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deficit by comparing subject performance on the first
decision after the tactical assessment task was resumed to
. performance on the seventh decision. This effect was
significant in the 12 subjects tested twice, F(3,8) = 11.9, p
< .002. Similar results were found in the initial testing
with the larger set of 20 subjects. As shown in Figure 3,
with the direct manipulation interface, initial performance
was as good as later performance. In other words, virtually
no automation deficit was found with the direct
manipulation interface. In contrast, automation deficit was
clearly present in the two hybrid interfaces. Later
performance was improved if either component of direct
manipulation was present. This is shown by the reduction
in response time for the later response in the two hybrid
interfaces. If neither component of direct manipulation was
present, as in the command language interface, both initial
and later performance were poor. Further analysis has
suggested that there may still be a deficit after a minute or
so in handling events at a high rate with the command
language interface when the tactical task is completely

automated [1].
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Figure 3. Interface effect on automation deficit in response
time.

We also analyzed the effect of the type of decision and the
type of display on automation deficit. We found that
automation deficit was related significantly to the
interaction between the type of decision and the type of
display, F(1,16) = 7.89, p < .02. On classification
decisions, automation deficit was greater with the tabular
displays. On confirmation decisions, the deficit was greater
with the graphical displays. The interaction is best
illustrated by calculating the difference between the first
response and the seventh response (see Figure 4).  This
pattern was also seen in the retesting four months later,
although it was not as strong.

Looking at all the responses, not just the first and a later
comparison response, we found no significant differences
either in response time or in accuracy between the four
interfaces. The reason is that responses with the non-direct
manipulation interfaces improved during periods when the
event rate was lower (i.e, fourth through sixth targets).
Thus the four interfaces supported comparable performance
in "normal” operation. In addition, although response
times were slower in the retesting four months later, the
effect was not significant and was not related to interface
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style. Accuracy was related to the type of decision and the
type of information that had to be interpreted. Accuracy for
the confirmation decisions was 95% and for the
classification decisions was 78%. Accuracy was lowest for
classification decisions which depended upon monitoring
whether a number was changing. This occurs when the
subject monitors the bearing of a fighter.
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Figure 4. Automation deficit for different decisions with
two types of tactical displays

Intra-Task Effects of Interface

In a multiple task domain, the interface for one task might
have effects on other tasks. An interesting intra-task effect
of engagement (keypad versus touchscreen) was found when
the performance on the tracking task was examined. Those
using the keypad for the tactical assessment task had better
tracking in the initial phase of resuming the tactical
assessment task than those using the touchscreen. To
understand this result, it is useful to consider touchscreen
usage as a form of tracking, and initial performance of this
additional tracking task may interfere with making required
adjustments to the other (joystick) tracking task. This
result suggests that the touchscreen in the tactical
assessment task induces an automation deficit in the
tracking task. This occurs even though the subjects have
been continually doing the tracking task.

Questionnaire Results

Twenty-four rating scales were used to obtain subjective
judgments about feelings of control, feelings of awareness,
preferences for the interface, judgments of the difficulty in
learning and performing the tasks and specific aspects of
the tasks, and ability to anticipate the changes in
automation. Significant results were found on five scales.
The most interesting results were the ratings of ability to
anticipate changes in automation and awareness of the
tactical situation at the end of automation. Ability to
anticipate the changes in automation was dependent upon
the type of tactical display. Those with the graphical
display felt that they were able to anticipate the changes
more often than those with the tabular interface.
Furthermore, those with the graphical display felt that
they were significantly more aware of the tactical situation
at the end of automation. Debriefing confirmed that
subjects with the graphical interface noticed the ebb and
flow in activity during automation (i.e., activity picks up
just before the task switches from automatic to manual),
but those in the two tabular interfaces did not. This effect
occurred despite the fact that tactical events were appearing
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in both types of display at the exact same time, that the
number of items in both is always the same at any
particular moment, and that the ebb and flow of activity is
exactly the same in each type of display.

These results show that subjects using the graphical
display were able to monitor events during automation.
Their ability to anticipate the changes could have produced
improved performance, at least for those who had the
graphical display and the touchscreen. Several other
questions were asked about activity during automation, and
subjects accurately described some global characteristics of
what had occurred during automation (i.e, how many
targets had been present), but not details.

DISCUSSION

Our research has implications for the theory of direct
manipulation as well as for the design of interfaces for
dynamic, multitask systems, The theoretical implications
are based upon both empirical results as well as
observations we made during the course of developing the
interfaces and conducting the experiment.

