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Many computer systems today are not satisfactory to their users. Often the
user interface does not receive the attention that it deserves, even though
to the user, the interface is the most important part of the computer system.
Further, many interfaces are not designed with reference to how humans
process information. This research addressed this problem by designing
and evaluating a cognitively engineered interface. Cognitive engineering
of a human-computer interface is the leveraging of empirical findings
from the cognitive sciences and application of those findings to the design
of the interface. It was hypothesized that a cognitively engineered interface
is superior to interfaces that are not cognitively engineered. Ten cognitivedesign principles were extracted from the literature and explicitly applied
to the design of an interface. Reaction time, accuracy, workload, and preference for this interface were experimentally determined and compared
with that of two other interfaces. The other two interfaces were designed
by separate teams for the same problem situation but were not, however,
designed with explicit reference to the cognitive design principles. The
cognitively engineered interface was found to be superior across all measurements. In fact, a postexperimental analysis also found a strong correlation between performance and the extent to which the 10 design principles
were applied in each of the three interfaces. Therefore, based on the experimental results, I concluded that implementing a set of critical cognitive-design principles will produce a "cognitively friendly" interface.
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Portions of this research are contained in a book by Andriole and Adelman
in 1995 entitled, Cognitive Systems Engineering for User-Computer Interface
Design, Prototyping, and Evaluation.
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1. INTRODUCTION

Despite the fact that commercial computer systems have been in existence for
almost 30 years, many systems may be classified as failures (Tait & Vessey, 1988).
The "failure literature" has been unable to pinpoint recurring problems or attribute failures to specific flaws in the conventional-design process (Ligon, 1989). It
is clear, however, that systems designed without reference to human information
processing and problem solving are, at best, likely to alienate their users (Andriole & Adelman, 1989,1995), and at worst, lead to disaster if critical information
is not presented in a timely and effective manner.
There is a large body of research dealing with the design of systems. Major
works that have compiled large portions of this literature include Smith and
Mosier's (1986) Guidelines for Designing User Interface Software and Boff and Lincoln's (1988) Engineering Data Compendium. In Smith and Mosier, there are 944
guidelines organized within 6 functional areas. In Boff and Lincoln, there are over
1100 entries organized within 76 topics. Although these works are important
sources of information for guiding detailed design implementation, the author
believed that good design also required the consideration of broad high-level,
top-down design guidelines.
This research proposed that these high-level, top-down design guidelines
should be based on empirical findings from the cognitive sciences. I refer to this
as the cognitive engineering of a human-computer interface. According to Norman (1986), cognitive engineering was "joining the cognitive sciences with engineering to form a new, applied discipline for the design and construction of
systems to support the human user." Shneiderman (1987) stated, "Human engineering, which was seen as the paint put on the end of a project, is now understood to be the steel frame on which the structure is built" (p.v).
Eric Hollnagel also viewed human-computer interaction as having shifted in
emphasis from the physical and perceptual to the cognitive tasks (Hollnagel &
Woods, 1983). Based on his model of the interaction of human and machine as a
cognitive system, Hollnagel endorsed the establishment of a new discipline he
calls cognitive-systems engineering. The strength of this approach according to
Ehrhart (1990) would be the integration of research in the cognitive sciences with
the systems-engineering approach to design.
Cognitive engineering has been called different names, such as cognitive-systems engineering (Hollnagel & Woods, 1983), cognitive engineering (Rasmussen,
1986; Woods & Roth, 1988), and cognitive ergonomics (Falson, 1990) by different
people over the years. The basic tenet of cognitive-systems engineering is that it
will enhance interfaces because they are designed with direct reference to human
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information processing capabilities and limitations. The long-term goal of this
discipline is to develop a set of guidelines for human-computer interface design
anchored in the cognitive sciences to complement more conventional human-factors guidelines. Application of these guidelines would result in an interface that
is "cognitively friendly."
The purpose of this study was to demonstrate that a cognitively engineered
user interface will enhance performance (i.e., speed and accuracy), reduce workload, and increase user satisfaction. This was accomplished by first determining
a set of cognitive design principles relevant to a time-critical task in a high-information-load environment. Next, three design teams independently built an interface for a weapons deployment task for an antisubmarine warfare (ASW) situation. One team applied the cognitive principles to the interface design whereas
two other teams developed independent designs. Performance, workload, and
satisfaction among the three interfaces were then empirically compared. The
cognitively engineered interface was found to have superior performance, lower
workload, and higher satisfaction than the other two interfaces. A postexperimental analysis also found a strong correlation between performance and the
extent to which the 10 design principles were applied in each of the three
interfaces.

