses abstract
symbols to represent the component parts of a technical system and connects these abstract
symbols with lines to indicate their relationship. Schematic diagrams are used extensively to
illustrate electronic circuits, to diagram system components in troubleshooting manuals, and to
provide visual clarity during technician instruction. Use of the schematic diagram for developing
technical system understanding is advocated by the United States Navy in a electricity and
electronics training series produced by the Naval Education and Training Program Development
Center (1985). This publication entitled; Introduction to Electrical Conductors, Wiring
Techniques, and Schematic Reading states that, “the schematic diagram is the most useful of all
the diagrams in learning overall system operation” (p. 39). Even though the schematic diagram is
used widely as a visual aid for instruction, and highly advocated by the United States Navy as the
most useful type of diagram when learning the operation of a system, no research has been
identified that has investigated it’s instructional effectiveness.

Functional flow diagrams vs. schematic diagrams. The following differences between these
two types of network diagrams have been identified for this study.

1. The functional flow diagram has the ability to convey -a conceptual level of understanding
about the system, displaying the conceptual function of only the system’s gssential
component parts, whereas, the schematic diagram conveys a component level of

understanding about the system, displaying the relationship of all component parts of the
system.

2. The functional flow diagram conveys the causal relationships between the system’s essential
component parts (e.g., activating component A causes component B to activate), whereas,

the schematic diagram does not explicitly convey any causal relationships among the
component parts of a system.

3. The functional flow diagram has the ability to impart a time sequence on the system (i.e.,
component A must change before component B changes), whereas, the schematic diagram
represents the system at only one moment in time.

4.  The functional flow diagram has the ability to disciose a sense of motion to the current
flowing through the system (i.e., one can easily follow the current flow through the system
as it is indicated on the functional flow diagram by the use of arrows and action oriented
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words such as; activated, energized, etc.), whereas, the schematic diagram conveys the
current in a stationary or static state.

In summary, the cognitive research suggests that in order for the progression from novice to
expert to take place, novices must develop accurate causal mental models of the technical systems
with whuch they interact. The United States Navy, in a electricity and electronics training series
has made the claim that the schematic diagram is the most useful type of network diagram for
learning how technical systems operate. After extensive searching, no reported research could be
found to back the Navy’s claim about the effectiveness of using schematic diagrams for
developing technical system understanding; therefore, the question still remains as to what
pedagogical approaches are most appropriate for developing the novice’s causal mental model.

The purpose of this experiment was to explore the effect of functional flow diagrams on
technical system understanding. The following research questions were addressed: (1) Do
functional flow diagrams increase students’ understanding of the structural, functional, and
behavioral aspects of technical systems, and (2) Do functional flow diagrams enhance students’
knowledge structures of technical systems?

Method
Subjects

During the Fall semester of 1991 eighteen male students were enrolled in AVI 170, Aircraft
Systems II in the Institute of Aviation of the University of Illinois at Urbana-Champaign.
Students enrolled in this course were divided by the Institute of Aviation into two laboratory
sections. Section A met every Monday and Wednesday from 8:00 a.m. - 11:00 a.m. and section B
met every Monday and Wednesday from 1:00 p.m. - 4:00 p.m. Students from both sections
attended a lecture and discussion class every Thursday from 1:00 p.m. - 3:00 p.m. This study
used a quasi-experimental design. Laboratory section B had eight students and was randomly
selected as an intact treatment group for this study. Section A had ten students and became an
intact control group for this study.

Research suggests that prior experience (Chi, Glaser, & Farr, 1988), as well as skill level
(Gitomer, 1988) may influence a person’s knowledge structure. Therefore, it was important to
establish that the two groups were equal in that regard. Aptitude indicators for both groups were
obtained from the archival records of the Institute of Aviation. These included the American
College Testing Program (ACT) examination scores, Survey of Mechanical Insight scores, and
University of Illinois grade point averages. Domain specific indices included grades earn2d in the
prerequisite basic electronics course AVI 145, and the AVI 170 final examination scores. The
AVI final examination was an instructor prepared comprehensive examination comprised of 75
multiple choice and 15 short answer items. This examination covered topics including
instrumentation, navigational communications, and general electrical systems.

