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Abstract

Advances in the science and art of man-machine interface design
have taken major strides forward for interface design practitioners
with the advent of the computer. One concern still extant,
however, is the need for design of interfaces that minimize
confusion when an operator is required to shift from the different
levels of cognitive control of skill, rule, and knowledge-based
behaviors, (e.g., if an operator is following a set of procedures
and a procedural error is noted by the operator, the behavior may,
of necessity, shift from rule-based to a knowledge-based behavior) .
Shifting of the cognitive control levels requires that the
information to be displayed to the operator should be designed so
that a "bumpless" transfer can be made between the behavioral
modes, thus reducing the possibility of error. This paper
introduces a way to design human interfaces so that skill, rule,
and knowledge-based behaviors are supported and provides for the
necessary interchanges between behavioral types.

INTRODUCTION

Human operators are used instead of fully automated systems for a
number of reasons. One reason may be that the process is so
complex that procedures simply cannot cover all operational
situations. Another reason may be that it is deemed easier to
require a human to operate the system to address regulatory
concerns. However, a concern in the operation of any complex
process is that when a human operator must switch behavioral modes
significant problems may arise resulting in possible operational
errors.



Man-machine interfaces can be designed and implemented so that the
operator can, if necessary, shift from one cognitive level to
another with a minimum of ambiguity and confusion. Therefore, it is
imperative that development of properly designed interfaces,
training, and procedures provide a smooth or "bumpless" transfer
between operator behaviors.

DISCUSSION

Operation of complex systems and processes is typically
accomplished using a highly structured approach. The rationale is
that procedures can be written in advance of the needed action to
achieve operational objectives and to eliminate the need for
memorization to follow involved sequences. As good as highly
structured approaches are, there may be times when the operator
will have to shift from what is termed a rule-based to a knowledge-
based structured approach.

These approaches are levels of cognitive control which can be
defined based on K. Monta and J. Itoh definitions of skill, rule
and knowledge-based behavior .

(1) Skill-based - To support interaction via time-space
signals, the operator should be able to act directly
on the display, and the structure of the displayed
information should be isomorphic to the part-whole
structure of control actions.

(2) Rule-based - Provide a consistent one-to-one mapping
between the process constraints and the cures or
signs provided by the interface.

(3) Knowledge-based - The relational structures represented in
abstraction hierarchy should be displayed in the interface
to serve as an externalized mental model that will support
knowledge-based problem solving.

Determining how to properly design interfaces so that behavioral
shifts can occur without ambiguity requires an understanding of
some of the deficiencies of past or present interface designs. For
example, it is common to give an operator an accumulation of data
from dials, strip charts, digital readouts, and similar means.
These "conventional" interfaces serve well at the rule-based or
skill-based behavioral levels, but often lack in simulating
knowledge-based behavior.

To illustrate rule-based behavior, these procedures typically
consist of "if - then" statements, much like software for
computers. An operator can easily follow a procedure such that:

IF the temperature of the
boiler reaches 300°

THEN (set as subgoals)
a. Open feedwater valve.



IF temperature < 300°
a. Close feedwater valve.

The information is visually obtained by the operator and processed
at the rule-based level.

An operator can also operate using skill-based behavior. If the
operator is required to maintain temperature between 280 and 300
degrees by either opening or closing a valve, the skilled operator
will "drive" the temperature indicator between the 280 and the 300
degree marks with great skill and precision using skill-based
behavior. In the case of skill-based behavior, the operator does
not even have to know that the values represent temperature to
operate successfully.

Suppose that a valve has become inoperable causing a control
problem in regulating the tank temperature. No procedural guidance
is available to assist the operator in solving the problem. Skill
and rule-based behaviors are not options due to the lack of indices
for these behaviors and the malfunctioning valve. The "bump", or
confusion comes from forcing the operator to shift from a situation
which is highly visual and kinesthetic to one of knowledge-based
behavior (e.g. intuition).