1.1 The Antisubmarine Warfare Domain

The domain for this study was antisubmarine warfare (ASW). Displays were
designed for a decision-support system to be used by a submarine's Approach
Officer in performing two specific tasks: (a) bring ownship (i.e., the submarine
that you are on) to full readiness before firing a torpedo at a target (referred to as
the Ownship Problem); and (b) verify that the firing solution for the weapon was
correct (referred to as the Firing Problem). For the Ownship Problem, the user
had to verify that the ownship's speed, dive angle, and turn rate were within a
proper range. For the Firing Problem, the user had to verify that the spatial
relationship between ownship and the target was appropriate, such as (a)
whether ownship was aft the beam (i.e., ownship was sneaking up from behind);
(b) if ownship was in the baffles of the target (i.e., a cone defined as 15° either side
of a line extending longitudinally through the target, back along its direction of
travel); (c) whether ownship was less than 40 nm (nautical miles) away from the
target; and (d) ensuring that the torpedo's target acquisition envelopes (i.e., the
region that ownship programs the torpedo to search for the target) adequately
covered the projected target's escape envelopes (i.e., predicted location of the
enemy target after ownship's torpedo fires).

1.2 The Three Interface Designs

The three interfaces developed for this study are referred to as the baseline,
cognitive, and alternate interfaces. The baseline interface was designed to have
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features similar to those of a typical military workstation display. There was a
heavy reliance on alphanumerics to present data, and information was often
redundantly displayed. The cognitive interface was designed using a set of
cognitive principles (Gerhardt-Powals, 1993) described in the next section. The
alternate interface was designed without explicit use of the cognitive principles
but with the intent to improve upon the baseline interface.
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1.3 Review of the Literature and the Extraction
of 10 Cognitive-Design Principles
The ASW domain focused the review of the literature. The task situations involved
the need to survive in an open sea battle with adversary submarines. This survival
requirement made it necessary that the interface facilitate fast and accurate decisions, focus attention on critical information, enhance situational awareness, and
decrease the operator's cognitive workload. Therefore, each cognitive principle
extracted from the literature satisfied one or more of these requirements.
The first three cognitive principles were suggested in an article about situational awareness by Taylor (1989). Cognitive-design principles four through
nine were suggested by Murphy and Mitchell (1986) in a review of the cognitive
literature related to display design.
Following is a list of the principles along with their definitions:
Principle 1.

Automate unwanted workload.
Eliminate mental calculations, estimations, comparisons, and
any unnecessary thinking, to free cognitive resources for
high-level tasks.

Principle 2.

Reduce uncertainty.
Display data in a manner that is clear and obvious to reduce
decision time and error.

Principle 3.

Fuse data.
Bring together lower level data into a higher level summation
to reduce cognitive load.

Principle 4.

Present new information with meaningful aids to interpretation.
New information should be presented within familiar frameworks (e.g., schemas, metaphors, everyday terms) so that information is easier to absorb.

Principle 5.

Use names that are conceptually related to function.
Display names and labels should be context-dependent,
which will improve recall and recognition.
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Group data in consistently, meaningful ways.
Within a screen, data should be logically grouped; across
screens, it should be consistently grouped. This will decrease
information search time.