Two standardized examinations were used as aptitude measures. The ACT and The Survey
of Mechanical Insight {SMI) examinations are general measures of academic and mechanical
aptitude and are used for entrance screening by the university and the Institute of Aviation. The
Survey of Mechanical Insight was developed by Daniel R. Miller (CBT/McGraw Hill, 1955).
Reliability of the SMI as determined by KR-20 was .87 in trials with 277 oil company applicants.

Split half reliability corrected by the Spearman Brown formula was .88 with 250 industrial
personnel.

~1
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The aptitude and domain specific knowledge characteristics of the two groups were
compared to ensure that the group differences would not affect the outcome of the study. Data
were analyzed using the SAS System statistical program (release 5.18, 1986) on the main-frame
computer at the University of Illinois Computing Services. There were no significant differences
between the two groups in this study. Table 1 presents the results associated with t-test
differences between the two groups.

Insert Table 1 about here

Instructional Materials

The field training package entitled Introduction to King Air Electrical Systems, published by
the Beech Aircraft Corporation (1986), currently being used for instruction in the AVI 170 course
was utilized for this study. This individualized instructional package teaches about the electrical
systems and subsystems of the King Air 90, 200, and 300 series aircraft. This package introduces
the major electrical concepts of DC generation, dual-bus DC distribution, multiple-bus DC
distribution, and AC generation/distribution. This training package makes regular uce of the
schematic diagram to illustrate the systems and subsystems of the King Aircraft. The first
electrical system introduced in the training package was voltage regulation. Figure 1 illustrates
the schematic diagram used to depict the voltage regulation system. This diagram is typical of
those used throughout this package to illustrate the systems under study.

Insert Figure 1 about here

Experimental materials. The treatment for this investigation consisted of preceding each
schematic diagram used in the current training package with a functional flow diagram showing
the system at a conceptual level, indicating the causal nature of the system. A subject matter
expert from Flight Safety International and one from Lucas Aerospace were consulted in the
initial phase of this study to assist in the conceptualization and verification of the functional flow
diagrams. As the diagrams were completed and verified, they were included in the training
package designed for the treatment group. In addition, the existing text within units 3, 4, 5, and 6
was supplemented for the treatment group with a brief explanation of the functional flow diagram.
Figure 2 illustrates the functional flow diagram used to depict a voltage regulation system. This
diagram is typical of those used throughout the treatment of this study.

Insert Figure 2 about here

Units 1 and 2 of this training package cover the use of the training manual, service manual
and nomenclature. These units do not include schematic diagrams or instruction concerning
electrical systems, therefore were of little concern to this investigation. In total, 39 schematic
diagrams appear in the original training package and were complemented with 25 researcher
developed functional flow diagrams.

o
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The number of functional flow diagrams differ from that of the schemat.c diagrams because
during treatment development, it was determined that 7 schematic diagrams in the unit covering
DC generation and the generator starting sequence could be preceded by only 1 functional flow
diagram that illustrated the inforrnation about the system from the generator start to the generator
on sequence. This functional flow diagram allows the student to see the causal nature of the
entire generator starting sequence across two side-by-side pages of the training package. In
addition, 6 schematic diagrams appearing in the control material were part of an application
exercise where students were asked to identify the location of specific parts on a schematic
diagram. It was not appropriate to include a functional flow diagram for these schematic
exercises. The last discrepancy occurs because one functional flow diagram preceded two
schematic diagrams illustrating the aircraft’s reverse current protection system on both the
multiple-bus and the dual-bus system. It was determined that the two systems function identically

at the conceptual level, therefore, only one functional flow diagram was needed to represent both
systems.