In the case described above, what would constitute knowledge-based
behavior? Basically, it may consist of the formulation of some
action plan by the operator based on his/her understanding of the
process dynamics and the interaction of various parts of the
process system. Here the operator acts to control the process or
to place it in the required state. Considerations to be made by
the operator may include the properties of flxiid with respect to
the system temperature and pressure, the dynamics of changing flow
rates, temperatures and pressures, and the interaction of other
systems or components which may have a bearing on the process.

In real life, there will always be are problems relating to the
shifting between rules, skills and knowledge-based behaviors. The
manifestation of a "bump" in the transfer between these behaviors
could be an operator response time lag or operator decision error.
In either case, control is less than optimal.

The TMI accident could serve as a reasonably good example, where
operators followed rules, but chose to shift to knowledge-based
behavior due to the lack of trust and proper training on the
automated systems. The confusion about what the data really meant
resulted in some wrong decisions. It could be argued that some
rules were broken, but operators shifted to knowledge-based
behavior because of confusion and lack of trust in the perceived
condition of the process. The "knowledge" proved to be wrong.



Improving the interface to minimize operator error requires careful
design of all the human aspects of the interface so that all three
behavioral types are accommodated as far as possible. Today's
technology enables such displays to be designed.

In most instances, it is relatively easy to design displays which
accommodate rule and skill-based behavior. Design of displays to
support knowledge-based behavior has lagged behind, partially
because such designs may require significant research to determine
how best to represent process information that, to date, has not
been directly presented to the operator. Not only is it possible
that discrete process information is difficult to represent, but
assembling the information so that the entire process is
represented coherently is an even greater task.

Displays for knowledge-based behavior have been conceptually
designed and discussed by Rasmussen(l), Beltracchi(2), Vicente(3),
Lindsay (4), and Monta(5), but more work needs to be done,
especially on ways to standardize representations. Even if
displays are designed to support knowledge-based behavior, it may
not necessarily follow that rule and skill-based behaviors are
supported. If other behaviors are not supported, it is unlikely
that "bumpless" transfers can be assumed.

Successful construction of displays depends initially on complete
functional/task and trade-off analysis, with the inclusion of
knowledge-based requirements. It has been the observation of these
authors that knowledge-based requirements are lacking or inadequate
in these analyses, but are just as real (and required) as skill or
rule-based, albeit they may be more difficult to identify. We
believe from experience, and inferences from Rasmussen, Vicente,
and Beltracchi that in most cases, knowledge-based tasks can be
assumed to be required of the operator at some time and these often
require current cognitive awareness of first principles relating to
the process.

GENERATING THE INTERFACE

With the foregoing as background, the next generation of displays
that may support all three behavioral types will now be discussed.
A simple process is chosen for purposes of illustration.

Suppose that a system will be designed where there is a heat
source, a cooling system using a fluid that will always be a single
phase fluid, which then passes the gathered heat to a second system
through a heat exchanger. The objective is to remove the heat
generated and transfer it to the secondary system, and to keep the
system within a temperature band when the heating source or the
ultimate heat sink is varied. In addition, an objective is to
prevent the heat input (power), as measured in percent, from
exceeding the cooling flow in percent.



Figures one and two represent such a system. These illustrations
are simple for the purpose of this paper. Complexities relating to
redundant components, multi-flow paths, multi-phase cooling mediums
etc. can be accommodated by appropriate design. Figure 1
represents the system with the power and flow at or near 100
percent.

Following are some of the rules that apply to the illustrated
system. Coolant temperature out of the power source should never
exceed 400 degrees. Coolant inlet to the power source should be at
about 175-200 degrees. Secondary coolant from the heat exchanger
should be between about 375-400 degrees and secondary inlet to the
heat exchanger should be between 125-150 degrees. Power should
never exceed flow in percent. There must be enough coolant
inventory, and anything less than 80 percent coolant inventory
would be considered an unsafe operation.

Note, that because the system is a heat transport machine, the
display represents a partially animated thermodynamic model of the
system. The display supports knowledge-based behavior, because the
operator can directly view a real model of the system which depicts
the state of the process at any time. However, operators usually
operate with either skill or rule-based behavior and examination of
the display will show that both of these behaviors can be
accommodated.