Principle 7.

Limit data driven tasks.
Use color and graphics, for example, to reduce the time spent
assimilating raw data.
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Principle 8.

Include in the displays only that information needed by the
operator at a given time.
Exclude extraneous information that is not relevant to current
tasks so that the user can focus attention on critical data.

Principle 9.

Provide multiple coding of data.
The system should provide data in varying formats and/or
levels of detail in order to promote cognitive flexibility and
satisfy user preferences.

Principle 10.

Practice judicious redundancy.
Principle 10 was devised by the first two authors to resolve
the possible conflict between Principles 6 and 8, that is, in order to be consistent, it is sometimes necessary to include more
information than may be needed at a given time.

Examples of how each principle was incorporated into the cognitively engineered interface are provided in the following section.

1.4 Using the Design Principles to Cognitively Engineer an Interface

This section provides a detailed description of how each cognitive principle was
operationalized in the cognitively engineered interface. A representative illustration of the ownship and firing displays for the cognitively engineered interface
is provided in Figures 1 and 2. For comparative purposes, ownship and firing
displays for the baseline are shown in Figures 3 and 4, and for the alternate
interface are shown in Figure 5. The alternate interface used a single display
format for both the ownship and firing tasks.
Principle 1. Automate Unwanted Workload. The cognitive interface incorporated this principle by using green and red to indicate that a critical ASW parameter was in or out of range. In Figure 1, dive angle was colored red because it
was out of range (i.e., the dive angle exceeded the range considered safe to launch
the weapon) and turning rate was green because it was in range (i.e., the turning
rate was acceptable for launching the weapon). An example where an interface
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did not use this feature was the baseline for the situation when the user had to determine why ownship was not ready (see right side of Figure 3). One had to read
the speed parameter, remember a critical value specifying the proper range, make
a mental comparison of the actual and critical values, and then decide whether it
was in or out of range.
Principle 2. Reduce Uncertainty. Uncertainty was reduced in the cognitive interface by using both alert messages and color coding. For example, in Figure 2, one could be certain that firing criteria were not satisfied because there was
an alert message that said, "FIRING CRITERIA NOT SATISFIED." The alert message was also color-coded red. There was no way to be certain that the firing criteria were being satisfied in the baseline interface (see Figure 4). In the baseline, one
had to know which criteria were critical to a decision and decide if firing criteria
were met.
Principle 3. Fuse Data. An example of this principle was present in the
cognitively engineered interface. As shown in Figure 2, in the center of the screen,
the pertinent firing information was grouped together. Then, as shown in Figure
2, the cognitively engineered interface fused together the firing criteria by the alert
message, "FIRING CRITERIA NOT SATISFIED." On the other hand, in the alternate interface (see Figure 5), critical firing criteria information was found at various places on the screen, and the user had to fuse this information.
Principle 4. Present New Information with Meaningful Aids to Interpretation. In the cognitively engineered interface, color coding was used as a
meaningful aid. Red and green suggested "not satisfied" and "satisfied," respectively. The baseline also used color coding to some extent. For example, as shown
in Figure 3, to determine if ownship was ready, the "OS IN LIMITS" box was red
or green. However, to determine why ownship was not ready, meaningful aids to
interpretation were not provided. One had to find the critical ownship parameter
(i.e., speed, dive angle, turning rate) in the Navigation Data Display and determine if its value was in or out of range.
Principle 5. Use Names that are Conceptually Related to Function.