Each functional flow diagram was verified for it’s content validity by technical experts at the
Institute of Aviation and a technical expert at Flight Safety International located in Wichita,
Kansas. Caution was taken by the researchers when modifying the existing training package to
duplicate the existing page layout, font style, font sizes, and paper weight to eliminate possible
treatment effects. Additional precautions were taken to reduce treatment effects, this training
package was administered in the same manner that it had historically been administered with one
exception. Historically, students were given approximately eight weeks to complete two of these
training packages. This treatment took place over a four week period.

Test Development.

Royer (1986), indicated that if a person has developed understanding from instruction, they
should be able to demonstrate their acquired knowledge by using this knowledge in a meaningful
way. While discussing the theory of qualitative reasoning, de Kleer (1985), indicated that in order
for a person to develop a causal mental model of a physical system, one would have to reason
qualitatively about the system’s structure, function, and behavior.

Combining Royer’s notion of understanding with de Kleer’s theory of qualitative reasoning
results in the following working definition of technical system understanding. For the purpose of
this inquiry, technical system understanding was defined as one’s ability to use the knowledge
about a technical system acquired during instruction in a meaningful way, to qualitatively reason
about three aspects of the technical system studied: (a) the structure of the system, (b) the function
of the components within the system, and (c) the behavior of those components.

The structure of a system is thought of as it’s schematic. This is considerzd a static concept,
in that it does not change over time. A system’s structure is always the same.

The function of the system is also considered to be static. The system’s function is thought
of as the operational characteristics of individual circuit components. The function of a
component equates to the purpose of the component (i.e., the purpose or function of a diode is to
control current flow, regardless of what system or circuit it is placed in).

The behavior of a system is interpreted as what the system does. The behavior of a system is
considered a dynamic concept that is time dependent. One must consider at what point in time is
the system being considered.




e s i sl

Conceptual Diagrams

9

The three aspects of system understanding are considered to have an hierarchical
relationship, in that the structure of a system is thought to be the lowest level of understanding.
One does not have to reason about the function or behavior of a system to understand it’s
schematic. This information can be derived by observing the schematic diagram of the system.
The function of the system is considered the next level of understanding. One must know how
the parts are connected (i.e., system structure) and understand the operational characteristics of
individual components within the system to possess system understanding at this level. The
highest level of system understanding is considered to be at the behavioral level. At this level of
understanding it is assumed that, one not only knows how the parts are connected and has an
understanding of how individual components operate, but they can also reason about how the
entire system will behave at different points in time.

Keeping the three aspects of the system understanding in mind, four tests were designed to
assess subject knowledge of the structure, function, and behavioral aspects of the King Aircraft’s
electrical systems introduced in the training manual. Table 2 reflects several sample questions
directed at each of the three levels of system understanding.

Inserc¢ Table 2 about here

Three domain experts were provided a copy of the definitions and sample questions related
to system structure, function, and behavior and asked to label each test question according to what
type of understanding covered by the question. An interrater agreement measure was determined
to be .91. These tests were administered during laboratory sessions following completion of each
of the four units of interest.

Procedure

The treatment took place over a four week period. Each week students were assigned on
unit of instruction to be completed outside of class. Subjects were asked to complete each unit of
instruction using the following procedures: (a) view a video tape that accompanied the package
(b) read each unit of instruction, and (c) answer related questions at the end of each unit.
Following each unit of instruction, the subjects were given unit tests which were designed around
the structure, function, and behavior of the system. The unit tests were analyzed using
appropriate t-test which compared the scores obtained from the two groups.