For rule based operation, a written procedure states that flow is
to be increased before power, and that power can be egual to, but
must never exceed flow. The (touch screen) flow button is pressed,
and the rectangle (A) representing flow moves to the right in
proportion to the actual flow in percent. Color coding would be
useful to show varying degrees or stages of the process. As the
iconic symbols display changes, the color inside the rectangle and
digital display could change to matching colors. At 100 percent
flow, the rectangle movement stops. Now, power can be increased by
depressing the power button, and the power bar (B), inside the flow
rectangle, will move to the right in proportion to the power. If
there is a problem with the system, and for some reason the power
exceeds flow, the entire icon will turn red and flash.

In this instance, the figure (C) , representing the coolant flow,
will change from a near straight line, to a rectangle, but only if
secondary flow (D) is in automatic and follows the primary heat
generation. If secondary flow is in manual, then secondary flow
must be raised before power or incrementally during power increase.

Rules typically depend on data as a "triggering" function. For
example, a rule may state:

1. Control process at 375°.
2. Do not exceed temperature past 400°.



3. Use the (touch screen) increase/decrease controls
to control both the power and flow.

4. Do not exceed the power past 100 percent. (Note:
temperature is to be controlled with flow.)

In the latter rule, the operator may have a more difficult time
controlling the process based on given information, because of the
requirement to monitor the power to flow ratio.

Skill based behavior is easily performed using the display, because
if the operator is required to run the flow to 100 percent, and
then control the temperature from the power source at 375 degrees,
a skilled operator can easily do it using the icon power
increase/decrease buttons. The operator could do this rather
easily by referring to only the data and the controls on the
illustration - and taking - appropriate actions.

Shifting behavioral types without serious system perturbations
(allowing that a human is part of the system) is easily possible
using the illustrated displays. For example, if the heat sink is
lost, the secondary flow temp will increase, raising the primary
coolant flow temp. The operator may not have a specific procedure
to cover the problem, but knowing that the primary temp should not
exceed the 400 degree limit, the operator can change from skill or
rule to knowledge-based behavior to determine a course of action.
Since the operator's actions are directly depicted on a model of
the process, with appropriate controls available and data listed,
a "bumpless" transfer of behavior can be achieved. If the operator
were to be presented data only, deciding what to do could be a
challenge and decisions would likely be based on past experiences
and occurrences that could create a situation where operator error
could easily occur.

Other examples could be used, such as over-cooling, loss of cooling
inventory, pump failure, controller failures, heat exchanger
surface fouling, etc. In each case, the figure would respond as a
faithful model of the system process, allowing the operator a
"bumpless" transfer from rule-based or skill-based, to knowledge-
based behavior.

These methods have not received the necessary validation that are
essential to good interface design, however, related tests have
been made at the University of Illinois which provide positive
early results. Additional tests should be done, for example, where
more conventional displays are provided to the operator, such as
raw data, or P & ID type displays with related data and then
compared to model-based displays. Standardized methodologies for
determining performance must be developed, applied and the results
provided for future development and analysis.



SUMMARY

We believe that operator displays can be designed to facilitate
necessary behavioral changes by the operator without creating
confusion, or at least reducing confusion to a minimum. To create
such designs requires that somewhere in the display system, an
animated model of the process is available so that the operator can
formulate procedures to follow when procedures otherwise do not
exist. It is argued that transferring to knowledge-based behavior
requires a display that supports and updates the operator's
knowledge of the system dynamics as related to the basic physics of
the system. This can be done by properly designed animated icons.

However, much work is yet to be done, and one important aspect is
to devise standardized icons for processes such as flow, heating,
cooling, heat exchange, levels, rotation, relationships such as
flows and energy input, phase changes, etc. This must be
accomplished before this methodology becomes an accepted standard
practice. Testing of the designs must be on going to determine
whether a given approach will satisfy the needs of the operator,
since it is the operator and operator performance that will
determine the outcome.
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