The

label "FIRING SOLUTION" found in the cognitively engineered interface (see
Figure 2) described precisely the information contained in that section. The alternate interface (see Figure 5) had a lack of display names.
Principle 6. Group Data In Consistently Meaningful Ways.
The data
contained in the cognitive interface was both meaningfully and consistently
grouped. In Figure 1, information concerning ownship was grouped under the
submarine on the left, which was blue, information concerning the target was
grouped under the submarine on the right, which was colored red, and information concerning ownship readiness was grouped under the heading "READINESS." In Figure 2, one can see that this consistent grouping was implemented
across screens.
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This contrasts with the baseline interface, which did not group data in
consistently, meaningful ways. Ownship criteria were interwoven with other
types of data (see Figure 3), and firing criteria were found in more than one place
(see Figure 4).
Principle 7. Limit Data-Driven Tasks. Data-driven tasks were limited in
the cognitively engineered interface through the use of color coding and alert
messages as shown in Figures 1 and 2. It was not necessary to read the actual values (i.e., dive angle, turning rate, etc.) on the cognitively engineered interface to
determine if they were in the proper range. They were colored green if in the
proper range, red if not in the proper range. Another example of the implementation of this principle was found in the alternate interface (see Figure 5). One did
not have to look at the actual values to make a judgment about the dive angle or
turning rate. Their status was portrayed by the location of a cross on a graph at the
bottom right-hand corner of the screen. If the cross was completely in the blue
area (the square in the middle), that indicated that the dive angle and turning rate
were both in the proper range. If the cross was above or below the blue area, the
dive angle was out of range; if the cross was to the left or right of the blue area, that
indicated that the turning rate was out of range.
Principle 8. Include in the Display Only that Information Needed by the
Operator at a Given Time. Examples of how the cognitively engineered interface displayed only the information that was needed at a given time is shown in
Figures 1 and 2. In Figure 1, only the detailed ownship criteria were displayed in
the center of the screen whereas in Figure 2, only the detailed firing criteria were
displayed in the center of the screen. This contrasts with Figure 5 where detailed
ownship and firing information were always simultaneously displayed.
Principle 9. Provide Multiple Coding of Data.
The cognitively engineered interface promoted multiple coding of data by using high-level graphic
overviews as well as displaying the same information in alphanumeric, colorcoded, and alert forms (see Figure 2). The baseline and alternate interfaces generally displayed the data in only one form (see Figures 3-5).
Principle 10. Practice Judicious Redundancy. Figure 4 shows an example of an interface with unnecessary redundancy. For example, there was no reason to present the box labeled "OS IN LIMITS" (ownship within limit) four times
on the screen. Because there was only one ownship, the value (i.e., red or green)
was always the same for every "OS IN LIMITS" box. However, in the cognitive interface in Figure 1, ownship data was grouped under the blue submarine (on the
left side) as well as in the middle of the screen. This appears to be redundant.
However, because ownship information was so critical, it had to be presented on
every screen. And to be consistent, it was presented on every screen under the
blue submarine (on the left side). Further, information critical to the immediate
task was always displayed in the center of the screen. Therefore, redundancy was
judiciously applied in this case.
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2. EXPERIMENTAL METHOD
2.1 Participants
Twenty-four Drexel University students participated in the experiment for class
credit. Twenty were graduate students and four were undergraduates; all were
members of the College of Information Studies. All had at least a minimum level
of computer experience so that Macintosh training was not necessary.
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2.2 Equipment
Testing was conducted in a computer lab at Drexel University, which was
equipped with 20 Madntosh-II machines with 13-in. color monitors. For the
experiment, a set of SuperCard screens was developed for each interface of each
experimental trial. Reaction time data was gathered using the internal timing
capabilities of SuperCard.

2.3 Design
A completely balanced within-subjects 3 X 2 X 2 factorial design was conducted.
The independent variables were (a) Interface type (baseline, cognitively engineered, alternate), (b) Problem Scenario (ownship task, firing task), and (c) Question Complexity (low, high). The low-complexity question only required the
participant to determine if the ownship or firing criteria were or were not satisfied and to provide an answer of "yes" or "no." The high-complexity question
required the participant to determine "why" the ownship or firing criteria were
not satisfied by selecting from among a set of multiple choice answers.
Dependent variables were two performance measures (reaction time and
accuracy) and two subjective measures (NASA-TLX workload ratings and user
preference).