To provide additional depth of analysis, four subjects from each group were randomly
selected to perform several card sorting tasks at the end of each unit of instruction. During each
card sorting session, up to 4 individual knowledge structures were collected from each subject of
the sub-group. The card sorting tasks consisted of one of two types. The first type was a
modified version of the fill-in-the-structure technique as outlined by Naveh-Benjamine and Lin,
(1991). This procedure had the subjects arrange cards labeled with the concepts according to their
knowledge structure of the system. During this task, subjects were given a sheet of paper to
arrange their cards on that contained the expert’s structure of the system without the labels. The
complexity of this task varied from 5 to 15 different concepts to be placed by each subject. At the
end of a five minute period, subjects were asked to glue their cards onto the paper. Each card
sorting session began with this type of task because it is considered the easiest of the two.
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The second type of card sorting task is considered to be more difficult to perform. During
this task each subject was provided a blank sheet of paper and between 5 and 15 cards to sort.
Subjects were asked to arrange the cards to represent the functional flow diagram of the selected
concepts. At the end of five minutes the subjects were asked to glue their cards in place and then
draw lines to establish the relationship between concepts and place arrowheads at the ends of each
line to indicate the direction of current flow.

In total, 11 knewledge structures were collected for 6 of the eight subjects in this sub-group.
One subject from the treatment group missed the card sorting session for unit 5, resulting in a
total of 8 knowledge structures being collected for him and another subject belonging to the
control group missed the card sorting task for unit 6, resuiting in a total of 10 knowledge
structures being coliected for that subject.

Results

T n i

Raw scores for the four unit tests, as well as the classification scheme (i.e., structure,
function, behavior) were entered into the SAS System. Central tendencies of the two groups were
then computed and t-tests were run to determine it there were any differences between the groups’
general level of system understanding (see Table 3). A significant difference was obtained based
on the total test scores of each group; t(16) = 3.21, p < .01. This finding shows that the students
who used the instructional package which contained conceptual diagrams achieved significantly
higher scores on the unit tests.

Follow-up analysis was then conducted to determine if there were treatment effects based on
the classification scheme. Test scores were segmented into the classifications of structure,
function, and behavior, and then t-tests were calculated to determine if there were any differences
between the groups for level of systern understanding. The results, as shown in Table 3, suggest
that the use of the concept maps had little effect of subjects’ understanding of the structure and
function of the technical systems while a significani difference was found in behavioral
understanding, 1(16) = 3.65,p< .01.

Insert Table 3 about here

Knowledge structure analysis. The data resulting from the card sorting tasks performed by
the selected sub-group during interviews were analyzed in a number of ways. A total of 84
concept maps were collected from this sub-group. First, the maps were analyzed to determine
their measure of spatial association. The question being asked at this point was, how closely do
the knowledge structures of the subjects resemble those of the expert like mental model? To
answer this question and provide data for further analysis, data matrices were constructed for each
concept map. The generalized measures of association between data matrices were then
determined using MicroQAP, a microcomputer implementation of generalized measures of spatial
association (Anselin, 1986). Correlation coefficients comparing subject structures to expert-like
structures were calculated and averaged across all card sorting tasks. Results of t-test calculations
identified significant differences between the accuracy of the control and treatment groups. 1(82)
=-4.703, p <.001. This finding suggests that the use of concept maps lead to the creation of more

11
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expert-like mental models of technical systems than was possible through schematic-oriented
instruction.

To provide another index of similarity and further illustrate any differences between the
control and treatment groups’ ability to create an expert-like mental model, the total number of
correct responses were tabulated for each subject’s knowledge structurc related to the selected
concepts being assessed. This measure provides an overall similarity index of the subjects’
cognitive structures to that of the expert’s (Naveh-Benjamine, & Lin, 1991). Table 4 indicates the
number of correct responses by knowledge structure for each group. This finding suggests that
the use of concept maps during instruction increases ‘the accuracy of students’ knowledge
structures related to the selected concepts assessed through the card sorting task.

Insert Table 4 about here

Each of the remaining six knowledge structures of the second type of card sorting task were
assessed to determine how they vary from the ideal organization. Group knowledge structures
were gencrated for each of these remaining concepts for both experimental groups to determine if
any misconceptions were held by the group.