On the positive side, we found that the theoretical
predictions that we made were generally supported. This
result is noteworthy for several reasons. First, this
research is a rare example of designing interfaces to test a
theory explicitly. Previous studies of direct manipulation
and command language interfaces have used interfaces for
established applications which may not fairly represent the
theoretical concepts. Second, our predictions concern a
specific aspect of performance (automation deficit) in a
complex, multitask situation. Either challenge---
specificity of prediction or complexity of context---would
put demands on a theory. Both were present in this
research, which makes the successful predictions of the
theory especially impressive.

However, we also found that the theory has limitations.
First, the theory does not address interfaces which include a
mixture of interface styles and which are probably the rule
more than the exception in complex applications. The
reason is that complex applications involve different types
of tasks. A single interface style may not support all tasks
in an optimal manner. In the HHN theory, a general
interface for the application is assumed. This requires
choosing a representation that is suitable for most tasks.
But it may not be optimal for certain tasks. Thus
choosing a single interface style for a complex application
may produce suboptimal performance on some aspects of
the application.

This point is important because it is based not only on
observation but on empirical results. In our data we found
evidence that the optimal display for reducing automation
deficit depends upon the type of decision. Simple decisions
were served better by the tabular display, complex decisions
by the graphical display. In terms of theoretical
predictions, the shortcoming of the HHN theory is that it
(and we) did not make predictions about the simple
decisions. In retrospect, it is evident that the theory would
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have to be modified to address decision complexity. It is
likely that the confirmation decisions were best supported
by the tabular display because the user did not need
complete information about the object but simply needed
to know the value of a single parameter. If the model
world metaphor is implemented faithfully, then different
representations for different decisions are not directly
possible. Thus an extension of the theory should be
considered to support different levels of representation for
different requirements.

Second, we found that the theory does not always help with
detailed aspects of interface design. Our goal was to
evaluate interfaces that had different levels of distance and
engagement. The iterative design process we used forced
many decisions about details of each of the four interfaces.
Many of these decisions were based upon performance
considerations and could not be based upon logical
derivations from the tenets of the theory. Furthermore, the
performance constraints were related to the specific
application. For example, the relative placement of the
two windows (horizontal or vertical) had an impact on how
easy it was to use hands dedicated to the two tasks. This is
a stimulus-response compatibility issue that the theory
does not address. In essence, the theory is not performance
based as are other formal models such as GOMS. It is
most relevant in dealing with aspects of the interface that
relate to its cognitive complexity.

Finally, we found that distance and engagement are difficult
terms to define operationally and to evaluate. Our
experiment required interfaces that combined different levels
of distance and engagement. In other words, these were
design requirements for the interfaces. One of the problems
is how to distinguish between distance and engagement.
Our empirical results suggest that they are not independent,
in that the degree of automation deficit in the command
line interface was not a combination of the deficits in the
two hybrid interfaces, which each lacked an aspect of direct
manipulation. HHN themselves point out that engagement
is only present when both semantic and articulatory
directness is present.

The interfaces that we produced represented combinations of
different levels of distance and engagement. What is not
clear is how much distance and engagement were actually
present. It is apparent that any interface that allows the
person to perform a task successfully has bridged the
distance of the gulfs of execution and evaluation as HHN
discuss them. The command language interface we
produced supported the user's goal of performing the task
and therefore reduced semantic distance to a greater degree
than an interface which would not support this goal. And
yet, it did not provide a view of the model world as a pilot
would normally think of it, so considerable distance still
remained. Better precision about the degree of distance and
engagement in an interface would be helpful.

CONCLUSION

Based upon our findings, we expect that intermittent
operation of complex tasks will be more effective with
direct manipulation interfaces in a variety of dynamic, real-
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time systems. Although our resuits were found in a
cockpit application, extension to other systems is
appropriate, particularly systems in which the operator is
intermittently moving from one task to another. To
envision potential generalizations, it is helpful to
characterize our application in abstract terms. The dual
task application we tested included 1) a continuous task
with simple perceptual demands, rigorous manual demands
and minor cognitive complexity; and 2) an intermittent
task with varying cognitive and perceptual complexity and
minimal manual demands. The cognitive complexity of
the intermittent task was manipulated by changing the
interfaces and by changing the decisions. The results can
be interpreted at an abstract level: increases in the cognitive
complexity of an interface adversely affect the resumption
of its use after a period of automation. This principle
certainly holds for systems that include the two types of
tasks. The principle would probably hold for systems
which have greater complexity on the continuous task. In
fact, the effects of interface would probably be greater. The
key to appropriate generalization is that there was relatively
little cognitive interaction between the two tasks. There
was some manual interaction as noted below.