2.4 Test Materials
Test materials included the TLX workload assessment tool and a user preference
question. The preference question was presented at the conclusion of the experiment and was worded as follows, "Rank the three interfaces (by letter code) in
their order of quality with quality defined as how well you could perform the
task within each interface." The interfaces were coded by letters so that the test
participants would not be biased by the use of the interfaces' experimental
names.
NASA-TLX (Task Load Index; Hart, 1988) is a multidimensional rating procedure used to assess workload: mental demand, physical demand, temporal
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demand, performance, effort, and frustration. For this study, the TLX pairedcomparison sort was not administered. The sort required each test participant to
rate the relative importance of each workload component for each task across all
pairs of the six dimensions. Previous studies have demonstrated that this sorting
process can be eliminated without compromising the data (cf. Hill et al., 1992).
Further, the physical demand component was not included in this study because
static display screens were automatically presented during the experiment, and
the only motor response was to press a return key.
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2.5 Procedure
Test participants met for a 30 min preexperimental briefing session for training
on TLX as well as the ownship and firing tasks. The experiment was conducted
over three 45-min sessions with each session separated by a 1-week period. A
different interface was presented at each session. The participants were divided
into six groups of 4 to fully counterbalance the presentation order of the three
interfaces. Experimental sessions were conducted by group.
Each test session began with an overview of the experimental procedures
and the interface being tested that day. Next, the participants received detailed
instructions on how to perform the ownship task using that interface. Following
training, the participants completed two practice trials (to be explained in the
next paragraph) and were given the opportunity to ask questions. After ownship
practice, the participants completed nine trials. When the ownship trials were
completed, TLX was administered. Then detailed instructions were given regarding the Firing task, followed by practice, the experimental trials, and TLX. The
first of the nine experimental trials for the ownship and firing tasks was a pretrial
to allow the participants to get comfortable with the interface. Pretrial data was
discarded.
Figure 6 presents the pattern of display frames and user responses within an
ownship trial. The trial began with an initial frame asking the low-complexity
question, "Is ownship ready?" The participant began the trial by pressing the
return key. This resulted with a presentation of a frame with the word "OWNSHIP" to remind the participant to concentrate on the ownship information while
waiting for the picture to be displayed. This was followed by an actual interface
screen (similar to that shown in Figures 1,3, or 5 depending on the interface being
tested). When the participant determined the Ownship Readiness state, he or she
again pressed the return key. The participant's response time was measured as
the lapse in time between the presentation of the interface screen and the pressing
of the return key. Upon depression of the return key, a dialog box appeared
prompting a "YES" or "NO" (Y/N) answer. If the participant answered "YES," a
new trial would begin. If the answer was "NO" then another frame appeared
asking the high-complexity question, "Why isn't ownship ready?" When the
participant pressed the return key, an OWNSHIP frame was again presented,
followed by another interface screen (similar to that shown in Figures 2, 4, or 5
depending on the interface being tested). The participant pressed a return key
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TRIAL EVENTS: OWNSHIP TASK
DISPLAY
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when they knew why Ownship was not ready. Again, reaction time was recorded. Upon depression of the return key, a frame appeared with a list of
possible answers. The participant selected a number to indicate his or her answer
choice and pressed the return key. The answer from this frame was recorded, and
the response was coded for accuracy. The completion of this frame marked the
end of a trial.
A similar pattern of trial events occurred for the firing task with the following
exceptions. The low-complexity question was, "Are firing criteria satisfied for
target x?" (with x being a number between 1 and 4). The high-complexity question was, "Why aren't firing criteria satisfied for target x?"
At the conclusion of the experiment, the participants were asked to rank the
three interfaces according to preference. Participants were presented the instructions described in Section 2.4, and listed the interfaces by letter code in the order
in which they preferred them. Because the sequence in which the participants
were exposed to the interfaces was counterbalanced, a satisfaction-by-sequence
interaction was eliminated.