Figure 3 represents the group knowledge structure generated for the control group, during
the fourth unit of instruction covering the dual-bus DC distribution system. The particular
concept that the students were asked to diagram v:as a generator assisted start with the right
engine running. This group knowledge structure represents the conceptual structure hicld by at
least two of the four control subjects. A comparison between the control group’s representation
and the expert-like structure shows that there are several inconsistencies. The control group
erroneously connect the right starter/generator to the right generator bus and the line contactor to
the left starter/generator. This error indicates a misconception about the line contactor, a
component which must close before power from the right generator can pass through the system.
In addition, only one subjezt from the control group represented the correct connection between
the left starter relay and the left starter. One subject represented this connection in reverse,
indicating that the majority of subjects from the control group lack an appropriate understanding
about the left starter relay. The starter relay must close before power can reach the left starter to
assist with the start of the left generator. When examining erroneous connections related to relays
on the remaining knowledge structures generated for both experimental groups, it was revealed
that the control group made more errors than the treatment group. This suggests that the use of
conceptual diagrams during technical system instruction may assist the student in developing a
more conceptual understanding related to the function of system components.

Insert Figure 3 about here

The group knowledge siructure generated for the treatment group, shown in Figure 4, was
generated in the same fashion as the control group’s structure. A comparison between the
treatment group’s representation and the ideal representation shows ‘that there are few
inconsistencies. Of the eight expected connections (including left starter/generator to nothing),
only two connections were not completed by ail four subjects from the treatment group. This
suggests fewer misconceptions in the relationships between componernts for those students

12
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receiving instruction using functional flow diagrams than was possible through schematic-
oriented instruction.

Insert Figure 4 about here

Discussion

After reviewing the resuits of this study it appears that complimenting schematic diagrams
with functional flow Jiagrams, which illustrate the causal nature of the system, may have a
positive effect on a learner’s overall understanding of the system. In addition, concept maps
appear to support the development of behavioral understanding which is critical for complete
understanding. This pedagogical approach appears to be an effective way to assist the students’
developing knowledge structure when reasoning about the behavior of electrical systems.

Why were the functional flow diagrams effective at increasing the higher levels of system
understanding? While other factors may have been involved, it appears that three major
characteristics of the functional flow diagram may account for this effect. One obvious
characteristic of the functional flow diagram is it’s simplicity. The functional flow diagrams
developed for this study show only the essential components, in contrast to the schematic
diagrams used in the control package that show non-gssential parts of the system. The functional
flow diagram may resolve the ambiguities of the system. The second characteristic that may
account for this effect is the functional flow diagram’s ability to organize meaningful
relationships between the concers and component parts of a given system in contract to the
abstract symbols used in the schematic diagram. This may provide the student to with a better
conceptual understanding of the system. The third characteristic unique to the functional flow
diagram is it’s ability to illustrate the causal r ‘ure of the system to the learner, bringing the
learner closer to the expert’s causal mental modei.

The card sorting task, although not the focus of this study, proved to be an effective way to
very quickly assess student understanding. Students appeared to enjoy this task, seeing it as a
challenge rather than another test. This technique lends itself to a variety of applications where a
person’s knowledge structure is to be assessed. Further refinements in this technique are

encouraged as it may prove to be a viable means to assess student understanding in other
endeavors of inquiry.

Limitations

Care must be taken when interpreting the findings of this study. First, it is important to
realize that this study was designed and conducted for the purpose of contrasting the schematic
diagram used in isolation with the schematic diagram complimented by a functional flow
diagram. This excludes several different types of pictorial illustrations found in the literature
(e.g., black and white photographs, color photographs, analogous pictures, etc.). Second, because
of the small sample size, the results of this study cannot be generalized to a population other than
the limited population of college level aviation mechanics from which the subjects were selected.
The results can, however, be used as indicators for future investigations of pedagogical
approaches in other technical systems.