Generalization may not be warranted if the system includes
multipie tasks which use similar cognitive processes. In a
multitask application, there may be different forms of
expressions to the various tasks; the interaction of these
expressions is an important issue. Direct engagement in
particular may introduce incompatibilities. We found that
tracking performance was adversely affected in the initial
seconds of resuming pointing with the touchscreen. The
cause was an incompatibility between the two forms of
manual manipulation. The important issue is whether
direct manipulation interfaces to different tasks could
compete, According to Wickens [13], the answer is yes.
In his resource theory, competition for attentional resources
occurs whenever information to the user is in similar
modalities or is in a similar code (e.g., spatial or verbal).
Competition also occurs whenever responses are similar,
Thus two direct manipulation interfaces which both have
spatial graphical displays, and which both require pointing
devices could produce competition for attentional resources.
Thus the generalization of our results to other multiple
task systems should be made with consideration given to
possible competition between aspects of the direct
manipulation interface.

ACKNOWLEDGMENTS

We acknowledge Rob Jacob for contributing to the initial
idea for the hypothesis and Rob Carter and Diane Damos
for contributions to the design. Many individuals reviewed
the interfaces and contributed to their development. We
thank the subjects for their participation. This research
was supported by the Office of Naval Technology.

REFERENCES

1. Ballas, J. A., Heitmeyer, C. L., and Pérez, M. A.
Direct Manipulation and Intermittent Automation in
Advanced Cockpits. Technical Rep. 9375. Naval
Research Laboratory, Washington, D. C. (in press).

134

. Beltracchi, L. A direct manipulation interface for heat
engines based upon the Rankine cycle. /EEE
Transactions on Systems, Man and Cybernetics. 17(3),
pp. 478-487 (1987).

. Benson, C. R., Govindaraj, T., Mitchell, C, M. and
Krosner, S. P. Effectiveness of direct manipulation
interaction in the supervisory control of FMS parts
movement. Proc. IEEE International Conference on
Systems, Man, and Cybernetics. Cambridge, MA, pp.
947-952 (Nov. 14-17, 1989).

. Bemotat, R. K. Man and computer in future on-board
guidance and control systems of aircraft. In B. Shackel
(Ed.) Man-computer interaction: Human factors aspects
of computers and people. Sijthoff & Noordhoff,
Rockville, MD (1981).

. Draper, S. W. Display managers as the basis for user-
machine communication. In D. A. Norman & S. W.
Draper (Eds.) User-centered system design. Erlbaum
Associates, Hillsdale, NJ, pp. 339-352 (1986).

. Hutchins, E., Hollan, J. D. and Norman, D. A. Direct
manipulation interfaces. in D. A. Norman & S. W.
Draper (Eds.) User-centered system design. Erlbaum
Associates, Hillsdale, NJ, pp. 87-124 (1986).

. Karat, J. Evaluating user interface complexity.
Proceedings of the Human Factors Society 31st Annual
Meeting. Human Factors Society, Santa Monica, CA,
pp. 566-570 (1987).

. Kieras, D. E. An overview of human-computer
interaction. Journal of the Washington Academy of
Sciences. 80(2), pp. 39-70 (1990).

. Marshak, W. P., Kuperman, G., Ramsey, E. G., and
Wilson, D. Situation awareness in map displays.
Proceedings of the Human Factors Society 31st Annual
Meeting. Human Factors Society, Santa Monica, CA
pp. 533-535 (1987).

10. Parasuraman, R., Bahri, T., Deaton, J. E., Morrison,
J. G. and Barnes, M. Theory and design of adaptive
automation in aviation systems. Cognitive Science
Laboratory, The Catholic University of America,
Washington, D. C. (1990).

11. Reising, J. M. and Hartsock, D. C. Advanced
warning/caution/advisory displays for fighter aircraft.
Proceedings of the Human Factors Society 33rd Annual
Meeting. Human Factors Society, Santa Monica, CA.
pp- 66-70 (1989).

12. Whiteside, J., Jones, S., Levy, P. S. and Wixon, D.
User performance with command, menu, and iconic
interfaces. Proc. ACM CHI'85 Human Factors in
Computing Systems. ACM, New York. pp. 185-191
(1985).

13. Wickens, C. D. and Liu, Y. Codes and modalities in
multiple resources: A success and a qualification.
Human Factors. 30(5), pp. 599-616 (1988).

14. Wiener, E. L.. Beyond the sterile cockpit. Human
Factors. 27(1), pp. 75-90 (1985).

15. Ziegler, J. E. & Fahnrich, K. P. Direct manipulation.

In M. Helender (Ed.) Handbook of human-computer

interaction. Elsevier Science Publishers, North-Holland,

pp. 123-133 (1988).