3. RESULTS
The primary focus of the analysis was to determine differences in performance,
workload, and preferences among the three interfaces. To analyze the performance data, raw cell means were calculated for each participant and condition (i.e.,
each interface, problem, and question complexity combination) and were subjected to an analysis of variance (ANOVA) using the BMDP2V program (Dixon,
1977). Post hoc tests were conducted using a simple effects analysis and the
Tukey HSD. A significance level of 0.05 was applied to all analyses.

3.1 Reaction Time

A 3 X 2 X 2 omnibus repeated measures ANOVA was conducted with Interface
(baseline, cognitive engineered, and alternate), Problem (ownship, firing), and
Question Complexity (low, high) as variables. A main effect for Interface was
found, F(2, 46) = 126.11, p < 0.001. Average reaction time for the cognitive
interface was 1.3 s, for the alternate was 4.1 s, and for the baseline was 5.6 s. The
main effect for the Interface factor was probed using the Tukey HSD test. Significant differences were found for every interface combination. Reaction time for
the cognitively engineered interface was faster than the alternate design, which
in turn was faster than the baseline.
Main effects were also found for Problem, F(l, 23) = 15.42, p < 0.001 and
Question Complexity, F(l, 23) = 121.18, p < 0.001. Average reaction time for the
ownship problem was 3.2 s, and for the firing problem was 4.0 sec. Average
reaction time for the low complexity question was 2.5 s, and for the high-complexity question, 4.8 s. This confirmed what the authors expected because the
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firing problem required the participants to evaluate more criteria than the ownship problem, and the high complexity question involved more reasoning than
the low complexity question. An interaction was found between Interface and
Problem, F(2,46) = 14.19, p < 0.001, and between Interface and Question Complexity, F(2,46) = 90.92, p < 0.001.
The two-way interaction between Interface and Question Complexity is illustrated in Figure 7. To probe this interaction, a one-way ANOVA (Interface: baseline, cognitively engineered, and alternate) was executed for each level of the
Question Complexity factor. For Question Complexity = Low, an Interface main
effect was found, F(2, 92) = 15.37, p < 0.001, with the Tukey HSD revealing a
significant difference between every interface pair. Reaction time for the cognitively engineered interface was faster than the baseline, which in turn was faster
than the alternate. For Question Complexity = High, an Interface main effect was
also found, F(2, 92) = 93.73, p < 0.001, with the Tukey HSD again revealing a
significant difference between every interface pair. Reaction time for the cognitively engineered interface was faster than the alternate design, which in turn
was faster than the baseline.
The two-way interaction between Interface and Problem is illustrated in
Figure 8. To probe the interaction, a one-way ANOVA (Interface: baseline, cognitively engineered, and alternate) was executed for each level of the Problem
factor. For Problem = Ownship, an Interface main effect was found, F(2, 89) =
30.94, p < 0.001, with the Tukey HSD revealing a significant difference between
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Figure 7. Interface x Question Interaction (reaction time).
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every interface pair. Reaction time for the cognitively engineered interface was
faster than the alternate design, which in turn was faster than the baseline. For
Problem = Firing, an Interface main effect was found, F(2,89) = 50.89, p < 0.001,
with the Tukey HSD revealing a significant difference between cognitive and
baseline as well as between cognitive and alternate. Reaction time for the cognitively engineered interface was faster than both of the other interfaces.
3.2 Accuracy
A 3 X 2 X 2 omnibus repeated measures ANOVA was conducted with Interface
(baseline, cognitively engineered, and alternate), Problem (ownship, firing), and
Question Complexity (low, high) as variables. A main effect for Interface was
found, F(2, 46) = 14.66, p < 0.001. Average accuracy for the cognitive interface
was 99%, for the alternate was 91%, and for the baseline was 90%. The main effect
for the Interface factor was probed using the Tukey HSD test. A significant
difference was only found between the cognitively engineered and the baseline
interface.
A main effect was also found for Question Complexity, F(l, 23) = 23.26,
p < 0.001, with 97% accuracy for the low-complexity question and 91% for
the high-complexity question.
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An interaction of Interface and Question Complexity was found, F(2, 46) =
6.02, p < 0.005, as illustrated in Figure 9. To probe the interaction, a one-way
ANOVA (Interface: baseline, cognitively engineered, and alternate) was executed
for each level of the Question Complexity factor. For Question Complexity =
Low, an Interface main effect was not found, F(2, 91) = 1.12, p > 0.25. For
Question Complexity = High, however, an Interface main effect was found,
F(2,91) = 9.59, p < 0.001, with the Tukey HSD revealing a significant difference
between cognitive and baseline as well as between cognitive and alternate.
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3.3 Preference
When the participants were asked to rank order the interfaces by preference, 20
out of 24 participants selected the cognitively engineered interface first. That
represents 83% of the participants. The cognitively engineered interface was also
tied for first twice and was rated as second twice.
To test the hypothesis that one interface was preferred over the others, a
Friedman Test (Conover, 1980) was computed. A significant difference in preference was found. The cognitively engineered interface was preferred to the baseline interface and the alternate interface.