-
Lo
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Implications for Instructional Media

This study was conducted with support from the National Center for Research in Vocational
Education. This organization has vested interests in the improvement of materials used for
technical training and instruction. The implications of this research should, therefore, focus on
the improvement of instructional media used during technical instruction

A major goal for vocational and technical training is to develop reasoning skills that will
enhance a person’s understanding of technical systems, as well as facilitate learning at a
conceptual level. Investigating pedagogical approaches to find appropriate methods for
developing the novice’s causal mental model will benefit technical training and vocational
education in several ways. One gain to be realized is the reduction in training time. The current
training time to transform a person from the novice level to an expert level is enormous (Glaser &
Chi, 1988, Posner, 1988). Through investigations of this type we wiil find the optimum
pedagogical methods to acquire expertise. In addition, a potential cost reduction of training may
be realized. [f we can find methods to advance the novice more efficiently we will reduce the
cost of training. Besides the reduction in time and training cost, vocational and technical
education will realize a better product. The technician who is able to develop a causal model of
the system with which they are interacting will be better able to understand the structural,
functional, and behavioral aspects of the system. The technician able to reason about the system

in this way may become a more efficient troubleshooter, resulting in a reduction of the high cost
of maintenance.

With the constant sophistication of technical systems, the information we must teach
continues to change. These changes require teachers to constantly review, revise, enhance and
develop new instructional materials. From the results of this study it is clear that instructional
materials used for technical systems instruction can be enhanced to develop a higher, conceptual
level of system understanding. Additional research must be conducted to verify the use of the
functional flow diagram across other systems, as well as other types of instructional media.
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Table 1.
Means, Standard Deviations and t-tests for Demographic Data
Treatment | Control
Demographics n?  Mean SD nb Mean SD  tvalue p
Mechanical Insight 4 12 15 8 S50 29 -14168 .19
ACT 7 2214 409] 10 2470 330 1.2893 .21
AVI 145¢ 8 3.50 1.07 10 3.60 697 02082 .84
GpAd 8 3.79 ) 8 391 23 0.6633 52
AVI 170¢ 8 8437 550 10 8740 587 1.1162 .28

% Numbers of subjects out of 8 who's data was available. ® Numbers of subjects out
of 10 who’s data was available. ¢ Maximum score = 5.0. 9 University Of Mllinois

Grade Point Average. © Maximum Score = 100.
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Sample Test Questions Directed at Three Levels of System Understanding

Levels of
Systern Understanding

Sample Test Questions

*Structure

*Function

*Behavior

The regulator output to the generator field is from GCU pin ____.
Generator output voltage from terminal “B” is sensed at pin ___
of the generator control panel.

List the component(s) that current from the battery must travel
through before reaching the battery switch.

Which bus does the battery feed direcy into?

The external power unit supplies power to which bus(es)?

When both gererators are on-line and producing power, which
generator feeds current to the number 2 Dual-fed bus?

Explain the function of a bus.

What compoinent must close before the current from an operating
gencrator can reach it’s respective gencrator bus?

What is the function of a diode?

Explain what happens within the generator control unit (GCU)
during reverse current protection.

Explain why reverse current protection is provided on an
aircraft’s electrical system.

Explair the purpose of the voltage regulation system.

If the starter swiich is activated with a generator or-line, the
generator will .

Dose current have to flow through the center bus to reach the
right generator bus tic?

If the battery relay closes, can the triple-fed bus receive power
from the battery?

19
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Table 3.
Means, Standard Deviations and t-Tests for Combined Unit Tests Scores
Structure Function | Behavior ~ Total
Mean SD Mean SD Mean SD Mean SD
Control 11.20  2.44 8.10 1.52 23.40 3.80 42.7 5.68
(0=10)
Treatment 1175  1.03 9.12 0.83 28.5 1.07 4937  1.60
(n=8)
tvalue -0.59 -1.70 -3.65 -3.21
p value .56 10 00" 00*
*p < .001
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Percentage of Correct Responses by Concept
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Concept

Percentage of Correct Responses

Treatment

Control

Voltage Regulation

Reverse Current Protection

Generator Reset-Generator on

Starter Removes Generator From Service

DC Bus Distribution

Electrical Load Distribution

Generator Assisted Start Right Engine Running
Right Engine Start

Left Engine Start

Both Generators On-L.ine

Power Select Relay

48 of 48 = 100%
35 of 40 = 87.50%
37 of 56 = 66.07%
27 of 40 = 67.50%
6 of 6=100%
71 0f76 =93.42%
29 of 32 =90.62%
12 of 18 = 66.67%
22 of 27 = 81.48%
41 of 60 = 68.33%
250f32=78.12%