INTERFACE X QUESTION INTERACTION
(Accuracy Means)
97f. 95% 1003

99S

BASELINE

ACCURACY
(percent 4 0 .
correct)

ALTERNATE
COGNITIVELY
ENGINEERED

LOW
HIGH
QUESTION COMPLEXITY

Figure 9.

Interface x Question Interaction (accuracy).
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3.4 Workload

The test participants rated the cognitively engineered interface as having a relatively low workload compared to the other two interfaces. The TLX workload
totals were 45 for the cognitive interface, 137 for the baseline interface, and 124
for the alternate interface. Specifically, the workload experienced with the cognitively engineered interface was 67% less than the baseline interface and 64% less
than the alternate interface.
To analyze the TLX data, raw cell means were calculated for each participant and problem scenario (i.e., ownship and firing). Then they were subjected
to an ANOVA using the BMDP2V program. Post hoc tests were conducted
using a simple effects analysis. A significance level of 0.05 was applied to all
analyses.
Using the TLX data, an omnibus repeated measures ANOVA was conducted with Interface (baseline, cognitively engineered, and alternate) and
Problem (ownship, firing) as variables. The analysis found main effects for Interface, F(2, 46) = 37.45, p < 0.0001, and Problem, F(l, 23) = 23.37, p < 0.001.
There was also an interaction effect of the Interface and Problem, F(2, 46) =
4.04, p < 0.03.
Because there were three interfaces, the main effect for the Interface factor
was probed using the Tukey HSD test. For a significance level of .01, a significant
difference was found between the cognitive interface and each of the other two
interfaces. Therefore, we may conclude that the cognitive interface had significantly less workload than the baseline and the alternate interfaces.
3.5 Postexperlmental Analysis of the Application
of the Cognitive-Design Principles

A postexperimental analysis was conducted to determine the extent to which the
cognitive design principles were utilized in the baseline and alternate interfaces
and could therefore account for the differences in performance. The first column
of Table 1 lists the cognitive-design principles and the subsequent columns list
the experimental conditions. For each condition (i.e., every interface, problem,
and question-complexity combination), the use of each principle was reviewed.
If the design principle was completely absent, the condition received a cognitiveprinciple score of 0. If the design principle was partially applied, the condition
received a 1. If the design principle was fully applied, the condition received a 2.
The total cognitive-principle score within each condition column was tallied to
give the Condition Total. Within each interface, the four individual condition
scores were summed to give the Interface Total. The maximum score possible per
interface was 80.
The sum of the conditions for baseline was 40; for alternate, 42, and for
cognitively engineered, 78. A low score indicated minimal use of the cognitivedesign principles. The high score for the cognitively engineered interface corresponded to its consistently superior performance in the experiment. In fact, the

Table 1. Analysis of the Application of Cognitive Design Principles
Condition
Alternate
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Baseline
Firing

Ownship

Cognitive Design Principles Used:
1. Automate Unwanted Workload
2. Reduce uncertainty
3. Fuse data
4. Present new information with
meaningful aids to interpretation
5. Use names that are conceptually
related to function
6. Group data in consistently
meaningful ways
7. Limit data-driven tasks
8. Display only that information
needed at a given time
9. Provide multiple coding of data
10. Practice judicious redundancy
Condition Total
Reaction Time
Interface Total

Cognitively Eng
Ownship

Firing

Ownship

Firing

Low

High

Low

High

Low

High

Low

High

Low

High

Low

High

2
2
2
2

0
0
0
0

2
2
2
2

0
0
1
1

1
1
1
1

1
1
1
1

0
0
1
2

0
0
1
2

2
2
2
2

2
2
2
2

2
2
2
2

2
2
2
2

2

2

2

0

2

2

0

0

2

2

2

2

2

0

2

1

2

2

1

1

2

2

2

2

2
1

0
0

2
1

0
1

1
1

1
1

1
1

1
1

2
2

2
2

2
2

2
2

1
0

0
1

1
0

0
1

1
2

1
2

0
2

0
2

1
2

2
2

1
2

2
2

16
2.1
40

3
8.3

16
2.6

5
8.9

13
2.9
42

13
3.2

8
5.1

8
5.1

19
1.2
78

20
1.6

19
1

20
1.5

Note: 0 = Absence of cognitive design principle; 1 = Partial presence of cognitive design principle; 2 = Full presence of cognitive design principle.
o
CO
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cognitive-principle score for every condition, regardless of interface, was found
to be a highly sensitive predictor of experimental performance (see the bottom
of Table 1 to examine the reaction time corresponding to each cognitive score
for each experimental condition). As the cognitive principle score increased,
reaction time decreased. A significant Pearson's product moment correlation of
-.96 was found between the cognitive-principle score and the reaction time for
each condition.
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4. CONCLUSION AND FUTURE RESEARCH
The novel aspects of this work included extracting a set of critical cognitive
design principles from the literature, applying them to an interface, and evaluating its performance. This research hypothesized that a cognitively-engineered
interface is superior in performance, satisfaction, and workload compared to
interfaces that are not cognitively-engineered. The results emphatically confirm
this hypothesis. No longer is the relationship between cognitive engineering and
enhanced performance only a conceptual notion. Countless articles and books
have hailed this relationship as one with enormous potential (pointing at times
to "disembodied" assertions like the use of icons and hierarchical data structures
as "cognitive systems engineering"), but virtually none of them point to any
empirical evidence. This research represents an attempt to establish the viability
of the relationship and light the way for others to search for additional examples
of how empirical findings from cognitive science can enhance human-computer
interaction performance.
The cognitively engineered interface that exhibited superior performance in
terms of reaction time and accuracy measures, was rated as having the lowest
workload, and was the preferred interface. Further, the cognitive-design-principles analysis indicated that overall the baseline and alternate interfaces minimally employed the design principles, which were explicitly applied to the
cognitively engineered interface. This suggests that the lack of applying these
design principles results in poor performance; whereas, the application of these
cognitive-design principles will enhance human-computer performance. Further, when comparing the alternate to the baseline interface for a particular
situation, the interface with the higher application of the cognitive-design principles performed better.
Future research is necessary to determine the impact of specific cognitivedesign principles on performance. For example, one could develop and experimentally test several versions of the baseline design with each version incorporating a different cognitive-design principle. Such experimentation may lead
to the identification of a set of critical cognitive-design principles. A final suggestion is to apply the 10 cognitive-design principles to different domains and
multitasking situations to determine if and how human-computer performance
is enhanced.
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