27 of 48 = 56.25%
24 of 40 = 60.00%
16 of 56 = 28.57%
11 0f40 =27.5%
6 of 6=100%
65 of 76 = 85.52%
15 0f 32 =46.87%
9 of 24 = 37.50%
17 of 36 = 47.22%
50 of 80 = 62.5%
12 of 24 = 50.00%
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Figure 1. An example of the type of schematic diagram used for the control group. From
Introduction to King Air electrical systems, Field training package (p.3-4) by Beech Aircraft

Corporation, 1986, Wichita, KS: Author. Copyright 1986 by the Beech Aircraft Corporation.

Reprinted by permission.
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VOLTAGE REGULATION

The generator output volttage is sensed at the generator side of the line contactor. The controt panei
supplies the generator field exataton current required 10 supply the siectnical load and maintain a bus
voitage of 28.25 VDC.

The generator voitage sensa input to the genaerator contro!l panel is at pin “8°, voltage regulator power
input 1s at pin *J°* and the regulator output to the genarator figid is from pin *M* of the control panet

connector.
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Figure 2. An example of the type of functional flow diagram used for the weatment group.

N S— _

VOLTAGE REGULATION

The ganarator output voltage s sensed at the generator side ol the hine contactor. The control panel
supplies the generator 18I0 excitation current required (o supply the electrical Ioad ana maintain a bus
voltage ot 28.25 VDC.

The generator voltage sense nput to the generator controt panel s at pin “87, voltage requlator power
input 1S at pin “J° anag the regulator output te e generator tield 1s trom pin “M" of the control panel
connector.

Figure 3-2-1 provides a conceotual model of the voltage requlation system. The generator output voltage
from termunal “B" enters tne generator CONtTol Ynit at pin *J° where it is comoared (o the reterence vollage
from a sync osciliator. it tha ganeraior conol panet getects too litila voltage i1s baing produced by he
generator it increases the gangrator excitatnon and the shunt fialg srength increases. On the other nand.
if the generator i producing 100 Much voitage. the ganarator control pane! decreases ganeraidr
axcitagon and the shunt tigkd strength is decreased. The regulated voitage exits the genarator controt
panet at pin “M" angd travals 10 terminal “A” of the generator where it passes through the gensrator
armature and back to e generator output at termind! “B”. This Cycie conunues as long s the generator
is operatng.
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Figure 3. An example of a Generated Group Knowledge Structure for the control group. The

concept being represented is - Generator Assisted Start With the Right Engine Running.

Right
Starter/Generator
Generator On

Line
Contactor
Closed

Right '\
Generator
Bus

325-amp
Current
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lcolation
Bus

Left
Start Relay
Closed

Left

Starter On

Expert-like Knowledge
Structure

Right
Starter/Generator
Generator On

Line
Contactor
Closed

Right
Generator
Bus

325-amp
Current
Limiter

Isolation
Bus

Left
Start Relay

Starter On

Generated Control Group
Knowledge Structure

3

Note: The numbers in parentheses indicate the number of subjects out of four, representing this
connection in their individual knowledge structures.
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Figure 4. An example of a Generated Group Knowledge Structure for the treatment group. The

concept being represented is - Generator Assisted Start ‘With the Right Engine Running.
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Generator On

Line
Contactor
Closed

Right
Generator
Bus

325-amp
Current
Limiter

Isolation
Bus

Left
Start Relay
Closed

Left
|Starter/Generator
Starter On

Expert-like Knowledge
Structure

Right
Starter/Generator
Generator On
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Generator
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Current
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| Start Relay
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Left
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Generated Treatment Group

Knowledge Structure

Note: The numbers in parentheses indicate the number of subjects out of four, representing this

connection in their individual knowledge structures.




